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PETROCHEMICALS AND ORGANIC TECHNOLOGY
SYNTHESIS AND STUDIES OF NEW ANTIOXIDANT ADDITIVES BASED ON PHLOROGLUCINOL
Alexanyan K.1, Yarullin N.1, Salmanov S.1
1

Gubkin Russian State University of oil and gas (National Research University), Leninsky Avenue 5, 119991,
Moscow
alkarine@mail.ru
In this study the methods of synthesis are developed and obtained the new derivatives of phloroglucinol (PG)
and methylphloroglucinol (MPG) which tested as the antioxidant additives. The initial substances in our
synthesis are the dinitromethylpholoroglucinol (DNMPG) and the triaminopholoroglucinol (TAPG). We obtained
diaminemethylphloroglucinol (DAMPG) and triaminopholoroglucinol (TAPG) with reduction of DNMPG and
TNPG, respectively. The DAMPG was tested as an antioxidant.
Presently the change to more strict requirements of exploitation and ecological characteristics already prevents
producers of fuels from getting the job done without special additives. In order to achieve higher quality fuels,
additives must be added. It is of great importance that the additives, which are added to the fuels, motor oils,
and to other substances in small amounts is to improve the operational characteristics.
Additives are necessary for production of specified fuels. The antiknock, ignition promoters, antioxidants and
depressants refer to this group. In the presence of unstable components in commercial gasoline, it is the added
antioxidants and metal deactivators in gasoline thatensure the quality of assurance during long term storage
(3-5 years). As antioxidants, the 2,6-di-tert-butyl-4-methyl-phenol or p-hydroxydiphenylamine are used.
Antioxidant additives are addedto unstable components of gasoline directly during production at a
concentration of up to 0.50 % (mass) toimprove the required induction period5.
One of the basic exploitation properties of fuels and oils is oxidation resistance. Presently, the introduction of
antioxidant additives is the most cost-effective way to ensurechemical stability in air. The introduction of the
same additives is required almost all petroleum products which ensure the increase in demand for these
additives. The antioxidants inhibit the chemical reactions, which are involved in the oxidation of fuels. It means
that the antioxidants are the first line of defense in fuel stability. The choice and optimization of antioxidants
and their quantity of proportions depends on many factors including the composition, specification, and the
storage condition of fuels. When the motors and mechanisms are working, they come into contact with air.
This is often at a higher temperature. In these conditions, and by the catalytic reaction with metal, the motor
oils and fuels are oxidized. Substances of acidic nature are formed which corrode the metal parts .The
antioxidant additive prevents the oxidation of motor oils. These inhibitors acts in two directions – one of them
destroy free radicals (break the chain), other react with peroxides which form in the oxidation process.
The mechanism of antioxidants action (the inhibitor of oxidation) represents the following scheme 2:
1) ROO· + InH
ROOH + In·
ROOIn
2) ROO· + In·
3) RH + In·
After analysis of all themechanisms, it should be noted that the main requirement of the inhibitor is the
neutralization of peroxide radicals ROO. The radical of inhibitor should be non-active (more stable) to link only
with radicals and it will not react with neutral molecules. The decrease of concentration of free radicals reduces
the rate and depth of oxidation. The antioxidants (inhibitors of oxidation) can react with free radicals linking
them and breaking the chain of oxidation or limiting the process. Generally, one of the sources of the free
radicals is thermal decomposition of peroxides. In this case, the inhibitors slow down the process oflinking free
radicals at the stage of peroxide formation.
The rate of the decomposition of hydroperoxides increases by initiators of oxidation. In these conditions, the
concentration of free radicals increases inthe oxidation medium. The inhibition of oxidation reactions will be
more successful if the concentration of hydroperoxides and the free radicalsislower. It should be noted that the
rate of decay depends upon solvent (medium), i.e., in this case it depends on the fuel. So the efficiency of the
inhibitor is largely determined by the chemical composition of the fuel.
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Consider as an example several types of antioxidants additives [5:
1) sterically hindered phenols

Figure 1. 2,6-di-tert-butyl-4-methyl-phenol
Formed phenoxide radicals are stabilized by sterically hindered neighboring tert-butyl group and the weak
electronic effect of methyl and tert-butyl groups.
2) aromatic amines

Figure 2. p-Phenylenediamine
Formed radicals are stabilized by the electronic effect.
Thus, we can generalize the action of additives. Antioxidant ability is reached through sterically hindered or
electronic effect. The compounds of pyrogallol (1, 2, 3-trihydroxybenzene), which work in combination with
these two factors are stronger antioxidant compounds than aromatic amines and sterically hindered phenols3,4.
In this research, a method of synthesis was developed and new derivatives of phloroglucinol (PG) and
methylphloroglucinol (MPG) were obtained. These were tested as the antioxidant additives. The initial
substances in our synthesis are the dinitromethylpholoroglucinol (DNMPG) and the triaminopholoroglucinol
(TAPG). We obtained diaminemethylphloroglucinol (DAMPG) and triaminopholoroglucinol (TAPG) with a
reduction of DNMPG and TNPG, respectively. The DAMPG and TAPG should theoretically have good antioxidant
properties. This explains the combination of properties of sterically hindered phenol and aromatic amine as
structural components is part of these compounds. Forming radicals of the inhibitor are stabilized by steric
hindrance and electronic effects, especially when obtaining amino derivatives.
In the department of organic chemistry and petroleum chemistry of Gubkin University attempts have been
made in searching the use of explosives such as TNB(trinitrobenzene) and TNT(trinitrotoluene).Nitrocompounds
based
on
phloroglucinol(PG)
and
methylphloroglucinol(MPG)
have
been
obtained.Diaminomethylphloroglucinol (DAMPG) and Dinitromethylphloroglucinol(DNMPG) were described for
the first time.
The structure of obtained compounds was proven by IR, 1H NMR –spectroscopy and mass spectrometry.IR
spectra were recorded on a Fourier Transform Infrared Spectrometer FSM-1201 (range 4000-400 cm-1, spectral
resolution 2 cm-1, the number of scans 32) , 1H NMR were recorded on a Brucker AM-300 spectrometer. The
mass spectra were obtained on a MS-30 Kratos (EI, 70 eV).
Of the two potential additives TAPG and DAMPG, we were ableto test only DAMPG, because TAPG, as it turned
out, is not stable in the air. It can stabilize, transforming TAPG to ammonium saltor amino derivatives.
Aromatic amines are octane booster compounds.Additives with amino-groups based on PG and MPG must
have complex action: antiknock and antioxidant.
After obtaining DAMPG, we have conducted tests on diaminomethylphloroglucinol conforming to international
standards ASTM D 4636 and D 664 for antioxidant activity.
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We have added diaminomethylphloroglucnol to motor oil with a concentration of 500 ppm and pumped air for
two hours under 200 °C. Afterwards, we measured the acid number in samples with the additive and without
the additive.
Acid number with additive is 8.92, without additive-13.87. Thus, the chemical stability of oil increase is 55%.
Here is a comparison of DAMPG with already used industrial additives in concentration of 500 ppm.
Table I
Results of test
Additive name
DF-11
А – 22
DAMPG

Acid number
12.88
12.32
8.92

According to the results of the test, we have established that DAMPG is 44% more effective than DF-11 and is
38% more effective than A22.
It should be considered, that using PG and MPG as initial substances is economically beneficial: PG and MPG
are products of chemical transformation of trinitrobenzene (TNB) and trinitrotoluene (TNT).Spurring the
demand for PG and MPG, we can partially solve the problem with disposal of explosives.

Experimental part
1) Nitration MPG.

Figure 3.

Nitration of MPG to DNMPG

It should be noted that using the mixture of sulfuric/nitric acid and the mixture of sulfuric and ammonium
nitrate does not lead to the desired result. The best yield is providedfrom the synthesis of DNMPG using nitric
acid and acetic anhydride.
To 4ml (84mmol) of acetic anhydride cooled to -5 oС, was added dropwise 2ml (84mmol) of nitric acid while
stirring for 15 min. And then to the nitric mixture, while vigorously stirring was added 0.6g (4.28mmol) of MPG,
ensuring that the temperature is maintained at 0-10 oС. This homogeneous mixture was stirred for 1.5 hr. The
accumulated liquid by the end of the stirring was evaporated using low pressure. Yellow crystals were
obtained. After recrystallization, using the diethyl ether, DNMPG was obtained in a yield of 0.562g (57%) as
brown crystals, m.p. 145-146 oС. The reaction was controlled by using thin-layer chromatography. When using
thin-layer chromatography, the mixture of ethanol and toluene was used as eluent in a volume ratio of 1 to 5.
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2) Reduction of DNMPG to DAMPG.

Figure 4. Reduction of DNMPG to DAMPG
A solution of DNMPG (0.5 g, 2.17 mmol) in methanol (20ml).Dissolution was performed under 50 oС with
stirring. To this mixture activated carbon (0.2g), FeCl3·6H2O (0.015g) was added. And then a solution of
hydrazine hydrate (0.72ml, 22.8 mmol) was added in methanol (2ml) for 1 hr. After the addition of all the
hydrazine hydrate, the reaction mixture was stirred for 6 hr. Activated carbon was filtered off and washed with
hot methanol. The combined extracts were evaporated to dryness following with the formation of cream
crystals. After recrystallization from ethanol, white crystals was obtained in a yield of 0.265 g (71.4 %), m.p.
182-183 oС.
3) Nitration PG to TNPG. [1],[6]

Figure 5. Nitration PG to TNPG
0.96g (12mmol) of NH4NO3 was added to 20ml of concentrated sulfuric acid with stirring at such a rate that the
temperature did not exceed about 10 °C, using a cooling bath. When the temperature was reduced to about
5oС, to the mixture phloroglucninoldihydrate PGDH (0.5 g, 3.08 mmol) was added at such a rate that the
temperature did not exceed about 15°C. After addition of the PGDH, the cooling bath was removed and the
mixture was stirred for about 10 minutes. A single portion of crushed ice (about 50 g) was added to the
heterogeneous reaction mixture and was stirred until the ice had melted, yielding a yellow solid. The solid was
isolated by filtration and washed with a 10% HCl solution, yielding 0.7 g (87.5 %) of yellow crystals with m.p.
165-166 oС.
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4) Reduction of TNPG to TAPG.

Figure 6. Reduction of TNPG to TAPG
Reduction of TNPG to TAPG has the same method as DNMPG to DAMPG.

Conclusions
The process of preparing TAPG and DAMPG through the reduction of TNPG and DNMPG, respectively, with
hydrazine hydrate has been developed. DNMPG and DAMPG have been described. High antioxidant of DAMPG
activity has been proved.
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Introduction
Crumb rubber (CR) is environmentally acceptable material with good properties for preparing of asphalt
mixture. By mixing asphalt with CR, its rheological properties are changing. Resulting asphalt mixture has better
properties, higher viscosity, lower sensitivity to temperature, better elastic properties, greater resistance to
aging and therefore improved mechanical properties of the asphalt mixture 1. In experiments with CR, various
particle sizes and contents of CR are used. The experiments show influence of grain sizes and their amount for
obtaining desired properties of asphalt. Practical applications and laboratory monitoring of properties of
modified asphalt (with crumb rubber) require specification of conditions for preparing these mixtures, which
besides the information about asphalt and modifier also includes time, temperature and concentration of
modifier 2,3,4,5. Publications usually present time and temperature of mixing, possibly type and speed of blender.
Selection of grain size and content of CR depends on experimenters or is possible from technical expertise.
Publications show the way of preparing of asphalt mixture with CR is meaningful for maintenance of good
repeatability of qualitative parameters of the preparing samples.
Materials and methods
Asphalt used in this study was obtained from Slovnaft. a.s. refinery in Slovak Republic. Asphalt mixtures were
prepared with crumb rubber obtain from V.O.D.S., a.s. Košice, Slovak Republic. The crumb rubber had grain size
0,841-0,595 mm (20 – 30 mesh).
Equipment IKA-ULTRA-TURRAX® T18 with extension S 18N-19G was used for mixing crumb rubber with asphalt.
The operating speed was 15 000 rpm. The samples were melted at temperature 135 ± 1 °C and were poured off
to five test containers. Each sample contained 200 ± 5 g of asphalt and was mixed with crumb rubber. Each
dose of crumb rubber was calculated to the actual mass of asphalt. Crumb rubber content in all asphalt
samples was 5 ± 0.01 % wt. The samples without crumb rubber were mixed at the same conditions as the
samples with crumb rubber. After the mixing process each sample was analyzed according to the European
standard methods for the determination of penetration 6, softening point 7 and viscosity 8.
The penetration measurements were performed on Analis (P731) equipment. Softening point was measured
according the standard EN 1427 by using the Petrotest Instrument (SUR). The instrument RV2 HAAKE was used
for the measurement of dynamic viscosity. Two measurements of dynamic viscosity were performed with each
sample using the MV-II system. The system was tempered by heating circulator Julabo MA-4.
Result and discussion
The experiments were planned using 5-level type of basic scheme 23, level of reliability α was 0.05 and arm was
1.681. For experiments three measurement factors were selected: τ- time of mixing (min.), t - temperature of
mixing (°C) and c – concentration of CR (% wt.) The changes of dynamic viscosity (η) were monitored at 135 °C,
changes of penetration (P) at 25 °C. The determination of softening point (tKG) was performed using the ring
and ball method. Asphalt without CR was evaluated with the same tests as asphalt with CR. The results of tests
for asphalt without CR are shown in Table I.
Table I
Properties of asphalt without crumb rubber
η [mPa.s]
P [p.u]
tKG [°C]
264
104
44,3

Table II presents coded values of variables, order and results of experiments. Planned experiment consisted of
20 experiments where according to the schedule of conditions temperature, time of mixing and concentration
of CR in asphalt were changing. The order of experiments was specified to minimize error of measurements
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and to eliminate recurrence of errors. After designing of the planned experiment dynamic viscosity,
penetration and softening point were measured.
Table II
Code values of variables, array and results of planning experiments
Factor values
P
η
No.
No. of
tKG [°C] at 25°C at 135°C
τ
t
c
Exper.
[0,1mm] [mPa.s]
(min)
(°C)
(wt.%)
1

30.5

132

3.3

1

42.9

94

265.5

2

89.5

132

3.3

4

45.8

100

276.8

3

30.5

168

3.3

7

44.9

99

280.0

4

89.5

168

3.3

10

45.8

83

288.1

5

30.5

132

6.7

13

44.8

97

336.9

45.1

96

330.0

6

89.5

132

6.7

16

7

30.5

168

6.7

18

46.9

76

418.3

8

89.5

168

6.7

20

45.1

90

382.4

9

10.4

150

5

2

44.7

92

270.0

10

109.6

150

5

5

46.1

79

348.6

11

60

120

5

8

45.3

99

285.6

12

60

180

5

11

44.5

87

462.8

13

60

150

2.1

14

41.2

88

255.8

14

60

150

7.9

17

44.4

86

410.0

15

60

150

5

3

44

85

372.5

16

60

150

5

6

46.2

89

377.1

17

60

150

5

9

45.8

99

408.3

18

60

150

5

12

42.3

92

357.0

19

60

150

5

15

44.5

89

403.8

20

60

150

5

19

43.4

86

380.7

Results evaluation of determination of softening point
Determination of softening point showed that content of CR 5 – 6 % is adequate for asphalt modification.
Higher content of CR showed steady or reduced trend of values of softening point (figure 1) by influence of
quadratic dependencies of softening point. Calculations showed that increased temperature improves the
incorporation of CR into asphalt which is manifested by increased softening point.
Compatibility of results with test EN 1472 is shown for asphalts modified by polymers too. The European
standard test of determination of softening point presents different compatibility of determination for
modified and unmodified asphalt. Compatibility of results for asphalts modified by crumb rubber is not
supported by ring tests as in the case of asphalts modified by polymers. Therefore it should be better to
consider this test as informative.
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Calculated at 150 °C

Calculated at 168 °C

Calculated at 132 °C

Experimental at 150°C

Figure 1 Calculated changes of tKG depending of concentration on CR, with different mixing temperature and
with the same mixing time (60 min.)
Results evaluation of determination of penetration at 25 °C
The results calculated from experiments of planned experiments showed reduction of penetration for the
whole interval of concentration of CR. Higher concentration, higher temperature and 60 min of mixing time
showed lowest values of penetration (figure 2). The higher concentration of CR increases the probability of the
needle hitting parts of CR which can fake the results of penetration. Evaluation of temperature influence clearly
showed the necessity of mixing CR at higher temperatures. Temperature at 132 °C showed as insufficient.
The European standard test EN 1426 presents values of compatibility only for unmodified types of asphalt.
Determination of penetration is influenced by presence of particles of CR and therefore by accidental hits of
needle with solid particles. The results of determination of penetration are required to be evaluated critically.
Although this test is not verified for rubber-asphalt mixture, the influence of temperature on quality is clear.

98
Penetration at 25 °C (p.u.)

96
94
92
90
88
86
84
82
80
2

3

4
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7

8

Concentration of CR (wt. %)
Calculated at 150 °C

Calculated at 168 °C

Calculated at 132 °C

Experimental at 150 °C

Figure 2 Calculated changes of P depending on concentration of CR, with different mixing temperature and
with the same mixing time (60 min.)
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Results evaluation of determination of dynamic viscosity at 135 °C
Evaluation of viscosity confirmed positive influence of temperature on asphalt samples with CR. Higher
concentration of CR (above 6 wt. %) calculated values show a decreasing growth (figure 3). Lower incorporation
of CR was confirmed at 132 °C. Figure 4 describes dependency of viscosity on mixing time. The curves
presented increases of viscosity with extended mixing time which assures sufficient mixing and incorporation of
CR into asphalt Dynamic viscosity was shown as a suitable parameter for observation of changes at
incorporation of CR into asphalt.
500

η at 135 °C (mPa.s)

450
400
350
300
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200
2

3
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8

Concentration of CR (wt. %)
Calculated at 150 °C

Calculated at 168 °C

Calculated at 132 °C

Experimental at 150 °C

Figure 3 Calculated changes of η depending on concentration of CR, with different mixing temperature and
with the same mixing time (60 min.)
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Figure 4 Calculated changes of η depending on mixing time, with different concentration of CR and with the
same mixing temperature (150 °C)
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Conclusion
The results of experiments presented, that determination of softening point and penetration give limited
means for judging the influence of conditions on incorporation of CR into asphalt. These tests are only
informative. Experiments where dynamic viscosity was determined showed that dynamic viscosity is a suitable
parameter for evaluation of efficiency of incorporation of CR into asphalt.
Based on the results, for future work we recommend mixing asphalt samples with CR at temperatures above
150 °C. We also recommend mixing the samples for 90 minutes max. The adequate concentration of CR was 5 –
6 wt. %. The mixing process with the same conditions can have results dispersed. Hence that the experiments
are difficult and CR has diverse structure. Therefore it is necessary to do many experiments to decrease
probability of erroneous results.
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Abstract
Physical hardening of bituminous binders is a reversible time-dependent process which occurs when the binder
is exposed to low temperatures. This process leads to increase of the binder stiffness and the decrease of its
stress relaxation ability. These changes may cause the cracking of asphalt pavement. Despite increasing interest
in this area, physical hardening is relatively unknown phenomenon that needs to be further explored to
understand how the bituminous binders perform when they are subjected to low temperatures.
The goal of our experimental work was the simulation of physical hardening for different types of bituminous
binders. The binders were conditioned at different cold temperatures for 1, 24 and 72 hours. After these time
periods the changes of low-temperature performance were evaluated by the bending beam rheometer. The
influence of temperature and condition period on the bitumen low-temperature properties was evaluated
giving information about physical hardening of the binders.

Introduction
Physical hardening is a relatively unknown phenomenon that can potentially influence the performance of
bituminous binders at quite common conditions of their usage. In general, the physical hardening of
bituminous binders is a reversible time-dependent process which occurs when the binder is exposed to low
temperatures1. Unlike thermal-oxidative ageing of bituminous binders the physical hardening is not connected
with changes in bitumen chemical composition since it is only a form of thixotrophy2. The cause of physical
hardening is thought to be crystallization of waxes and internal structuring of highly polar fractions leading to
the loss of intermolecular free volume in bituminous binder3,4. While amorphous materials undergo the
physical hardening at temperatures below the glass transition temperature the physical hardening of
bituminous binders was also observed at temperatures above their glass transition5. The propensity of
bituminous binder to the physical hardening is influenced by the stability of colloidal structure – the binders
with weaker colloidal stability are generally less resistant to the physical hardening6. The rate of physical
hardening is strongly influenced by the temperature to which the binder is exposed and it is also important
how this temperature is related to the glass transition temperature of the given binder7.
The goal of our experimental work was simulation of physical hardening for different types of bituminous
binders and evaluation of hardening effects depending on the type of bituminous binder, temperature and
time of the binder exposure to low temperatures. The reversibility of physical hardening was also explored as
well as the relationships between thermal-oxidative stability of bituminous binders and their resistance to
physical hardening.

Methods and materials
All measurements presented in this paper were carried out on bending beam rheometer (BBR). Figure 1 shows
the basic scheme of BBR measuring system – the sample beam in the tempered bath is subjected to a vertical
force and the deflection of the beam is detected by the deformation sensor and evaluated by the instrument
software on the connected PC.
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Figure 1. Basic scheme of bending beam rheometer (BBR) measuring system
The primary output of a single measurement is a deflection curve – the dependency of the sample beam
deflection on time. At given time of the force loading, stiffness modulus can be calculated from the equation
(1):

P ⋅ L3
S=
4 ⋅ b ⋅ h3 ⋅δ

(1)

where S - stiffness modulus, L - beam length, δ - deflection, P - loading force, H - beam height, b - beam
width. The stiffness modulus is the criterion of resistance of bituminous binders to low temperatures. EN 14771
defines the lower critical temperature as the temperature at which the stiffness modulus at 60 seconds of
loading is equal to 300 MPa.
To gain basic knowledge about the physical hardening of bituminous binders, two different binders – neat
bitumen 50/70 and polymer modified bitumen 45/80-55 - were selected for screening tests. During the
screening tests the binders were stored in a tempered bath at two different temperatures -2 °C and -12 °C and
their stiffness modules at -18 °C were evaluated after 1, 24 and 72 hours of storage. This arrangement of the
tests gave a possibility to evaluate the influence of both temperature and time on stiffness of bituminous
binders. The results obtained from the screening tests were also evaluated as changes of the low critical
temperatures that are standardized (EN 14771, AASHTO PP 42).
To evaluate the relationships between thermal stability of bituminous binders and their resistance to physical
hardening, five bituminous binders with different resistance to ageing were and subjected to the standard
ageing procedures RTFOT (according to EN 12607-1 ) and PAV (according to EN 14769). Simultaneously the
same binders were also subjected to 24 hours of conditioning at -12 °C. For the original binders, aged binders
and conditioned binders, stiffness modules were measured on BBR and the changes due to ageing and
conditioning were evaluated according to the relative increase of stiffness modulus defined by the relationships
(2) and (3):

S i ( physical hardening ) =
Si (ageing ) =

S AFTER STORAGE

(2)

S ORIGINAL

S RTFOT + PAV
S ORIGINAL

(3)
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To evaluate the reversibility of physical hardening three samples of bituminous binders were gradually stored
at -12 °C for 24 hours and subsequently at laboratory temperature for further 24 hours. For the original
binders, binders after storage at -12 °C and binders after storage at laboratory temperature the stiffness
modules were measured and their values were compared to assess the reversibility of hardening.

Results and discussion
The results of screening tests that were aimed at the basic evaluation of physical hardening and carried out for
the samples of neat bitumen 50/70 and polymer modified bitumen 45/80-55 are in Figure 2. There was
increase of stiffness modulus at both storage temperatures but at the lower temperature -12 °C the increase
was significantly higher for both binders. At the storage temperature -2 °C the modified bitumen was more
resistant to hardening compared with the neat bitumen while at -12 °C the response was similar for both
samples. The time-dependence of physical hardening is evident – the biggest increase of stiffness modulus was
observed during the first 24 hours of storage while after 72 hours there was only a small increase of stiffness
modulus compared with the value after 24 hours.

Stiffness modulus at -18 °C (MPa)
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45/80-55 -2 °C
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Figure 2. Influence of storage temperature and storage time on the stiffness modules for different bituminous
binders
The changes of BBR critical temperature caused by physical hardening for the sample 50/70 and 45/80-55 are
in Table I. The deterioration of the critical temperature after 72 hours was calculated as the difference between
the critical temperature after 72 hours of storage and after 1 hour of storage. When the binders were stored at
-12 °C the deterioration of critical temperature was approximately 4.5 °C for both neat and modified binder.
Table I
Changes of BBR Critical Temperatures for criterion S = 300 MPa due to the physical hardening
Critical Temperature, S = 300 MPa (°C)
Sample

Storage time (hours)

Neat 50/70

PMB 45/80-55

Storage temperature (°C)

-2 °C

-12 °C

-2 °C

-12 °C

1

-19.3

-18.4

-19.0

-18.7

24

-16.4

-14.7

-17.3

-15.1

72

-16.2

-13.8

-17.3

-14.7

3.1

4.5

1.7

4.3

Change of Critical Temperature after 72 hours of
storage (°C)
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Figure 3 shows the relationship between the relative increase of stiffness modulus due to thermal-oxidative
ageing and the relative increase of stiffness modulus due to the physical hardening of selected bituminous
binders. This observation gives a hint that the lower is the binder resistance to ageing, the lower is the binder
resistance to physical hardening. On the other hand the resistance to physical hardening was quite similar for
all analysed samples (the relative increase of stiffness modulus was between 1.30 – 1.45) while the variability
of resistance to ageing was much higher (the relative increase of stiffness modulus was between 1.45 – 1.80).

Figure 3. Relationship between resistance to thermal-oxidative ageing and physical hardening
The repeated stiffness modulus was measured for three samples of neat bituminous binders in three states original, after storage at -12 °C for 24 hours and after relaxation for 24 hours at laboratory temperature (Figure
4). For all samples the increase of stiffness modulus during the storage at -12 °C (physical hardening) followed
by decrease of stiffness modulus after conditioning at laboratory temperature was found. The reversibility of
the physical hardening was confirmed by the obtained data. On the other hand the repeated measurements for
two samples after storage gave lower value of stiffness modulus compared to the original value.

Stiffness modulus at -16 °C (MPa)
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Figure 4. Reversibility of physical hardening

Conclusions
The exposure of bituminous binders to the temperatures below 0 °C causes temporarily hardening that can be
strong enough to decrease their resistance to low temperature cracking. This phenomenon is called physical
hardening and it is caused by reorganisation of molecules in bituminous binders that results in loss of the free
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intermolecular volume. In general, physical hardening of bituminous binders is time and temperature
dependent and it was also found to be dependent on colloidal stability of bituminous binders.
The screening tests were designed as storage of bituminous binders at two different cold temperatures with
evaluation of increase of the stiffness modulus after different times of storage. They confirmed that at lower
temperature the hardening is more intensive. It was also found that the most significant increase of stiffness
modulus occurs after the first 24 hours of storage and when the storage time is extended the further increase
is negligible.
The evaluation of low critical temperatures according to EN 14771 gave information that when the tested
samples were stored at -12 °C for 72 hours there was deterioration of the BBR low critical temperature of
about 4.5 °C. This means that if the binders were exposed to the temperature -12 °C their resistance to defects
would be lower compared with the resistance level that would be predicted from the result of standardized
procedures, e.g. EN 14771. It shoud be considered whether the determination of low temperature properties
would not include longer storage time of samples to take the effect of physical hardening into account.
The resistance of the samples to physical hardening was related to their ageing resistance. The higher was the
samples resistance to ageing the higher was the resistance to physical hardening. On the other hand even for
the binders that were the most resistant to ageing there was still significant physical hardening that should not
be neglected.
The reversibility of physical hardening was confirmed by the experiment including characterisation of original
samples, samples after storage at -12 °C and samples after storage at -12 °C with subsequent conditioning at
laboratory temperature. The increase of stiffness modulus was eliminated during the storage at laboratory.
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Abstract
The study is a continuation of our previous work on the separation of aromatic hydrocarbons from their
mixtures with alkanes using ionic liquids (ILs). In this paper, two ILs with different cation and the same anion
and the same substituents and anion: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMim][NTf2]) and 1-ethyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide ([EMpy][NTf2]), were used for
the separation of toluene from its mixture with alkane (cyclohexane). The impact of the difference between an
imidazolium cation and a pyridinium cation on the separation process efficiency was studied. Besides, ILs with
the [NTf2] anion were also chosen for their relatively low viscosity and availability. For the thermodynamic
description of ternary liquid-liquid equilibrium, the NRTL equation (the Non-Random Two Liquid model) was
applied. The effect of the imidazolium and pyridinium cations on the separation of toluene from the mentioned
hydrocarbons mixture is documented as the simulation results of counter-current extractors, and the number
of theoretical stages, solvent to feed mole ratio, and the product purity were tested. Results of the simulation
for a preset criterion were compared to those obtained with sulfolane, an extraction solvent considered as a
benchmark for the aromatic–aliphatic hydrocarbon mixtures separation. The results have been processed in
form of tables and comparative diagrams.

Introduction
Separation of aromatic and non-aromatic compounds has traditionally been one of the most challenging tasks
in refinery processes. Their boiling points are often rather close, making it difficult to perform the separation by
simple distillation under economically acceptable conditions. Conventional processes for the separation of
these mixtures are liquid – liquid extraction1-4, suitable for the range of 20 – 60 wt.% of the aromatic content;
extractive distillation for the range of 65 – 90 wt.% of aromatics; and azeotropic distillation for high aromatic
content >90 wt.%. According to Weissermel and Arpe1, no feasible processes for the separation of aromatic
and aliphatic hydrocarbons are available in the range below 20 wt.% of aromatics in the feed mixture. For this
purposes ionic liquids (ILs) have been identified as new alternative solvents to replace conventional solvents in
liquid-liquid extraction 3-6.
Conventional solvents used for the separation of aromatic and non-aromatic compounds are polar organic
solvents such as sulfolane, N-methylpyrrolidone, dimethylsulfoxide, propylene carbonate, glycols, and many
other organic solvents3-7. A disadvantage of the use of conventional solvents is the requirement of distillation
steps to separate the extraction solvents from both extract and raffinate streams, resulting in additional
investment costs and higher energy consumption3,5.
Considering conventional organic solvents, ILs are their environmentally friendly and promising alternatives in
liquid extraction processes. Due to their negligible vapor pressure, recovery of ILs is relatively easy. Thus, fewer
process steps and lower energy consumption can be expected. In addition to low vapor pressure, ILs have
many attractive properties such as non-flammability under ambient conditions, chemical and thermal stability,
liquid state in a wide temperature range, and the possibility of their tailoring to a specific liquid extraction
process4,7. ILs are known as “designer solvents”. Different types of cations and anions can be combined
(tailored) to modify the properties of the resulting ionic liquid according to the interest in each specific
application8.
For the purpose of IL-based extraction of aromatic and non-aromatic compounds, more than 120 ionic liquids
have been analyzed3. It has been shown that ILs can replace conventional solvents in liquid extraction of
aromates, provided the mass-based aromatic distribution coefficient and/or selectivity are higher than those
obtained with sulfolane, commercially most widely used solvent in the aromatic–aliphatic hydrocarbon
mixtures separation. Higher aromatic/aliphatic selectivity means a purer aromatic product, lower amount of
aliphatic hydrocarbons extracted, and a lower number of extraction stages. A high aromatic distribution
coefficient means a lower solvent consumption, which is related to smaller extraction and regeneration units
with lower investment and energy costs3,6,8.
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In recent years, some works have dealt with liquid – liquid equilibrium including a comparative study of ILs with
different cations were published 9-13. Here, two ILs with an imidazolium-based cation and a pyridinium-based
cation with the same substituents and the same anion: 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide and 1-ethyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide were
tested for the separation of toluene from its mixture with alkane (cyclohexane) to show the effect of the cation
on the separation properties of ILs and on the design of separation equipment.

Experimental part
Specification of the model system
The present study focuses on the separation of aromatic hydrocarbons from aliphatic hydrocarbon mixtures in
the presence of a ionic liquid (IL) and is a continuation of our previous works14-18. As a model system, the
cyclohexane–toluene binary mixture was chosen. As extraction solvents, two ILs with different cations and the
same anion: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMim][NTf2]) and 1-ethyl-3methylpyridinium bis(trifluoromethylsulfonyl)imide ([EMpy][NTf2]), were applied. The solvent extraction
characteristics of the ILs were compared to those obtained with sulfolane, the most commonly used
commercial solvent for the aromatic–aliphatic hydrocarbon mixtures separation. Structural formulas of the
used extraction solvents are shown in Figure 1.

[EMpy][NTf2]

[EMim][NTf2]

Sulfolane

Figure 1. Structural formulas of used extraction solvents: ILs and sulfolane
Description of liquid-liquid equilibrium
Conditions for the equilibrium of coexisting phases can be expressed in various ways. In this work, liquid–liquid
equilibrium (LLE) is based on the equality of activities of the components in the individual phases at constant
temperature and pressure:
γ iI xiI = γ iII xiII

[T, P]

i = A,B, C

(1)

Superscripts I and II denote the coexisting liquid phases; xiI and xiII are mole fractions of component i in the
respective equilibrium phases; γi represent activity coefficients for component i and are expressed by the
Renon and Prausnitz NRTL equation19:
∑

ln

∑

∑

∑

∑

(2)

∑

Binary parameters τij and terms Gij are defined as follows:
∆

! ", $

%, &, ' " ( $

τij ≠ τji, τii = τjj = 0, Gii = Gjj =1

(3)
(4)

R is the universal gas constant, ∆gij characterizes the interactions of molecules i and j, and αij is the nonrandomness parameter of the NRTL equation.
In this paper, tree ternary LLE systems were studied: cyclohexane (A) – toluene (B) – [EMim][NTf2] (C),
cyclohexane (A) – toluene (B) – [EMpy][NTf2] (C) and cyclohexane (A) – toluene (B) – sulfolane (C), all at 298.15
K. Experimental LLE data of the studied ternary systems containing ILs were published by Corderi et al.9, ternary
LLE data for the system with sulfolane were published by Chen et al.20. Parameters of the NRTL equation of the
studied ternary systems published by autors9, 20 were not applied for the description of ternary LLE. At the first
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control calculation of the equipment it was shown that the published NRTL parameters9 for the system
cyclohexane (A) – toluene (B) – [EMpy][NTf2] (C) are not suitable to sufficiently calculate an extractor.
Therefore, we recalculated the NRTL equation parameters for all ternary systems. New NRTL parameters (Table
I) better fit the experimental data (see the mean deviations and root mean square deviations of mole fraction,
dx and RMSD, in Table 1) and sufficiently calculate the extractor size and operating conditions.
Table I
NRTL parameters evaluated for each ternary system at 298.15 K, mean deviations and root mean square
deviations of mole fraction dx and RMSD
i–j
Calculated
Published
τij

τji

αij

Cyklohexane – toluene

1.4215

-0.7723

0.15

Toluene – [EMin][NTf2]

27.2771

0.0181

0.15

Cyklohexane – [EMin][NTf2]

9.8329

-0.0402

0.15

Ref9, 20

Cyclohexane – toluene – [EMin][NTf2]

RMSD

0.0014

0.0035

dx

0.0009

0.0019

Cyclohexane – toluene - [EMpy][NTf2]
Cyklohexane – toluene

1.2788

-1.5444

0.15

Toluene – [EMpy][NTf2]

9.1388

-3.3369

0.15

Cyklohexane – [EMpy][NTf2]

7.7063

0.0737

0.15

RMSD

0.0036

0.0056

dx

0.0018

0.0023

Cyclohexane – toluene – sulfolane
Cyklohexane – toluene

0.2253

-0.1170

0.20

Toluene – sulfolane

1.0059

0.5806

0.20

Cyklohexane – sulfolane

3.7909

1.9004

0.20

RMSD

0.0049

0.0067

dx

0.0030

0.0043

Extractive characteristics of solvents
The solute distribution coefficient, DB, provides information about the capacity of the solvent. The
aromatic/aliphatic selectivity of the solvent, SBA, expresses the efficiency of the solvent in effective extraction
of aromatic hydrocarbons from an azeotropic mixture. They are defined as:
DB =

x BII
x BI

(5)

DB
DA

(6)

and
S BA =
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where xBI and xBII are mole fractions of component B (toluene) in the respective equilibrium phases. The
experimental and calculated values of the distribution coefficient of toluene, DB, and selectivity, SBA, both vs.
the mole fraction of toluene in the cyclohexane rich-phase are plotted in Figure 2 and Figure 3. Basic sources
for the determination of the mentioned dependencies are experimental LLE data9 and calculated data (NRTL
equation, Table I) of the studied IL systems. The results were compared with the extraction characteristics of
sulfolane20, the solvent considered as a benchmark for the aromatic–aliphatic hydrocarbons mixtures
separation (Figure 2 and 3).
1.6
1,6
1.4
1,4
1.2
1,2
1.0
1,0
DB 0.8
0,8
0.6
0,6
0.4
0,4
0.2
0,2

17
14
11
SBA

8
5
2

0.0
0,0

0.2
0,2

0.4
0,4

0.6
0,6

0.8
0,8

1.0
1,0

xBI
Figure 2. Distribution coefficient, DB, vs. mole fraction
of toluene in the raffinate, xBI, for the ternary system
cyclohexane – toluene – solvent at 298.15 K.
Experimental data:▲ sulfolane, ■ [EMim][NTf2] and ●
[EMpy][NTf2], solid lines: calculated data.

0,0
0.0

0,2
0.2

0,4
0.4

0,6
0,8
1,0
0.6
0.8
1.0
xBI
Figure 3. Selectivity, SBA, vs. mole fraction of toluene in
the raffinate, xBI, for the ternary system cylohexane –
toluene – solvent at 298.15 K. Experimental data:▲
sulfolane, ■ [EMim][NTf2] and ● [EMpy][NTf2], solid
lines: calculated data.

In the region of low toluene concentration (up to 0.20 mole %), the values of ionic liquid capacities, DB, are
significantly higher than those of sulfolane. In terms of selectivity, SBA, IL solvent [EMim][NTf2] is comparable
with sulfolane. Values of [EMpy][NTf2] selectivity are considerably higher. From the comparison of all solvents,
ILs seems to be a more suitable for the separation process as sulfolane. Also when comparing the two ILs used,
[EMpy][NTf2] seems to be the best suited for the separation of a mixture of cyclohexane and toluene.
Design calculation of extractors
The objective of this study was to design equipment for the separation of aromatic hydrocarbons from dilute
solutions. Two ionic liquid were tested. The effect of the imidazolium and pyridinium cations of the studied ILs:
[EMim][NTf2] and [EMpy][NTf2], on the separation of toluene from the hydrocarbons mixture with cyclohexane
is quantified.
For the design calculation, an equilibrium model of a counter-current extraction column (Graczová et al.15,18,
Steltenpohl17) was used. The sets of material balances of equilibrium stages combined with the sets of ternary
liquid–liquid equilibrium conditions (1) were solved simultaneously. The simulations were carried out using the
MATLAB program, which corresponds to the Hunter–Nash method15. For both IL solvents, the parameters of
extractors, such as the number of theoretical stages, N, solvent to feed mole ratio, nS/nF, and the product
purity in extracts and raffinates, were evaluated. Resuls of the design calculations were compared with those,
obtained with sulfolane. The NRTL equation with the above mentioned binary parameters (Table I) was used to
calculate ternary LLE.
As the separation efficiency criterion, the yield of toluene in the extract, YB, and the recovery of heptane in the
raffinate, XA, were applied.
+,-* +.*
)*
(6)
+/*
01

+ 21
+/1

(7)

where nE1B is the molar flow of toluene in the extract leaving the 1st theoretical stage of the extraction column;
nSB is the molar flow of toluene in the solvent flow; nRNA molar flow of heptane in the final raffinate stream; nFA
and nFB are molar flows of toluene and heptane in the feed. Separation efficiency criterions, YB and XA, were
investigated for different solvent consumption.
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Results and discussion
Simulation was based on the following considerations: content of toluene in the feed of 10 mole %, purity of
the solvent equal to 1, the required purity of toluene in the final raffinate xRnB = 0.005. Results of the simulation
are expressed in form of a relation between the solvent to feed ratio, nS/nF, and the number of theoretical
stages (N = f(nS/nF), Figure 4 ), the yield of toluene in the extract (YA = f(nS/nF), Figure 5) and the recovery of
heptane in the raffinate (YA = f(nS/nF), Figure 6).
It is clear that the solvent consumption for the cyclohexane – toluene mixture separation is significantly lower
when using ILs compared to the commonly used extraction solvent, sulfolane. The sulfolane consumption is
approximately 3.4 times higher than that of ionic liquid [EMim][NTf2] and 4.7 times higher than that of
[EMpy][NTf2]. The lowest minimum solvent consumption of pure extraction solvent was reached with ionic
liquid [EMpy][NTf2], where nS,min/nF = 0.59; the maximum consumption was observed for sulfolane, nS,min/nF =
2.80. On the other hand, IL solvent [EMim][NTf2] in comparison to the ionic liquid [EMpy][NTf2] provided
higher yields of toluene in the extracts at the same amount of the solvent, Figure 5. Recovery of heptane in the
raffinate, Figure 6, was again the highest for [EMpy][NTf2] considering the corresponding values of nS/nF.
30
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Figure 4. Number of theoretical stages, N, versus the solvent to feed ratio, nS/nF. Conditions of simulations:
concentration of toluene in feed xFB = 0.10, maximum content of toluene in the final raffinate xRNB = 0.005,
purity of solvent xSC = 1. Extraction solvent: ▲ sulfolane, ■ [EMim][NTf2] and ● [EMpy][NTf2].
95

97

90
85
XA %

YB %

96.5
96

80
75
70

95.5
0

65
1

2
3
nS/nF

4

0

5

1

2

3

4

5

nS/nF

Figure 5. Yield of toluene in the extract, YB, versus the
solvent to feed ratio, nS/nF. Conditions of simulations:
xFB = 0.10, xSC = 1 and xRNB = 0.005. Extraction solvent:
▲ sulfolane, ■ [EMim][NTf2] and ● [EMpy][NTf2].

Figure 6. Recovery of heptane in the raffinate, XA,
versus the solvent to feed ratio, nS/nF. Conditions of
simulations: xFB = 0.10, xSC = 1 and xRNB = 0.005.
Extraction solvent: ▲ sulfolane, ■ [EMim][NTf2] and ●
[EMpy][NTf2].

Subsequently, the number of theoretical stages and the concentration profiles of the components in the
extractors with each solvent were calculated, solvent consumption corresponded to 1.1 times the minimum
consumption (nS/nF = 1.1 nS,min/nF). In order to achieve the required purity of toluene in the raffinate, xRnB =
0.005, the number of theoretical stages for individual solvents have to be as follows: N = 11.3 for [EMim][NTf2];
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N = 7.5 for [EMpy][NTf2]] and N = 13.5 for sulfolane. Here again, the use of [EMpy][NTf2] for the extraction of
cyclohexane and toluene occurs to be the best choice.
During the extraction of toluene and cyclohexane with ionic liquids [EMim][NTf2] and [EMpy][NTf2] in the
raffinate phase, almost pure cyclohexane was obtained; in the extract phase, except for the ionic liquid and
toluene, also a small amount of cyclohexane is present.
Purity of cyclohexane in the raffinate stream when using both ionic liquids can reach up to 99.8 mole %, and
about 99.1 mole % when sulfolane is used. Negligible amounts of both ionic liquids passed into the raffinate
stream. Mole fractions of the extraction solvents in the raffinate streams, xRNC, were as follows: xRNC = 0.0000
for [EMim][NTf2]; xRNC = 0.0004 for [EMpy][NTf2] and xRNC = 0.0069 for sulfolane.
Based on the solvent used, the content of the extraction solvent in the extract was between 78 - 94 mole %.
Also the content of toluene and cyclohexane in the extraction stream were different. In case of sulfolane, the
extract contained 3.3 mole % of cyclohexane and 2.9 mole % of toluene; of [EMim][NTf2] it was 11.3 mole % of
cyclohexane and 8.6 mole % of toluene; when no solvent or [EMpy][NTf2] were used, it was 10.1 mole % of
cyclohexane and 11.6 mole % of toluene.

Conclusion
In this paper, the design of an equipment based on liquid – liquid extraction of the system cyclohexane –
toluene employing ILs [EMim][NTf2] and [EMpy][NTf2] as extraction solvents with different cations was studied.
Within the design of the extractor, the solvent flow was varied in order to acquire information about the
dependences of the number of theoretical stages versus the solvent to feed mole ratio (at the required purity
of the raffinate stream). In the separation of the cyclohexane – toluene mixture, the solvent consumption of
both ILs was significantly lower than when using sulfolane, while the lowest solvent consumption was achieved
by [EMpy][NTf2]. In respect to the yield of toluene in the extract, the IL-solvents are comparable (circa 96 %);
higher recovery of cyclohexane in the raffinate stream was obtained with [EMpy][NTf2], 91 %. From the
comparison of above ILs, [EMpy][NTf2]) with the pyridinium-based cation was more favorable.
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Abstract
In this paper, economic criterion based on products market values is utilized as an objective function for
economic optimization of steam-cracker operation. Established generalized approach is applied on specific
facility in Litvinov ethylene production unit (Unipetrol RPA). Optimal processing conditions are searched for
several selected gasoline feedstock. Sensitivity of optimums on individual products prices was investigated. The
possibility of separate cracking in the contrast to the cracking of blend was considered and analysed with
respect to current product prices.

Introduction
Steam-cracking is main technological pathway for olefin production, especially the ethylene, propylene,
butadiene and some other important products (benzene, isoprene, acetylene). Ethane, LPG and Gasoline are
usual cracking feedstock but atmospheric gas oils and hydrocracked vacuum distillates are also important types
of feedstock. In this paper, only gasoline hydrocarbon fraction is considered as a feedstock.
There are numerous studies in literature [1-4] that are aimed in the process condition optimization, usually
trying to maximize yield of selected product (e.g. ethylene) or to maximize the operational period of reactor
coil. But optimal settings should allow maximal economic yield.
Previously developed mathematical models of steam-cracking are very useful tools for such an optimization. In
this study the model PYROL has been utilized for the cracking simulation. This semi-mechanistic model has
been successfully verified with very low deviations determined from a set of experimental data obtained by
process experiments carried out in the cracker full-scale operation. Moreover, this model has been validated as
a balance tool on a long series of data obtained by process balance with ethylene and propylene accuracy
tolerance up to 2 %. Details were reported in our previous paper [5]. Details about the model development, its
parameters tuning and implementation was also reported in deep details in our previous papers [6-8].

Economic criterion
Since wholesale prices of products and demanded quantities fluctuate in time, the real optimum cannot be
established by a simple technical criterion such as a maximum of selected product yield. Instead this type of
technical criteria, we offer an economic one. In order to establish a fixed point, a very average gasoline from all
historically collected gasoline composition was used as a reference feedstock (see Table I). This gasoline
processed under average reaction conditions typical for gasoline fraction processing (reference conditions) on
GK6 reactor coil provides certain products distribution (see Figure 1).
Table I
Reference feedstock characterization and reference cracking conditions
Parameter
Value
Parameter
Value
n-paraffins, wt. %

26.9

COT, °C

840.0

i- paraffins, wt. %

34.0

COP, kPa

200.0

olefins, wt. %

0.6

FR, t∙h-1

27.9

naphthenes, wt. %

29.2

SO, kg∙kg-1

0.5

aromatics, wt. %

9.3

XOT, °C

584.5

Density, kg∙m-3

812.0

TLXT, °C

512.7
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Figure 1. Distribution of products obtained by the cracking of reference gasoline under reference conditions
(see Table I) on GK6 reactor coil
These products can be easily priced according to current prices. This value of products obtained by processing
of one tone of reference feedstock under reference conditions we propose to be a zero point. Then, a cracking
value can be referred to this zero point:

(

)

r r r
r r r
CVA = Y(wA; p) ⋅ P − Y wo; po ⋅ P ,
4451 ) under given
So the CVA represents potential benefit of processing of given feedstock A (with composition 3
conditions 5 in comparison to the processing of reference feedstock (with composition 3
445 ° ) under reference
conditions 5° according to current specific prices of products 745.
Products distribution Y() in dependence on feedstock composition and reaction conditions is given by the
cracking model. Previously developed and verified semi-mechanistic cracking model PYROL was utilized to
predict the products composition [5]. But before the pricing, it is needed to balance products yields according
to equipment installed in the given facility. For example acetylene is often hydrogenated to ethylene, toluene
and xylenes are usually hydrodealkylated or translalkylated. Determination of total product prices is more
complicated. For example, ethane and propane is often separated and recycled to the cracking and then it is
converted to another products distribution with a conversion and yields that is again depended on reactions
conditions.

Parametric study
Since the product distribution is depended on reaction conditions, a parametric study has been performed.
There are following operational parameters, influence of which is captured by the model PYROL:
•
•
•
•
•
•

feedstock rate (FR)
Dilution by process steam (SO)
Crossover temperature (behind the feedstock dilution and preheating), (XOT)
Coil outlet temperature (COT)
Coil outlet pressure (COP)
Temperature on the outlet of the transfer line exchanger (TLXT)

It should be noticed, SO is typical for the feedstock type, and XOT and TLXT are implicitly depended on entire
cracking furnace setting (given by enthalpy balance) and cannot be easily changed. Moreover TLXT and COP are
depended on current coil state (in the operational cycle) and the feedstock rate. Feedstock rate is usually given
by scheduled capacity of processing and cannot be changed, therefore the COT is the only one parameters for
optimization. This parametric study is focused to the COT parameter. We offer only point-to-point sensitivity
demonstration of dependence on FR parameter but other parameters are completely ignored because they
cannot be easily driven.
Figure 2 shows the dependence of CV for reference feedstock for two different reactor coils: GK6® (Technip),
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SRT III (Lummus). It is obvious, GK6® reactor provides higher cracking value in comparison to SRT III reactor.
Moreover, profitable conditions range is wider in the case of GK6® reactor. The most usual conditions for
processing of feedstock does not match the optimum for processing of the most usual feedstock in facility.
10

FR+
-40

-20

Cracking value, USD·t-1

-60

-5 0

-20

20

40

FRFR+

-35

-50

FR-

ΔCOT, °C
-65
Figure 2. Cracking value of reference gasoline in dependence on coil outlet temperature for GK6 reactor (―)
and SRT III reactor (- - -) under reference conditions (dark blue), +10 % feedstock rate (red, FR+), -10 %
feedstock rate (green, FR-). Reference conditions are depicted by the point (●)
But this economic criterion does not take the heating cost into account. The change in fuel gas consumption
should not be so large it could influence result of this analysis significantly but it must be considered during
conditions optimization.

Feedstock evaluation
The cracking value can be easily applied to the evaluation of individual feedstock that are available for
processing in such a facility. As an example, a set of gasoline feedstock with a very simple characterization and
its evaluation is offered in this paragraph.
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Figure 3. Dependence of CV on GK6 reactor COT for individual feedstock: Light gasoline from the redestillation
(A), Light gasoline from primary distillation (B), Middle fraction from redestillation (C), Light gasoline separated
from hydrocracked vacuum distillates (D), Heavy gasoline from primary distillation (E), Gasoline fraction from
hydrocracked products (sharper hydrocracking conditions) (F), Heavy gasoline from hydrocracked vacuum
distillates (G), Gasoline isolated from the hydo-treating of the atmospheric gas oil and kerosene (H).
As it is demonstrated on the Figure 3, CV is excellent criterion for comparison of individual feedstock according
to currently valid prices of products. As it could be expected, lights saturated feedstock provide higher profit
but under sharper cracking conditions in comparison to middle and heavy distillates. This criterion provides
quantitative comparison which is great advantage.

Sensitivity to products prices
It is necessary to quantify possible impact of products prices changes to optimal cracking conditions found as
CV maximum, therefore analysis of optimal COT sensitivity to individual products prices was prepared for the
case of reference gasoline for both type of reactors and it is shown on the figure 4. Obviously, the price of
ethylene, C4 fraction and benzene are the most important input in this optimization, therefore should be
watched continuously.
10
8
6

ΔCOTopt, °C

4
2
0
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-8
-10

Fuel gas Ethylene Propylene
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Benzene

C6-C9
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Figure 4. Sensitivity of optimal COT on products prices for GK6® reactor (
change of products prices: -10 % (
) and +10 % (
)

) SRT III reactor (
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) with the

Concussions
An economic criterion CV, established in this paper, was specifically adapted for the cracking unit in Litvinov,
Czech Republic (Unipetrol Company). It can be easily utilized for different feedstock evaluation as a comparison
of products values obtained by cracking of different feedstocks or varying reaction conditions. It was shown;
this criterion can be applied for the optimization of cracking operational parameters. But it is obvious, found
optimums are in very tight range of selected variable parameter.
It was also found CV is strongly depended on products prices, therefore it is needed to recalculate results
periodically and adapt the process parameters to maintain the production in current economic optimum.
On example of selected gasoline feedstocks, available in the plant, economic potential of gasoline blending was
investigated. The potential profit that could be obtained by blending of feedstocks in two groups against
blending all together is very low. Also separate cracking of individual feedstock under specific conditions
provides only low profit in comparison to the cracking of blended feedstock under middle of optimal
conditions. It is caused by the fact that found optimal parameters values are in very tight range.
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Introduction
CC triple bonds give the possibility of synthesizing a plethora of chemical products by reacting with compounds
containing electrophilic and nucleophilic moieties1,2. Thus, an alkyne represents a valuable starting point in
organic synthesis since the product very often remains unsaturated and one can further benefit from this in
subsequent synthetic steps. Among this astonishing variety of reactions is alkyne hydration, which is a simple,
yet powerful, transformative tool. The addition of water to the tertiary bond following the anti-Markovnikov
regioselectivity has been so far utilized by the traditional two-step hydroboration/oxidation approach3.
However, this approach is characterised by a very low atom economy and low functional tolerability4.
Special ruthenium catalysts are able to promote a one-step transformation of this kind under mild reaction
conditions with little or no waste. The first such example was only reported in 1998 and, quite understandably,
the catalyst was not exclusively selective and its activity was rather low5. Subsequent early works have
continued in a similar fashion, further employing a ηn-arene and various phosphine ligands6,7. The first dramatic
improvement was observed with sterically demanding heterocyclic rings containing basic nitrogen sites8,9.
These sites were found to be catalytically active, thereby making the new catalysts bifunctional and active at
level described as “enzyme-like”10. Later, catalysts with N,N bidentate ligands retained this high activity even
after being stored under an air atmosphere for two weeks11.
Despite important findings, catalysts are still being tailored to specific substrates. We focused on the nature of
the two active sites in order to investigate their catalytic properties. First, we used different nitrogen
compounds as a source of nitrogen with variable basicity and order of substitution. Next, by substituting the
ruthenium atom for iridium or rhodium, we increased the electron density on central atom.

Experimental
Phosphine ligands were purchased from STREM Chemicals (see Figure 1), other chemicals from Sigma-Aldrich.
Prior to its use, every liquid was degassed by freeze & thaw method until no bubbles were observable.
Experiments were performed in Schlenk vessels under an argon atmosphere. For the evaluation of the central
atom effect, Cp*IrCl2 or Cp*RhCl2 dimers and bipyridine (IX) were mixed for 2 hours at 80 °C in NMP:H2O 4:1
followed by the addition of substrate. For the evaluation of the nitrogen effect, catalysts were generated in-situ
by mixing I-VII and Cp(η6-NA)Ru(II)PF6 for 6 hours at 60 °C in acetonitrile, following its evaporation under argon.
Then NMP:H2O 4:1 was added and after 30 min of mixing, the experiment was started by the addition of
heptyne. See Figure 2 for the complete overview of syntheses performed. Samples from reaction mixtures
were filtered through a short alumina layer and analysed on GC/MS (Varian GC 3800, VF-1ms
60x0,25x0,25/Varian MS Saturn 2000).
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Figure 1. An overview of phosphine ligands used in this paper.

Results and discussion
Hydrations seems to proceed better with the incomplete saturation of the basic nitrogen atom, such as in the
entries of I or IV (see Table I). It is evident, that this steric relief should help in the coordination of substrates.
The blocked lone nitrogen of V and VII is very prone to participate in the hydrations, if at all, respectively,
under current conditions. The values of pKb are also playing an important role. The weaker the basic nitrogen
is, the less does it seems to serve as hydrogen acceptor in alkyne coordination. On the contrary, stronger basic
site does not serve well as hydrogen donor in the subsequent catalytic step. However, substrates can ignore
this drawback to some extent, if two nitrogen centers are presented in the ligand (such as IV, less basic than
VIII). Stronger basic centers can also diminish aldehyde yields due to aldol condensations, which can be further
4rd International Conference on Chemical Technology | ICCT 2016
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promoted i.e. by higher temperatures and longer reaction times. Aldol condensation leads to the formation of
2-pentyl-2-nonenals from our product.
Better results were achieved with ligand IX and iridium and rhodium atom. Increasing the electron density of
metal atom is conditioned by a subsequent increase of temperature for retaining the catalytical activity.
Though the vinylidene reaction intermediate should be more stable this way, the slower coordination of the
alkyne‘s triple bond to the electron-rich metal atom hindered the rate of reaction. Furthermore, when
Cp*(bipy)ClIrCl and Cp*(bipy)ClRhCl were used for the hydration of phenylacetylene, only acetophenone was
yielded as a single product, instead of phenylacetaldehyde. We account this to the nature of both atoms, as
they are bigger than ruthenium. Therefore, a greater steric effect prevents the proper coordination of alkynes,
that would otherwise yielded in the corresponding aldehyde. A more controlled tuning of the electronic
properties of central atoms should be realised through a careful ligand design.

Ru+

6 h, 60 °C, ACN, inert

2 I-VIII
NMP:H2O 4:1 (c = 0,2 M)

(CH2)4CH3
6h, RT, inert

(CH2)4CH3

2 IX

2 h, 80 °C, NMP:H2O 4:1

N

O

Me+

Cl-

Cl

N

Figure 2. Syntheses of novel anti-Markovnikov catalysts and their application in the hydration of heptyne.
Me = Ir, Rh.
Table I
Various phosphine ligands characteristics and evaluation of their use as ligands in anti-Markovnikov hydration
of heptyne
Entry
Active center distance
pKb
Heptyne
Heptanal yield
conversion
[atoms]
[%]
[%]
I

2

II

2

III

3

IV

3

V

4

VI

6.6

45.2

57.1

14.3

0

12.1

62.7

29.1

50.8

9.6

0

0

4

1.5

5.3

0

VII

4

8.2

10.1

68.2

VIII

4

14.8

57.4

3.8
5

5

2.1

0.8

0.9

0.1
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Table II
An evaluation of bipyridyl catalysts with Ir or Rh metals for anti-Markovnikov hydration of heptyne
Entry
Heptyne conversion
Heptanal yield
[%]

[%]

Cp*(bipy)ClIrCl

81.5

100

Cp*(bipy)ClRhCl

97

100

Conclusion
These findings will help us in designing novel ligands for the anti-Markovnikov hydration catalysts. Subsequent
works will optimize hydration experiments and focus primarily more on the distance of the two active centers.
Greater distance should be favourable for the coordination of sterically more demanding substrates, which
results we will couple with the already investigated basicity of nitrogen atoms. Similarly, simpler alkynes will be
tested with different metal atoms.
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Abstract
A method of preparation Ni/γ-alumina egg-shell type catalysts with high metal content was developed. The
method is based on impregnation of alumina particles with concentrated solution of inorganic Ni salt (nitrate)
in selected organic solvents. The method takes advantage from the fact that volatile organic solvents can be
quickly evaporated so there is a chance to concentrate Ni to a very thin layer below the particle surface.
Impregnation with water solution of Ni salt appeared to be ineffective.

Introduction
Catalysts containing an active metal component in whole volume of particles are widely used in industrial
hydrogenation processes. These catalysts are usually very active; the reaction takes place both on the particle
surface and deeply inside the particles as well. Egg- shell type catalysts containing noble metals as active
components are also well known and even widely utilized in industrial praxis. With these catalysts, it is possible
to achieve high reaction rate with relatively low metal content. Low metal content can decrease the catalyst
cost which is important mainly for the catalysts with noble metal as the active component. Therefore the egg
shell type catalyst with other then noble metals can seldom be seen in industrial praxis.
Another thing is, that hydrogenation is a strongly exothermic reaction, overheating of the catalyst particles
insides can therefore take place especially if Ni is present in whole volume of catalyst particle, as Ni tends to
catalyse strongly exothermic C-C bond cleavage at higher temperatures.
The egg-shell catalysts containing Ni as the main active component have been rarely described in the literature
1-4
. For example, this type of catalyst, containing 5-15 wt % of Ni was described as having been used for
pyrolysis gasoline hydrogenation 1,2. In patent 1 preparation of Ni/Al2O3 egg-shell type catalyst was described.
The preparation method consisted in impregnation of 2mm alumina particles by 3M solution of Ni(NO)3 in
tetrahydrofurane.
It was the aim of this study to develop a method of preparation of Ni/γ-alumina egg-shell type catalyst
comparably active with low metal content Pt/ϒ-alumina catalyst, which is a standard in industrial praxis and to
verify its potential to be used in the low alkene hydrogenation process.

Experimental
Preparation and characterization of the catalysts
The catalysts were prepared by “wet impregnation” method.
Wet impregnation was carried out in solution of metal salts, which were Ni(NO3)2 6H2O for the nickel catalyst
and Pt(AcAc)2 for the platinum catalyst respectively.
Acetone was used as the organic solvent. The concentration of nickel in the solution was 50g/l, the
concentration of platinum being 6g/l. ϒ-alumina sphere particles of 25 mm in diameter were used as the
support . The support particles were immersed into the solution of Ni or Pt salt for only short time (several
seconds). The impregnated catalyst particles then were calcined at the temperature gradually increasing to the
maximum of 500°C, by the speed of 1,5°C/min. This procedure, i.e. impregnation-calcination, was repeated
until the desired metal content was achieved. The content of metal was detected by ICP-OES method using
Agilent 750 instrument. The layer thickness of the impregnated metal in the support was meassured by an
optical microscope (Intraco Micro type PM203), with the magnification of 100 times. The specific surface was
detected by BET method using Quantachrome Autosorb iQ.
Catalyst testing
The catalysts prepared were tested by hydrogenation of C5 olefins mixture. A high pressure, electrically heated,
stainless steel tubular reactor of 400 mm ID, 1267 mm long, was used for this purpose. An axial temperature
profile inside the reactor was measured by a set of 10 thermocouples placed in a 10 mm OD probe, which was
located in the reactor axis. The catalyst layer was located in the middle section of the reactor, the catalyst
being diluted by inert material (SiC) in the volume ratio 1:1 (weight ratio of catalyst vs. inert being 2.7:1).The
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whole amount of the catalyst (10g) had been split into ten identical portions, each of them was then gradually
put into the reactor, being every time overlaid by the same volume of the inert material.
Selectively hydrogenated C5 fraction from the steam cracking (industrially produced fraction) with negligible
dienes content was used as the feedstock during the tests. The content of C5 alkenes in this fraction is shown
by Table I.
Table I
Content of Alkenes in C5 Fraction Starting Material for Testing.

Alkene

Conc. [mass %]

1- pentene

1.29

2-methyl-1-butene

5.98

Trans 2-pentene

13.15

Cis 2-pentene

3.74

2-methyl-2-butene

20.44

Cyclopentene

11.42

The catalyst was reduced in-situ, in hydrogen atmosphere, at 450 °C, for 24 hrs. After this period of time, it was
cooled down to the hydrogenation temperature and the reaction started by introduction of hydrocarbon feed
and hydrogen. The reaction conditions were as follows: temperature 110 °C, pressure of 2.1 MPa, hydrocarbon
feed in the interval from 60 to 200 g/hr., H2/hydrocarbon molar ratio of 6.5, W/F=0.12 to 0.13.
The reaction products were analyzed by on-line gas chromatograph Shimadzu 2010 equipped with a
temperature controlled, two valve dozing loop for gas sample injection. A 50 m capillary column HP PONA
(Agilent), ID 0.2 mm, film thickness 0.5 µm, He as the carrier gas, was used. The inlet temperature was 250 °C,
FID detector temperature 200 °C, the oven temperature program being as follows: 30 °C for 15 min
isothermally, 10 °C/min up to 100 °C, then 20 °C/min up to 200 °C. Only hydrocarbons in the output stream
were determined and quatified.

Results and discussion
Catalysts analyses and characterization
The platinum catalyst was prepare with the concentration responding to that of some industrial standard so it
contained 0.53 w.% of Pt by only one impregnation- calcination cycle. Its specific surface was 186 m2/g.
During first attempts of preparation a nickel containing catalyst, it was discovered that similar values of metal
contents as in the Pt catalyst are insufficient to obtain an active catalyst. The metal concentration was than
increased by repeating the impregnation-calcination procedure several times. It was discovered in the end, that
the concentration of Ni has to be almost one order higher than that of Pt to obtain catalysts of comparable
activities. The nickel catalyst, the activity tests of which are further presented, contained 4.84 wt.% of nickel,
its specific surface being 161 m2/g. It was prepared by 8times repeated impregnation-calcination procedure.

Figure 1. The picture of nickel layer in catalyst
particle by optical microscope

Figure 2. The picture of platinum layer in catalyst
particle by optical microscope
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It was however observed that even after repeated impregnation process almost all metal was concentrated in a
very thin layer (shell) immediately below the surface of the particles (see Figure 1) likewise in the platinum
catalyst (see Figure 2) though the layer thickness was bigger in case of Ni catalyst (250 µ) comparing to Pt
catalyst (50 µ). This was considered a very important fact.
Impregnation of relatively high concentration of nickel must have led to a decrease of carrier internal surface.
This decrease was however by no means fatal: from 211 m2/g (starting ϒ-alumina) to 161 m2/g (4.84 wt % of
Ni/ϒ-alumina). A typical pore distribution in the Ni containing catalyst is illustrated by Figure 3.

Figure 3: BET characteristic of Ni/Al2O3 catalyst
Catalysts testing
Industrially produced, selectively hydrogenated C5 fraction was used as the feedstock for kinetic data
measurement. The selective hydrogenation in the production plant had converted major part of dienes to
alkenes so only a small concentration of pentadiene was detected in the C5 fraction. Testing with real industrial
feedstock was chosen, as it had been discovered before that relative reactivity of individual alkenes can
change in competitive environment 5. It was therefore considered necessary to measure the activity data at
competitive conditions with an alkenic mixture of real composition to assess industrial potential of the
catalysts.

Figure 4. Conversion v.s. time coordinate W/F (Ni/Al2O3, t=110 °C, p= 2.1 MPa).
As hydrogenation is a strongly exothermic reaction, it was impossible to carry out the continuous tests at
isothermal conditions. Therefore the maximum of axial temperature profile is presented as the reaction
temperature in following text. This temperature maximum was maintained at approx. same level at all values
of throughput by controlling the input temperature.
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Figure 5. Conversion v.s. time coordinate W/F (Pt/Al2O3, t=110 °C, p= 2.1 MPa).

Figure 6. Comparison of main alkene conversion values for Ni and Pt/Al2O3 catalysts at 110 °C, 2.1 MPa and
W/F= 0.04 h.

Dependencies of conversion on raw material throughput (time coordinate W/F) were the results of catalysts
testing. These plots for Ni based catalyst (Figure 4) as well as for Pt based egg-shell catalyst (Figure 5) are
presented. The catalyst activity is quite strongly dependent on the amount of metal bound on the carrier
surface. It appeared to be very difficult to determine the right amount of Ni to achieve the catalyst of the same
activity as the Pt based standard. The catalyst with Ni in which the metal content was approx. 9 times higher in
comparison with Pt containing one, showed activity only by 30 to 50 % higher (see Figure 6), the reactivity
values for different alkenes on both catalyst types being in different ratios.

Conclusion
It was verified in the frame of our study, that Ni/γ-alumina egg-shell type catalysts with high metal content can
be prepared effectively by wet impregnation of alumina particles with concentrated solution of inorganic Ni
salt (nitrate) in acetone. In this solvent, a catalyst with thin active layer of metal was obtained. Impregnation
with water solution did not result in egg-shell catalysts. Testing of different organic solvents for this purpose
can be an interesting topic for subsequent research.
To achieve activity comparable to that of the catalyst impregnated by platinum, much higher concentration of
Ni is necessary but this doesn´t represent any problem if suitable organic solvent. e.g. acetone, is used.
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Abstract
For better understanding of the industrial C4 fraction hydrogenation process, a reaction study has been
performed in a laboratory environment. Hydrogenation of 2 methylpropene (isobutene, 2MP) over commercial
catalyst has been investigated experimentally as a model reaction. This continuous hydrogenation in gas phase
has been carried out on the platinum catalyst Cherox 3902 under the temperatures up to 110°C and hydrogen
pressure 20 bar.
This contribution focuses on the induced oscillatory behaviour observed during the continuous hydrogenation
of 2MP in a packed bed microreactor. Induced reproducible oscillations have been studied using the on-line gas
chromatograph (GC-FID/TCD) and a catalyst bed temperature monitoring. Effects of the temperature, thermal
conductivity and space velocity on the properties of induced oscillations have been investigated in detail.
The study results revealed extremely high sensitivity of the oscillatory behaviour to the heat transfer conditions
in the system. Experimental tests focusing on the space velocity effect revealed a significant influence on
the oscillation amplitude height and period phase length with the high reaction rate. Based on the character
of the induced oscillations, they have been classified as thermo-kinetic oscillations1 as they are resulting from
the interaction between the exothermic reaction, heat transfer and a reversible decrease in the catalyst
activity.

Introduction
Industrial production of olefins (ethylene, propylene), is one of the largest chemical technologies. Production
of olefins is based on steam cracking of naphtha and other liquid raw materials. Main product ethylene is a
pillar on which stands the follow-organic technology and production of major polymers. Hydrocarbon C4 and
C5 fractions are by-products of the process. These fractions are interesting for further processing 2, 3 and also
important in terms of volume (approx. 20%). Due to large-scale production of C4 fractions and complexity
of the pyrolysis process any yield improvement, more efficient use of raw materials or by-products or reducing
the energy demands of the process results in considerable economic value. Therefore, the knowledge
of the reaction kinetics is crucial for the design of C4 (C5) hydrogenation units, their validation and scale-up.
One way to determine the kinetics of the industrial process is to use a down-scaling. Control of the continuous
mode at steady state is simpler and at the same time provides constant, precisely defined quality product.
Microtechnology and microreactors can be a solution for down-scaling continuous process 4-8.
Microdevices are characterized by a small internal dimension with respect to the character of the studied
process. Generally, the microdevice might be defined as a device with internal characteristic dimension smaller
than 1 mm. Microdevices are widely used in a variety of applications. They are used as micro mixers, micro
heat exchangers or microreactors. Knowledge of flow hydrodynamics, reaction kinetics, heat and mass transfer
conditions for a specific process is necessary in the case of microreactors for a complete description of their
behavior 9-13. The basic information for operation, optimization and intensification of the conventional
processes in microreactors are shown in Jahnishe’s et al. study 14.
The presence of heat and mass transfer effects in the system might lead to a strong distortion of an intrinsic
kinetics of the investigated process. Therefore, these effects should be minimized by selecting the expedient
experimental set-up design and optimization of process conditions 15. The necessity of a correct system settings
was shown in Ardiaca’s et al. study 15 that deals with hydrogenation of 1,3 butadiene and n-butenes in the
liquid phase over a Pd catalyst.
During kinetic studies, we can observe the existence of multiple steady states process (bifurcation) within
a certain range of conditions. This applies in particular for highly exothermic reactions 1,16,17. The most common
type of the observed oscillations are classified as thermo-kinetic oscillations. During these oscillations the
reaction occurs either in so called cold or hot state. The cold state of the reaction is generally a steady state
under the intrinsic kinetic control regime with low temperature, low reaction rate and the same concentrations
of reactants and products on the catalyst surface as in the bulk continuous phase. The hot state of the reaction
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is a steady state under the transport phenomena controlled regime with high temperature, high reaction rate
and low concentrations of reactants but high concentrations of product on the catalyst surface 1,18,19.
Reaction mechanism of 2-methylpropene hydrogenation
The model reaction was chosen to simplify the development of the experimental procedure and the evaluation
of a presence of mass and heat transfer effects. Hydrogenation of 2-methylpropene (2MP) on the commercial
Pt catalyst was selected as a model reaction representing total hydrogenation of the C4 fraction.
2-methylpropene was selected on the basis of good availability on the market. Also, the 2MP hydrogenation is
the slowest comparing to hydrogenation of other butene isomers in the C4 fraction [20]. Hydrogenation of
2MP to 2-methylpropane (2MPA) is exothermic reversible equilibrium reaction (1) with the reaction enthalpy
−117.6 kJ/mol [21].

(1)
ΔHr = -117.6 kJ/mol

Experimental
Catalyst
As a catalyst was selected commercial catalyst Pt/γ-Al2O3 „Cherox 3902“ (Euro Support Manufacturing
Czechia, s. r. o., Czech Republic). The catalyst was in form of spheres with a diameter of 2 mm, and contained
0.55 wt. % Pt. Pt in the catalyst was homogeneously distributed in the support. This catalyst is commonly used
for industrial application study of hydrogenation of the C4 fraction in the reference pilot plant in the Unipetrol
Centre of Research and Education, Litvinov in Czech Republic. In order to eliminate the wall fluxes in
the laboratory reactor (DR/Dcat > 10) [22], the commercial catalyst was crushed and sieved to a fraction with a
grain size ranging from 0.1 to 0.36 mm (Table I).
Table I
Catalyst bed properties

Scale

Pilot plant

LCB

DCB

Dcat

Wcat

DR/Dcat

mm mm mm

g

mm/mm

144

15

2

150

7.5

Laboratory 39

4.8

2

-

2.4

Laboratory 39

4.8

0.1 – 0.36 0.05 21.1

Reactor setup
The main part of the laboratory apparatus (Figure 1) consists of a high temperature high pressure packed bed
microreactor with integrated mixer. The microreactor is part of the modular microreactor system (MMRS)
developed for the study of chemical processes at the microscale from Ehrfeld Mikrotechnik BTS GmbH
in Germany. Detailed description of the apparatus is shown in Stavarek’s et al. study 19.
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1 – Micro reactor
2 – GC-TCD/FID
3 – Micro mixer
4 – Dosing eq. mini Cori-Flow
5 – Back pressure regulator
6 – Oil bath
– Heated base plate
P – Pressure sensor
T – Temperature sensor

b)

a)

Figure 1. a) scheme of experimental apparatus, b) scheme of the microreactor cartridge with a catalyst bed
Analysis
For the on-line analysis of the reaction mixture we used two-channel gas chromatograph 7890A (Agilent
Technology, USA) with thermal conductivity detector (TCD) and flame ionization detector (FID). The first
channel (for TCD) was used for the separation of permanent gases (N2, H2) in a column paraPLOT Q (Agilent
Technologies, USA) and 5A molecular sieve with an inner diameter of 2 mm (Restek Corporation, USA). The
second channel (for FID) was used for the separation of hydrocarbons (2MP, 2MPA) in a column GS-Gaspro
30 m x 320 µm x 0 µm (Agilent Technologies, USA). Continuous GC analysis was programmed with sampling
frequency of 12 min.
Discussion and result analysis
This paper focuses on the study of 2MP hydrogenation on the diluted catalyst bed with alumina (Sasol γ-Al2O3)
as an inert material in a volumetric ratio of 1/5.9 and 1/9.5, respectively (denoted as CB2 and CB3). During the
hydrogenation the induced oscillations were observed on this diluted beds (CB2, CB3).
In the early phase of experimental campaign with the diluted beds the 100% conversion of 2MP has been
observed for more than 60 hours on stream under the operating conditions similar to the industrial process
(inlet temperature of 80 °C and pressure of 20 bar). Following experimental measurements were therefore
carried out at lower inlet temperature, i.e. about 40 °C.
Effect of the catalyst bed (CB) type
For four different types of the catalyst beds (Table II) but with the same catalyst amount (50 mg) the identical
set of experiments was performed focusing on the dynamic behavior of the system (Figure 2). The
hydrogenation experiments were carried out as a continuous campaign duration approximately two months on
stream without interruption.
Table II
Type of catalyst bed (CB)
Wcat

Inert

Pt/Inert

VCB

LCB

λCB

εCB

g

-

ml/ml

ml

mm

W/m/K

-

CB1

0.5

-

-

0.067

3.7

0.22

0.35

CB2

0.5

Al2O3

1/5.9

0.402

22.2

0.22

0.35

CB3

0.5

Al2O3

1/9.5

0.705

39.0

0.22

0.35

CB4

0.5

SiC

1/9.5

0.705

39.0

2.03

0.42
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CB1: Diffusion regime
CB2: Induced oscillations
CB3: Induced oscillations
CB4: Kinetic regime

Figure 2. Effect of the catalyst bed type, conditions: WHSV = 50 g(2MP)/g(cat.)/hr, Qtot = 270 NmL/min,
Tin = 50 — 80 °C, Tout = 55 — 133 °C, p = 20 bar
The results with the catalyst bed CB1 (see Table II) show the hot state due to high reaction rate that indicates
transport phenomena limited regime. Conversely, the results with the diluted catalyst bed with silicon carbide
of high thermal conductivity CB4 (see Table II) show the cold state due to low reaction rate that indicates the
intrinsic kinetic control regime. It has to be noted that the inlet temperature in both cases was the same (80 °C)
while the catalyst bed temperature was 133 °C for CB1 and 107 °C for CB4.
During the experiments on CB2 and CB3 it has been observed a gradual extinction of hydrogenation reaction
(reaction rate dropped to 0). Spontaneous extinction reaction was observed without changing the external
operating conditions. To prevent the complete extinction of the reaction, the inlet temperature of the reaction
mixture was increased stepwise by small increments (0.2 °C each 3 – 15 hours). This thermal impulse
occasionally also caused the observed (induced) oscillations.
The induced oscillations were observed only for catalyst beds diluted with alumina CB2-3 (See Table II). The
induced oscillations were initiated by a forced reactor temperature increase. The induced oscillations observed
on the both diluted catalyst beds with alumina show a similar character of oscillatory behavior with only minor
differences. The results comparison shows that increasing the dilution ratio from 1/5.9 (CB2) to 1/9.5 (CB3)
resulted in smoother and approximately 2× slower transition between the hot and cold reaction state (from 4
hours (CB2) to 8 hours (CB3), Figure 2.
Effect of the space velocity (WHSV)
Experimental tests to reveal the space velocity (WHSV: weight hourly space velocity) influence on the course
of induced oscillations detected the change in amplitude height and length of the oscillation period phase with
a high reaction rate (3 – 15 hours, Figure 3). The induced oscillations were initiated by a forced reactor
temperature increase in range of 0.2 – 2 °C. It is seen that the phase of the period with the high reaction rate,
i.e. the so-called hot state, extends with decreasing space velocity.
The high sensitivity of the properties of nonisothermal induced oscillations to the linear flow rate at constant
concentration of reactants in the reactor can indicate the thermo-kinetic nature of the oscillations. This type
of oscillations is also very sensitive to the heat transfer conditions in the system 18.
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WHSV = 100 g(2MP)/g(cat.)/hr
WHSV = 50 g(2MP)/g(cat.)/hr
WHSV = 25 g(2MP)/g(cat.)/hr
WHSV = 10 g(2MP)/g(cat.)/hr

Figure 3. Time development of induced oscillations, conditions: CB2, 2MP/H2/N2 = 1/3/13, WHSV = 10 –
100 g(2MP)/g(cat.)/hr, Qtot = 68 – 540 NmL/min, Tin = 40 — 60 °C, Tout = 48 — 85 °C, p = 20 bar
Changing the space velocity has a significant influence on the size of the temperature impulse required to
initiate oscillations, i.e. to move from the cold state with a low reaction rate to the hot state with a high
reaction rate. During the experiments with the high space velocity 100 g2MP/gcat/hr, temperature impulse for
initiating of induced oscillations was only of 0.2 °C. Whereas during experiments with low space velocity 10
g2MP/gcat/hr, the temperature impulse for initiating the induced oscillations was about 2 °C. The value of
thermal impulse also increased with increasing inlet temperature of the reaction mixture. Increasing the
volumetric dilution ratio Pt-catalyst and the alumina 1/5.9 (CB2) to 1/9.5 (CB3) has only a minor influence on
the observed oscillations. The minor effect can be attributed to a very low thermal conductivity of γ-Al2O3.
Effect of the thermal conductivity of the reaction mixture
Figure 4 shows experiments with different thermal conductivity of the reaction mixture (λf) in the range
of 0.02 – 0.17 W/m/K with constant initial concentration of 2MP and constant total volumetric flow. Changing
the thermal conductivity of the fluid was realized by higher excess of H2 instead of N2 (2MP/H2/N2: from 1/3/13
to 1/16/0).
During the experiments with 8× higher thermal conductivity of the reaction mixture (0.17 W/m/K)
the disappearance of induced oscillations occurred together with stabilization of the reaction in the hot state.
The results of these experiments confirmed a high sensitivity of the system to the conditions of heat transfer.
This is also another characteristic feature of the nonisothermal thermo-kinetic oscillations [18].

2MP/H2/N2 = 1/3/13
λf = 0.02 W/m/K
2MP/H2/N2 = 1/16/0
λf = 0.17 W/m/K

Figure 4. Effect of the thermal conductivity of the reaction mixture, conditions: CB2,
WHSV = 50 g(2MP)/g(cat.)/hr, Qtot = 270 NmL/min, Tin = 52 — 58 °C, Tout = 58 — 82 °C, p = 20 bar
Reaction hot zone moving through the catalytic bed
A detailed record of the course of reaction rate 2MP, inlet and outlet temperatures of the catalytic bed at
the time is shown in Figure 5. Figure 5 clearly shows that both oscillation peaks of 2MP reaction rate
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(conversion) are accompanied by an unusual U-shaped peak of bed temperature. This specific temperature
curve during oscillation can be explained by the presence of the reaction zone, which moves along the catalyst
bed. The length of the catalyst bed was 22.2 mm (CB2, Table II).
Development of moving the reaction zone could be described as follows: thermal impulse initiates
the hydrogenation reaction which initially takes place in the whole volume of the bed, but due to its
exothermicity and poor heat dissipation rapidly forms a hot zone at the beginning of the bed. Thermocouple,
which is located at the outlet of the bed recorded sharp maximum and the temperature was temporarily
stabilized at between 70 to 75 °C (first peak of bed temperature). Due to a feedback mechanism [16-18] local
deactivation of the catalyst occurs, which leads to slow movement of the reaction zone through the catalyst
bed in the flow direction of the reaction mixture towards to thermocouple at the end of the bed. Measured
temperature increases slightly when the reaction zone is approaching the thermocouple. Second maximum
of the temperature of oscillating peak indicates that the reaction zone is located near the thermocouple.
The reaction zone slowly extincts due to deactivation of the most of catalyst bed, while the reaction rate of
2MP decreases as well as the temperature measured at the output.
Very good repeatability of induced oscillations and course of bed pointing to the presence of moving reaction
zone thus indirectly confirms the presence of a feedback mechanism, which is also characteristic of the thermokinetic oscillations [1, 18].

Figure 5. Moving hot zone, conditions: CB2, WHSV = 50 g(2MP)/g(cat.)/hr, Qtot = 270 Nml/min,
2MP/H2/N2 = 1/3/13, Tin = 52 — 58 °C, Tout = 58 — 82 °C, p = 20 bar, X2MP = 0 – 100 %

Conclusions
Experimental study of the hydrogenation of 2-methylpropene in the microreactor revealed the appearance
of induced oscillatory behaviour. The oscillations of reaction were only observed during experiments on
the diluted catalyst bed with alumina at temperatures less than 80 °C. The induced oscillations were initiated
by forced reactor temperature increase in range of 0.2 – 2 °C each 3 – 15 hours.
A possible explanation for the observed ignition and extinction phenomena during exothermic reaction rests in
low thermal conductivity of alumina (λ = 0.22 W/m/K [23]) used for dilution, allowing the local overheating of
the catalyst particles and insufficient heat removal from bed. Dilution caused that some catalyst particles have
lost contact with a well-cooled reactor wall. It apparently also contributed to overheating of the catalyst
particles.
Increasing the volumetric dilution ratio Pt-catalyst and the alumina 1/5.9 (CB2) to 1/9.5 (CB3) had only a minor
influence on the observed oscillations. The minor effect can also be attributed to a very low thermal
conductivity of catalyst bed.
Effect of increasing space velocity (WHSV) revealed higher amplitude height of temperature oscillations and
shorter period phase length with high reaction rate. Effect of higher thermal conductivity of fluid revealed
oscillation disappearance. The results of these experiments proved the extremely high sensitivity of the
oscillatory behaviour to the heat transfer conditions in the system. The reproducible oscillation peaks of 2MP
conversion (reaction rate) were accompanied by an unusual U-shaped peak of bed temperature. This specific
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temperature curve during oscillation can be explained by the presence of the reaction zone, which moves along
the catalyst bed.
Based on the character of the induced oscillations, they have been classified as thermo-kinetic oscillations
resulting from the interactions of exothermic, non-linear reactions with the transport phenomena, particularly
the insufficient heat removal from the catalyst bed.
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Abstract
Propan-2-ol (isopropanol, IPA) dehydration cannot be carried out by simple distillation as IPA forms an
azeotrope with water. Therefore, extractive and azeotropic distillations were considered for IPA separation
from its nearly azeotropic mixture. As entrainer for extractive distillation (ED) of aqueous IPA solution ethylene
glycol was selected. Benzene was considered a low boiling point solvent for IPA–water solution azeotropic
distillation (AD). For both considered separation procedures, flow sheets with basic equipment were proposed.
Equipment dimensions and operation costs for both separation units assumed were optimized using the
ASPEN+ simulation program. The results show that the investment costs associated with both AD and ED are
similar. On the other hand, selected operation costs of the IPA separation based on AD are approximately by
1/4 lower than those computed for the IPA separation using ED.

Introduction
Propan-2-ol is colorless, flammable compound with a strong odor. It is capable of dissolving both polar as well
as non-polar compounds. Therefore, most of IPA produced worldwide is consumed as a solvent for coatings
purposes. It is also used in the production of chemical specialties and in pharmaceutical industry1. Due to its
low to negligible toxicity and skin irritation effects, IPA is frequently contained in disinfection preparations and
hand sanitizers. Affinity of IPA towards water is employed in prevention of fuel-powered engine corrosion
while using it as a fuel additive.
IPA is commonly produced by propene hydration either indirectly by the reaction with sulfuric acid and
subsequent hydration of sulfuric acid esters or directly by the addition of water molecule in the presence of
solid or supported acids1. In both cases, aqueous solution is obtained, from which IPA should be isolated.
Therefore, the last step in isopropanol production and/or regeneration is its separation from aqueous mixture.
It is well known that IPA forms binary azeotropic mixture with water containing 87.8 mass % (67.2 mole %) at
80.4 °C under normal pressure. Thus, IPA separation from its aqueous solutions is a complex task. Pure IPA
cannot be obtained using conventional distillation methods. Therefore, other methods like azeotropic
distillation, extractive distillation, pervaporation, reactive distillation, extraction, or pressure-swing distillation
need to be considered for IPA separation2,3,4,5.
In this study, ED using ethylene glycol (EG) as entrainer and AD using benzene as solvent were chosen for
simulation of IPA aqueous mixture separation and flow-sheets of the respective separation units were
proposed. Modeling and optimization of the separation equipment were carried out using ASPEN+ software.

Theoretical
For modeling and simulation of separation equipment, the concept of equilibrium stage is often used assuming
that output streams from such “theoretical” stage are in mutual thermodynamic equilibrium6. In reality,
equilibrium on the stage is not or hardly achievable. This problem can be overcome, e.g. by the stage efficiency.
In case of azeotropic and extractive distillation, knowledge of the vapor–liquid equilibrium (VLE) is required.
Considering relatively low pressures applied in separation equipment for IPA separation, ideal behavior of the
gas phase can be adopted. On the other hand, non-ideal behavior of the liquid phase is indicated by the
presence of azeotrope. Then, for the VLE description the modified Raoult law combined with the Dalton law
can be applied in the form of the following equation:
Py i = Pi o xi γi
(1)
where P is the total pressure, yi and xi are the component i mole fractions in the gas (vapor) and liquid phase,
respectively, Pi o and γi the component i saturated vapor pressure liquid phase activity coefficient, respectively.
For the liquid–liquid equilibrium (LLE) description, isoactivity condition is used:
(2)
ai′ = ai′′
a i′ and ai′′ being the i-th component activity in the two equilibrium liquid phases denoted as ′ and ″. Using the
component activity coefficient definition, Eq. (2) can be rewritten as follows:
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γi′xi′ = γi′′xï′′
The NRTL excess Gibbs energy equation was used to calculate liquid phase activity coefficients7.

(3)

Experimental
The NRTL equation is relatively universal thermodynamic model with good parameters accessibility. Values of
the NRTL binary interaction, Aij and Bij, as well as non-randomness, αij, parameters were obtained from ASPEN+
(Table I).
Table I
NRTL parameters for the systems IPA–water–benzene and IPA–water–ethylene glycol at P = 101.3 kPa
Component i
Component j
Aij
Aji
Bij
Bji
αij
IPA
water
–1.3115
6.8284
426.398
–1483.46
0.3
IPA
EG
–8.6577
11.6827
3473.73
–4342.46
0.3
water
EG
0.3479
–0.0567
34.8324
–147.137
0.3
IPA
benzene
–0.1279
0.7484
148.121
713.312
0.3
water
benzene
140.087
45.1905
–5954.31
591.368
0.2
Equilibria predicted using the parameters given in Table I showed a good fit of the experimental data available
from the NIST database integrated in ASPEN+ software.
In case of IPA–water mixture separation by ED, the presence of EG suppresses azeotrope formation allowing
the original mixture separation. On the other hand, ternary equilibrium of the system IPA–water–benzene is
complex due to presence of three binary azeotropes formed by each pair of the components. Moreover, these
components form ternary heteroazeotrope located within the area of limited miscibility that is characterized by
lower boiling temperature compared to that of binary azeotropes and pure components.

Results and discussion
Performance of considered separation devices, distillation columns and decanter, was simulated employing
ASPEN+ program. In case of distillation columns, a multi-stage separation based on VLE was assumed. Decanter
was considered a single-stage apparatus in which LLE took place. Mathematical model for such equipment is
represented by a system of material balances, equilibrium equations, summation equations in liquid and vapor
phase, and enthalpy balances (MESH equations)6.
Simulation of IPA extractive distillation using ethylene glycol
Unit for IPA separation by extractive distillation is depicted in Figure 1. It consists of two distillation columns,
several pumps, heat exchangers, and one mixer to supplement entrainer losses.

Figure 1. Flowsheet of IPA solution separation using ED in the presence of ethylene glycol at P = 101.3 kPa
ED takes place in the first column using EG as entrainer. Feed to this column is a mixture of IPA and water with
composition close to that of the binary azeotrope. Distillate from this column is the desired product, practically
pure IPA, while the bottom product is a mixture of ethylene glycol and water. This mixture passes to the second
distillation column that serves for the solvent regeneration. Distillate from the second column is waste water
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while the bottom product is regenerated ethylene glycol. After cooling in the heat exchanger and mixing with
fresh make-up in the mixer, ethylene glycol is returned to the first distillation column.
Composition and other parameters of the feed entering the first distillation column are given in Table II.
Table II.
Feed stream information
Flow rate, nF [kmol h–1]
Temperature [°C]
Pressure [kPa]
Vapor fraction
Mole fraction - IPA
Mole fraction - water

15.38
79.9
100
0
0.65
0.35

Optimization of the column performance was carried out with the aim to assess the minimum production costs.
This procedure was based on the idea presented by Jobson and co-workers taking into account the effect of the
vapor load on the optimum column design8,9. During the column simulation and optimization, specifications are
used to keep columns’ performance constant while varying remaining variables. For the proposed configuration
only one independent variable is available, the number of theoretical stages with the corresponding optimal
feed stage position. Firstly, optimal feed stage position was identified for the chosen number of theoretical
stages corresponding to the minimum reflux ratio or reboiler duty. Next, sensitivity analysis was performed
varying the total number of stages while keeping constant the feed stage to the total number of stages ratio.
The reflux ratio was allowed to vary in order to maintain constant the column performance indicators.
Optimal column operation mode is situated between two thresholds: minimum number of theoretical stages
and minimum reflux ratio. Overall annual costs of the column construction and operation can be approximated
by the objective function which is a product of the number of column stages multiplied by the reflux ratio8,9.
Based on the results of simulations, a pair of the optimal values of the number of column stages and the reflux
ratio is obtained.
The first column in which ED is carried out serves for pure IPA separation. Specifications of this column
performance, recovery of IPA in distillate (99.9 %) and distillate purity (99.5 mole % of IPA) were set. Optimized
variables were distillate rate and reflux ratio. Moreover, further independent variables, namely the entrainer
flow rate, feed stage, and temperature, were monitored. Results of a series of case studies show that entrainer
temperature has limited impact on the investment costs but has a larger influence on the column operation
costs as shown in Figure 2. Then, the entrainer temperature should be kept at around 100 °C.
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Figure 2. Variation of the first column operating
parameters, R and Qreb, with the entrainer
temperature, tEG
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Figure 3. Variation of the column overall costs, F, with
the number of theoretical stages, N, and the entrainer
flow rate, nEG

Another independent parameter influencing the column performance is the entrainer input stage. Using
sensitivity analysis, variation of the column operation parameters with the entrainer feed stage position was
observed. At the same time the number of theoretical stages and solvent flow rate were adjusted.
According to the simulation results (not shown), the optimal input stage for entrainer was always the fourth or
fifth even for very high columns. Feed input stage position varied depending on the number of column
theoretical stages. On the other hand, the ratio between the feed input stage number and the number of
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stages remained constant. Therefore, there were only two independent variables, number of theoretical stages
and entrainer flow rate, influencing the column performance. The other two parameters, feed and entrainer
input stage position, were fixed.
By increasing the amount of entrainer and the number of column stages to a certain value, the reflux ratio and
thus also the column operation costs are reduced. However, excessive amount of entrainer will increase
reboiler duty in the first distillation column and also in the entrainer regeneration column. Another, although
less important, aspect connected with the increased entrainer consumption is the increase of cooler and pump
duties associated with cooling and transport of entrainer from the regeneration column back to the ED column.
Following optimized parameters were the number of theoretical stages of the first column and EG flow rate.
Overall annual costs, were approximated by the objective function that include the number of theoretical
stages, the reflux ratio, and the specific entrainer consumption, nEG/nF, as shown in Figure 3. Optimum
corresponds to the entrainer consumption of 60 kmol h–1 (i.e. its specific consumption of around 4) in a column
with 24 theoretical stages represented by the darkest area in Figure 3.
In case of the second, regeneration, column, similar optimization procedure was used. Column performance
parameters, recovery of EG and purity of the bottom product, were set to 99.9 % and 99.9 mole % of EG,
respectively. The results of optimization (Table III) show that the optimum number of theoretical stages is
eleven with the feed input stage number five. Composition, amount, and physical characteristics of all streams
found in the plant for IPA separation based on ED are summarized in Table IV.
Table III
Column operation parameters for ED and AD obtained using the optimization procedure
Extractive distillation
Azeotropic distillation
Parameter
Column 1
Column 2
Column 1
Column 2
Number of stages, N
24
11
14
5
Feed stage, NF
18
5
2
1
Temperature at the column top [°C]
81.6
98.9
65.6
85.1
Distillate rate, nD [kmol h–1]
10.04
5.34
29.94
1.76
0.32
1.15
0.81
–
Reflux ratio, R
Temperature at the column bottom [°C]
168.7
196.1
81.5
99.6
Bottoms rate, nW [kmol h–1]
65.39
60.05
10.04
5.36
Boilup ratio, BR
0.32
0.23
2.55
0.42
Table IV.
Results of simulation of the plant for IPA separation based on ED
FEED1
IPA
WW
MAKE-UP
Molar flow [kmol h–1]
15.38
10.04
5.34
0.01
Composition, xi
IPA
0.6500 0.9950 0.0009
0.0000
water
0.3500 0.0049 0.9979
0.0000
ethylene glycol
0.0000 0.0001 0.0012
1.0000
Temperature [°C]
79.9
81.6
98.9
100.0

Simulation of azeotropic distillation using benzene
Proposed IPA separation unit using AD is presented in Figure 4. ASPEN+ program was used to scatch this
flowsheet and to simulate the process consisting of two distillation columns, several pumps, heat exchangers,
and a decanter, which serves as a mixer for distillates from both columns, liquid–liquid separator, and also it
allows supplementing entrainer losses. Feed of this unit is a mixture of IPA and water (Table II). AD of this feed
in the presence of benzene takes place in the first column. Bottom product from this column is practically pure
IPA. The vapor-phase distillate with composition similar to that of the heteroazeotropic mixture composed of
all three components is condensed in a total condenser and advances to decanter. Lighter (organic) phase is
refluxed back to the first column. Heavier (aqueous) phase is fed to the second column. The second distillation
column, a stripper, is used to separate remaining IPA as well as entrainer from the aqueous phase. Bottom
product from the stripping column is waste water (practically pure). Distillate vapors from the second column
are allowed to condense in a total condenser and enter the decanter.
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In the first column, there is only one degree of freedom for the column performance specification. Thus, purity
of the bottom stream was set to 99.5 mole % of IPA. Optimization of the column number of theoretical stages
was carried out analogically to the previous cases. However, the boilup ratio (ratio of the molar flow of vapor
flowing in the column stripping section to molar flow of bottom product) was used in objective function instead
of the reflux ratio.

Figure 4. Flowsheet of aqueous IPA solution separation using AD in the presence of benzene
The results of optimization (not presented) showed that the optimum number of theoretical stages was
fourteen. Minimum reboiler duty indicated that the optimum location of the feed input stage is NF = 2
irrespective the number of theoretical stages chosen.
In the second distillation column aqueous phase from decanter was used as feed entering the column at its top.
There is only one degree of freedom left to specify the column performance, namely recovery of IPA in
distillate, which was set to 99.9 %. Optimization procedure was consistent with the previous cases showing that
the optimum number of theoretical stages of the second column was five.
Decanter was operated at isobaric conditions (pressure has no significant impact on LLE). It was used as a mixer
for the distillate streams from both columns to which also make-up of entrainer was introduced. Finally,
decanter served as a splitter of the equilibrium liquid phases. There was only one degree of freedom regarding
the decanter operation; either temperature in decanter or heat duty to decanter can be set. Sensitivity analysis
shows that the temperature in decanter has no influence on capital costs (decanter operates as single-stage
equipment). On the other hand, this parameter influences the equipment operation costs.
Monotonous decrease of the heat duties in reboiler and condenser of the first column and heat duty of the
second column reboiler were observed when temperature in decanter increased from 40 °C to 70 °C. Only a
slight increase in heat duty of the second distillation column condenser was found while increasing the
temperature in decanter. Moreover, solvent make-up consumption corresponding to benzene loss in purified
IPA and water streams was decreasing when the temperature in decanter was increased. Furthermore, effect
of the temperature in decanter on composition of the reflux to the first column was investigated. The results
show steady but negligible decrease of benzene mole fraction in the reflux stream with increasing temperature
due to the increase of benzene and water mutual solubility (data not presented).
Thus, it can be concluded that, from the operation costs viewpoint, it is beneficial to keep the highest possible
temperature in decanter. Assuming complete condensation of vapor phase coming from both distillation
columns, the maximum temperature of around 69 °C was obtained in decanter under adiabatic conditions.
Table III summarizes optimal values of the columns’ parameters obtained using the optimization procedure.
Simulation results of IPA separation based on AD are summarized in Table V.
Table V
Results of simulation of the plant for IPA separation based on AD
FEED1
IPA
WW
MAKE-UP
D1-C
–1
Molar flow [kmol h ]
15.38
10.05
5.36
0.03
29.94
Composition, xi
IPA
0.6500 0.9951
0.0001
0.0000
0.2486
water
0.3500 0.0018
0.9999
0.0000
0.2272
benzene
0.0000 0.0031
0.0000
1.0000
0.5241
Temperature [°C]
79.9
81.5
99.6
25.0
60.8

D2-C
1.76

ORGANIC
24.61

AQUA
7.12

0.4283
0.5602
0.0114
75.7

0.3025
0.0584
0.6389
68.1

0.1059
0.8912
0.0028
68.1
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Economic balance
In order to estimate the investment unit costs it is necessary to know approximate prices of the main
equipment. Multifactor method of the capital cost estimation was used10. Pump prices were estimated based
on their capacity11. Mixer price was computed according to the literature data12. Distillation column prices
correspond to their basic construction parameters, diameter and height. Column heights were estimated from
the respective number of stages and distance between them. Diameters were computed using the ASPEN+
program taking into account distance between the stages and optimal value of the vapor-phase velocity in the
column free cross-section area13. Heat exchanger prices are rated based on the heat transfer surface area14. In
all heat exchange equipment counter-current flow arrangement was assumed. Using steam as heating
medium, condensation temperature of this medium was assumed at least by 10 °C higher than the boiling
temperature of the heated solutions. Cooling water input and output temperature of 20 °C and 30 °C,
respectively, was assumed in all coolers. Price of a tank was considered the decanter price.
Prices of equipment found in the literature for the year 2004 were converted to actual prices according to the
plant cost indices15. Results of the investment costs estimation for the ED- and AD-based IPA separation are
summarized in Table VI.
Most important utilities consumed in both considered units were cooling water and heating steam. Moreover,
entrainer/solvent make-up was also assumed. Consumption of utilities was computed using enthalpy balances
of individual heat exchangers. In calculations, working time 8000 h per year was considered. Computed
operation costs of the IPA separation plant using ED or AD are given in Table VI.
Table VI
Estimated investment and operation costs for IPA separation process based on ED and AD
Extractive distillation
Azeotropic distillation
Investment costs [€]
538 870
517 339
Operation costs [€ year–1]
203 429
132 569

Conclusions
Optimization of the IPA separation units was performed with the aim to get almost pure IPA (99.5 mole %)
starting from nearly azeotropic mixture. Extractive distillation using ethylene glycol as entrainer and azeotropic
distillation using benzene as solvent, were considered for this task. The NRTL equation was used to estimate
the components liquid phase activity coefficient for the equilibria calculations. ASPEN+ program was used for
the units’ simulation. Both plants suggested for IPA–water mixture separation consisted of two distillation
columns. Operation parameters of the plant equipment were optimized for the pre-set performance criteria.
Based on the simulation results, simplified economic balance of both separation units was done. Investment
costs were assessed using multifactor Bauman method. Operation costs calculation was based on enthalpy and
mass balances. The results show that the investment costs associated with aqueous IPA solution separation
employing both AD and ED are similar. On the other hand, operation costs of the IPA separation procedure
based on AD are approximately by 1/4 lower than those computed for IPA separation using ED.
However, taking into account potential carcinogenicity of benzene (hydrocarbons) used in AD, IPA obtained by
this procedure is disqualified from e.g. medical, pharmaceutical, and cosmetics application. Therefore,
alternative solutions are necessary for IPA separation. One of these can be the ED employing ionic liquids.
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Abstract
A sale of high-volume bio-fuels in recent years has emerged as an important element in fulfilling legislative
requirements in the area of air pollution. The amendment to the Excise Tax Act as amended by Act 382/2015
Coll. together with the price development of oil and fossil fuels significantly affected negatively the sales of
these products. Relatively short period of their development have generated many important findings that may
find use in the future. During the introduction of these fuels into practice, questions of storability, the
composition of products, additives and the like were dealt with. At present it is not clear which direction the
area of high-volume bio-fuels will continue to move. The HVO (hydrogenated vegetable oil) seems to be an
example of a possible replacement, but in this case there are also significant obstacles, both in limited
production capacities, and especially in the development of oil and fossil fuels prices.

Introduction
Stormy times of legislative changes last year probably inevitably affected also the production and distribution
of biofuels. The pressure from the European Union institutions led our legislators to change tax policies in this
area (see Table I). This change hit mostly the so called high volume biofuels: fatty acid methyl ester (FAME or
B100), blended diesel fuel containing esters of greater than 30% by volume (B30) and ethanol containing 15 to
30% by volume of petrol (E85). The taxation of these products in January 2016 (Act No. 353/2003 Coll., on
excise duties, as amended, and in particular as amended by Act 382/2015 Coll.)1,2 with a significant decrease in
oil prices and fossil oil products practically dampened consumer interest of these fuels. The question is whether
temporarily or permanently.
Table I
Excise taxes high volume of biofuels for the period 2015 – 2020 1,2
Product

E85 - tax refunds for 1l alcohol
E85 -tax refunds for 0,78 l alc
E85 (22% BA, 78% alcohol)
FAME
B30

Excise taxes [CZK/l]
From 1/1/16
To 30/6/15
to 30/6/17
12.84
10.23
10.02
7.98
2.82
4.86
0
4.59
7.665
9.265

From 1/7/17
10.7
8.56
4.28
2.19
8.515

The difference compared to the
period to 30/6/15 [CZK/l]
From 1/1/16
to 30/6/17
From 1/7/17
-2.61
-1.87
-2.04
-1.46
2.04
1.46
4.59
2.19
1.6
0.85

This is concluded one of the stages of introducing renewable sources into the sphere of the automobile in
Czech Republic

What did this stage brings?
Despite the relatively high resistance connected with a practically different quality from fossil fuels and the
related operational risks, these fuels have found quite a large clientele during a few years. FAME and B30 were
introduced especially for transport companies and companies operating a fleet of heavy equipment, then E85
in personal cars flexi fuel (FFV), or with conventional gasoline engines and subsequent installation of the
control unit.
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Table II
The number of registered petrol stations offering high-volume biofuels in the Czech Republic to 31/12/2015
Source: Ministry of Industry and Trade of the Czech Republic (MIT)
defining the
Public
approaches
Private
Total
B30
234
30
39
303
FAME
118
23
52
193
E85
197
1
0
198
ČEPRO, a.s. as an entity engaged in the transport, storage, sale and dispensing of fuel to the status of a tax
warehouse4,5 under the Act, and besides owning a network of petrol stations EuroOil is obliged to ensure the
addition of bio-components in motor fuels at the statutory rate (see Law no. 201/2012 Coll., on air protection)3,
ie .:
min. 4.1 % volume of biofuels from the total amount of petrol
min. 6.0 % volume of biofuels from the total amount of diesel

The number of petrol stations
with biofuel

Concurrently the Company has been required to ensure the reduction of greenhouse gas emissions per unit of
energy contained in the fuel in the full life cycle of the fuel min. 2% compared with the baseline GHG emissions
for fossil fuels3 since 2014.
In accordance with the above legislative document possible fulfillment prescribed quota not only as a normal
dispensing diesel fuel and gasoline, but also dispensing pure biofuel, or fuel dispensing high bio content.
At peak times ČEPRO, Inc. distributed these fuels for both wholesale partners as well as the retail sector in its
own network of filling stations. In the years 2013-2015, these fuel available to nearly a hundred petrol stations
(see Graph 1).

The number of petrol stations in the network EuroOil
selling biofuels
60
40

E85

20
0
Nov-10

B30
FAME
Apr-12

Aug-13

Dec-14

May-16

Month - year

Graph 1 - The number of petrol stations in the network EuroOil selling biofuels
Also, output in those years recorded a rising trend (see Graph 2)
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Annual output , m3

Dispensing of high-volume bio-fuels in filling station
network EuroOil
4000
3000

E 85

2000

B30

1000

FAME
/B100

0
2009

2011

2013

2015

Year
Graph 2 - Dispensing of high-volume bio-fuels in filling station network EuroOil
The introduction of these products has led to the necessity of solving many specific problems related in
particular to efforts to ensure the highest quality fuels in accordance with the normative and legislative
requirements.
Storage stability of products based FAME 4, 5, 6
Protection FAME-based products against manifestations of bacterial contamination 4, 5, 7, 8
Oxidation stability FAME and B30 4, 5, 9, 10
Effects of general denaturation type 1b for quality E85 4, 5, 11
Optimizing the composition of E85 with respect to the vapor pressure of gasoline 4, 5, 12
Storage stability of products based FAME6
At a time when ČEPRO, a.s. began a targeted deal with the issue of biofuels, including high-volumes, the
standard CSN 65 6500 Diesel fuel - recommended storage conditions and applicability has not yet been
introduced in the Czech Standardization. Therefore the recommended lifetime of fuels were not fixed. The
results of quality control of the quality during storage conducted in cooperation with SGS CR, Ltd. even before
the release of this standard demonstrated the risks of having a connection with the conditions and storage
time. As it can be seen in the graphs, a decrease of FAME content and decrease of oxidative stability was
caused, among others (see Graph 3,4).

FAME content, % V/V

Decrease FAME content in RME-B100 and B30 during long-term
storage
99

32,8
32.8

96

32,4
32.4
32

93
90
87
Jul-06

Oct-06

Jan-07

Apr-07

31,6
31.6

RME(B100)

31,2
31.2

B30

30,8
30.8
Aug-07

Date of sampling
Graph 3 Decrease FAME content in RME-B100 and B30 during long-term storage
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Long-term storage FAME - oxidation stability

8
7
6
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6-Jun-07
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7-Jan-07

8-Dec-06

8-Nov-06

5
9-Oct-06

oxidation stability, h

9

Date of sampling
Graph 4 Decrease of oxidation stability FAMW during long-term storage
Protection products based on FAME from the effects of bacterial contamination 7, 8
FAME is a biological product - biological (bacterial) degradation is its natural properties. This risk is throughout
the distribution system from the manufacturer to the end user. Precursors - substances initiating expansion of
bacterial decomposition are water and biogenic trace elements contained in atmospheric dust and spores
contained in the atmosphere, which are brought into the tank during change of air in free space reservoirs. If a
product is not a condition and is not taken care for tanks sufficiently, can these problems occur. The result is
the presence of sticky deposits (a mixture of degradation products, water and dirt) which cause plugging of the
filter of the fuel system. During the regular care of storage capacity, which was held in accordance with
established procedures at intervals of 3-5 years, were at the bottom of the tanks identified deposits of
oxidation and bacterial decomposition (see Figure 1, 2). Therefore it has been necessary to change the cleaning
processes. They were shortened cleaning times for 1 year, selected tanks were treated with a special two
component paint and the tests of the biocide (Grotamar 82) disinfection and chlorine-based compounds with
active oxygen was realized. Fully satisfactory proved by conventional disinfectant of domestic origin name
SAVO in prescribed concentration (see Figure 3, 4).

Figure 1 and 2. Deposits in storage capacity FAME / RME

Figure 3. Status of the tank after cleaning and disinfecting Figure 4. State before repeated treatment
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Oxidation stability of FAME and SMN 30 - application antioxidant 9, 10
One of the fundamental parameter limited by specification standards of FAME and blended diesel B30 is
oxidation stability. The value of this parameter indicates the ability of the fuel to prevent the appearance of
"aging" in normal conditions, ie. in presence of atmospheric oxygen, moisture, catalytic metals contained in
structural materials and also temperature changes. All these effects lead to oxidative degradation of the fuel to
form a variety of complex chemical compounds, e.g. similar of the gum having the structure of mostly viscous
and adhesive deposits, which not only can cause plugging the filter of the fuel system, but they also have an
increased corrosive effects on the materials of construction.
Since FAME / RME, made from standard materials by current technologies, does not reach a sufficient level of
oxidative stability (contains natural antioxidants - eg. Tocopherol - vitamin E), it is necessary to increase the
oxidative stability of the addition of additives - antioxidants. In current practice, butyl hydroxytoluene (BHT) is
the most commonly used, or more modern and more efficient antioxidants, phenolic type (alkylphenols) are
used. During sampling inspection conducted by SGS CR, Ltd. in filling station network EuroOil alarming levels of
oxidation stability especially at B30 were found. This led to the beginning of the project of additional postproduction of additives. Mixed antioxidant phenolic type based on butyl hydroquinone and alpha, alpha 'propylendinitrilo di-o-cresol was tested. The indisputable advantage of this antioxidant is its liquid state, good
solubility and a very rapid distribution of the product even at relatively low turbulence. During the dosage from
0.03 to 0.05% V / V, results that significantly exceeded regulatory requirements limit of oxidative stability
Rancimat min. 20 hours were achieved (see Graph 5).
The introduction of E85 fuel 11
During the introduction of the environmentally friendly fuel for spark ignition engines based on ethanol
calledE85 several sub-questions were dealt with. During the initial tests, it was necessary to verify whether the
presence of general denaturation of type 1 b does not have negative effects on the quality of the final product.
That assumption has not been confirmed, allowing the mixing of the product from the current denatured
anhydrous ethanol. At the time of market launch, which was not yet sufficiently aware of the product and the
sales were relatively low, some anomalies were found at sampling in the content of water vapor pressure (VP),
product discoloration 11 and rarely elevated sulphur content. The following tests have shown that it is a
response to a fuel hose material dispensers. These problems have ceased to exist after the increase volume of
sales of the fuel.

Graph 5. Oxidation stability B30 - CS EO - October / November 2013
Oxidation stability B30 - FS EO - October / November 2013

Oxidation stability, h
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20
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436 601 126 540 322 106 156 210 420 436 431 501 604 134 61 21
Identification number of filling station

Optimizing the composition of E85 considering to the vapor pressure of petrol 12
However, the main task was to establish and verify the optimum volume and quality of the fuel added from the
view parameter vapor pressure. Mixtures of from 15 to 30% (V / V) of gasoline with varying levels of this
parameter were tested - see Graph 6 and 7.
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VP E85 depending on the VP of Petrol
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Graph 6 - E85 vapor pressure depending on the VP petrol
The result was that for each seasonal classes of E85 the base gasoline must reach the following minimum levels
of vapor pressure:
For E85 class A - min. 52 kPa at the dosage of petrol 28% V/V
For E85 class B - min. 72 kPa at the dosage of petrol 28% V/V
Graph 6 shows certain, as yet unexplained anomaly in the area where the used car gasoline reached vapor
pressure between 75-82 kPa. In this area, the vapour pressure of the resulting mixture of E85 was almost
constant and its course of curve was for all tested concentrations very similar.
Graph 7 shows the dependence of the increase of the vapor pressure on the concentration of petrol. This
dependence is almost linear. It is necessary to emphasize that this graph confirms the above findings regarding
the area of the vapor pressure of gasoline between 75 to 82 kPa. The courses belonging to petrol in this area
practically overlap.

VP E85 depending on the Petrol content
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Graph 7 - VP E85 depending on the Petrol content

Conclusion
Sales of high volume biofuels have proved as an important element in meeting the legislative requirements in
the area of air pollution. Relatively short period of their development have generated many important findings
that may find use in the future. The big question is in which direction the area of high volume of biofuels will
continue to move. Do these bio-fuels return or not? If not, what will replace them. The HVO (hydrogenated
vegetable oil) seems to be an example of a possible replacement, but in this case there are also significant
obstacles, both in limited production capacities, and especially in the development of oil and fossil fuels prices.
What we can say now is that the introduction of alternative fuels will bring with its many other problems and
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challenges and can become a driving force for the acquisition of new knowledge and ground-breaking not just
in the areas of fuels, energy and climate protection.
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The article describes the possibility of improving tribological properties of polyurea greases by introducing into
the composition a thickener pigments with different structures. Described synthesized pigments having
different structures and belonging to different classes of compounds. The analysis of performance properties of
polyurea greases are obtained using pigments.
Polyurea greases differ much in the raised work resource in rolling bearings in comparison with the multipurpose greases welded on soap thickeners. Due to increase in the periods up to change of greases, reduction
of equipment downtimes and increase in its resource use the polyurea greases is frequent more favourably
than application of usual multi-purpose. For example, tests of the bearing by a method 6305 Grease Test Ring
(at axial loading 98H and the frequency of rotation of 10000 min.-1) have shown that period of operation with
polyuera grease before breakage in ten times more period of operation with soap greases on similar dispersive
environments1.
It is known fact that the plastic greases containing polyurea in quality of a thickener possess good anti-oxidizing
and mechanical stability, water resistance, to chemically corrosive medium; keep the grease properties during
the long work at temperatures from - 70oC to 260 oC4. The durability the polyurea greases is caused by their
ash-free. The reason of good working capacity the polyurea greases at high temperatures is explained by
property of polyurea to be strengthened with increase in temperature. This unique property can increase
bearing life term. In molecular structure of the polyurea greases hydrogen communications are predominate
while in soap greases formation of communications is caused by weaker forces of Van der Waals prevail. It
provides to polyurea greases the best stability of structure at the increased temperatures.
However polyurea greases have insufficiently high level of antifrictional properties.
As it is known5, theuse of some combinations of organic thickeners allows to improve separate characteristics
of greases, having provided requirements imposed to their application.
In this work for improvement of anti-seize and anti-wear properties connections on the basis of water insoluble
pigments have been studied. The pigments were added in the course of sneezing of grease together with a
thickener.
To synthesize polyurea greases we use the next reaction:

Figure 1. The reaction of synthesis of polyurea greses
As the dispersive medium C-9 oil has been chosen. The concentration of a thickener has been chosen as 20% of
masses.
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In this work it is offered to improve tribological properties of greases by addition of various pigments in
structure of a thickener. In the 1picture is the photos of the received greases with use of various dyes are
presented:

Figure 2. Polyurea greases with different pigments
Water insoluble dye No. 1(on the basis of sneezing yellow greasingis prepared) has been received by reaction
of an azotization of 3, 4-diamino-4-fenoksibenzofenona and methylphloroglucinol. The methylphloroglucinol is
a product of chemical modification of trinitrotoluene (tolite, trotyl). Its chemical modification is a search of a
new way of utilization of the accumulated TNT with the expired expiration dates. Until recently trotyl was
utilized only by detonation, thereby, caused a considerable loss from the point of view of ecology.
The brown pigment was synthesized by the reaction diazotization o,o’-diamino-

Figure 3. 2, 6-bis-((4-hydroxiphenyl)diazo)-4-nitrotoluene
The choice of synthesis of the second pigment, blue phtalocyanine, was not casual. Its high chemical resistance
is caused by a chemical structure. Molecules the phtalocyanine of pigments consist of four remains of an
isoindole which form the closed 16 rings. The atom of copper located in the center of a molecule connected by
covalent and coordination communications with atoms of nitrogen has the stabilizing effect on all molecule:

Figure 4. Blue phtalocyanine
Now pigment greases apply mainly in frictional units of aviation and rocket mechanisms and in some devices.
They are recommended also as constant greasing in remote frictional units since existence of bright color will
allow applying this product in the conditions of poor visibility and in frictional units where loading of lubricant
represents labor-intensive process. The antifrictional pigment greases applied in the aircraft equipment are
used for grease of bearings of wheels ("Sapphire" of All-Russian Scientific-Research Institute for Petroleum
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Processing-261, NK-50), for frictional units with the raised loading (VNII NP-254, TsIATIM-203), for frictional
units with the increased temperature (TsIATIM-221). Generally in all these greases as the dispersive
environment use mix of synthetic oils and soap thickeners. Besides, enter anti-oxidizing and antifrictional
additives and fillers into their structure. In comparison with them greases on the basis of polyurea with
addition of pigments are cheaper since as the dispersive environment in them petroleum oil is applied and
additives and fillers aren't entered in addition. The comparative assessment of operational properties of
greases is presented in table I.
From the table I it is visible those on the main operational properties of grease on the basis of a complex
thickener (polyurea and pigments) don’t concede, and considerably surpass soap grease on synthetic bases in
high-temperature properties and colloidal stability. As neither additives, nor fillers for improvement of any
operational properties are added to the grease offered by us, and their basis is made by petroleum oil,
respectively, their prime cost is lower, than at the presented analogs.
Table I
Comparative assessment of exploration properties of grease
For bearings of wheels
For frictional units with the
raised loading

The
composition:
liquid basis

thickener
additives

The
temperature of
drip point, °C
Breakingpointof
20°C, Pa
(notless)
Penetration of
250С , mm*10-1
Colloidstability
% mas
Evaporativity of
150°C in 1h, %
not more
Corrosiontest
Colour

Saphir
TU38.
401341-81

NK-50
GOST
5573-67

VNIIPNP286М
ERATU
38.101950

CIATIM-203
GOST 8773-73

The mix of
synthetic
oils

The oil
МС-20

The mix of
synthetic
oil

Transformer
oil

The
calcium
stearate
The
antioxidan
ts

The
sodium
soap
The
colloidal
solution

The
lithium
stearate

The lithium
soap
Triphenyl
phosphate

Against
the tease,
corrosion,
oxidation

For frictional
units with
the
increased
temperature
CIATIM-221
GOST 943380

Polyurea+pigment

The mix of
synthetic
oils

The oil С-9

The calcium
stearate

Polyurea complex

Blue

Brown

The
antioxidants

250

200

180

160

200

220

220

240

240

220

240

280

240

240

165-225

170-225

310-370

250-300

280-360

185

195

5

7

35

10

7

1.5

0.25

2.0

2.4

2.6

2.0

2.4

1.3

1.9

1а class
BlackBlue
Light
Brown
Light yellow
Brown
Blue
green
yellow
For providing the industry of Russia with highly effective grease and increase of their quality to competitive
level it is necessary to update the existing range of greases considerably. The polyurea greases have to come to
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one of the leading positions both on volume, and on the commodity range. A variation certain technological
parameters of polyurea greases (temperature, a ratio of components) allows to receive products with the set
characteristics — the drop falling temperature, mechanical stability and an optimum indicator the price
quality5.
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Abstract
The hydrates formation represents very serious problem when transporting in pipelines. The most dangerous
sectors are those leading from wells to a drying plant. The most critical are times of start-up. As a precaution
the injection of hydrates formation inhibitors is applied. For a determination of optimized amounts of injected
inhibitors is necessary to calculate heat losses of gas when transporting in pipelines. With the help of the
presented developed model it is possible to predict the probability of hydrates formation and calculate
subsequently the necessary amount of inhibitor. The determination of heat loss of above and underground
insulated and uninsulated pipes are involved into the modelling. The applicability of the method is
demonstrated in the example of transporting pipelines net when the natural gas is drawn from wells of the
underground gas storage till the inlet separator of a drying plant.

Introduction
The term gas hydrates is reserved in this text only in the meaning usually used in petroleum industry and is
connected with substances that are gaseous at room temperature. They represent a group of compounds
known as clathrates or inclusion compounds. Necessary information about the nature and chemistry of
hydrates and the methods of chemical inhibition of hydrates formation from the point of engineering is
introduced in 1. Their presence in the transporting lines is considered as a serious problem: they could block the
flow, plug safety valves, foul process equipment as heat exchangers, valves, expanders etc. The formation of a
hydrate is conditioned by gas composition in connection with the sufficient amount of water under the
convenient regime characterized by temperature and pressure values. The hydrates formation is strengthened
by high velocities of medium, an agitation and a presence of nucleation sites. In the conditions of transmission
net the dried gas is sent into the pipelines so the probability of hydrates creation is near the zero value. The
critical sections are the lines between wells and a dryer. During start-up the temperatures are rather lower, the
pressure may be very high and the water content is menacing. As a precaution the injection of hydrates
formation inhibitors is applied. For the prediction of hydrate creation the broad scale of input parameters is
needed. The modelling is thus connected with a high degree of freedom. When the gas withdrawal from an
underground gas storage is simulated differences in the pressure and flow should be considered. For the
determination of critical temperature the heat losses are to be modelled and calculated. So, the default
thermodynamic simulation of chemical processes with or without the help of commercial programs should be
narrowly connected with the heat transfer modelling of both above and underground piping systems. Although
accurate predictions of heat loss are essential to designing and evaluating of pipeline operations, their
accuracies suffer from numerical treatments in spite of the fact some sophisticated computer packages are
available because very large number of numerical iterations are to be performed 2. Fortune is that the
determined temperature of hydrate creation should be assured by the value plus 3 °C higher than resulting one
– so called safety band. This relatively broad interval of uncertainty implies the successful using of older
predictive methods 3, 4, 5.

Simulation
Being specific the withdrawal of natural gas stored in underground should be simulated. The task was to
determine the possibility of hydrates creation under the specified conditions of withdrawing start-up. The
pipeline net subdued to calculation have included lines from four wells and downstream manifolds and a main
pipeline ended in the inlet separator of the dryer. Several calculating steps had to be involved into the model.
Firstly the heat loss into the circumstance has been determined. The calculation has been established on the
method developed from apparatus described in 5 and partially in 6. Pressure drops of piping, thermodynamic
balances and conditions of hydrate formation have been determined with the help of Chemcad program
(Chemstations). Calculation diagram used in Chemcad Program used for simulating the withdrawal from two
wells is in the Figure 1.

4rd International Conference on Chemical Technology | ICCT 2016

[70]

Figure 1. Calculation diagram used in Chemacad Program used for simulating the withdrawal from two wells
The necessary amount of inhibitor of hydrates creation has been calculated in accordance with
Hammerschmidt’s equation 7.
The algorithm for calculation has been as follows: The lines have been divided into sections accordingly to pipes
diameters and their position and insulation and the quality of circumstance characterized by its type,
temperature and wind velocity (Table I). Then, the inner thermodynamic heat loss has been determined with
the help of Chemcad program. Consequently, the heat loss into circumstance has been calculated by the
method of numeric integration and the results have been retroactively taken into the Chemcad program where
the heat loss into the circumstance have been simulated as coolers and thus it has been possible to continue
with the calculation of downstream sections of pipe lines. Each section has been characterized by end value of
both pressure and temperature and also the value of temperature of hydrate creation. From the last one the
necessary concentration of inhibitor of hydrate creation (ethanol) and its necessary amount to be added into
the pipes are calculated. One must stress that the model requires a broad amount of input data characterizing
the geometry of pipes, the material of pipes, surface protection and coatings, insulations and basic parameters
for determination of heat transfer and finally also the composition of gas and its properties changing wit
pressure and temperatures. The results is that the system has infinite number of freedom degrees. The
problem connected with the number of freedom degrees has been solved as it is mentioned above by an
iteration integration after cutting the actual section of lines into smaller chips of length of 10 M whose end
values of both temperature and pressure have determined the values of other temperature and pressure
dependent quantities. This access has assured that the determined values of hydrates formation temperature
have been falling into the interval of safety band of Hammerschmidt’s equation.
The composition of gas is during the season of gas storing relatively stable but the pressure changes during
withdrawal from its beginning value of 160 bar on the end value of 70 bar. The more hazardous conditions
from the point of hydrates creation are higher values of pressure. The 160 bar is extreme value not so often to
be reached so for the aim of this paper the case with value of 140 bar is chosen in this paper for presentation
of results of modelling but the results for 160 bars are also discussed. The gas composition with its basic
qualities is illustrated below by the stream from the well No. 2.
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Component
Methane
Ethane
Propane
N-Butane
I-Butane
N-Pentane
I-Pentane
N-Hexane
Nitrogen
Oxygen
Carbon Dioxide
Helium-4
Water
Temp C
Pres bar
Molar flow kmol/h
Mass flow kg/h
Temp C
Pres bar
Vapor mole fraction
Enth kW
Tc C
Pc bar
Std. sp gr. wtr = 1
Std. sp gr. air = 1
Degree API
Average mol wt
Actual dens kg/m3
Actual vol m3/h
Std liq m3/h
Std vap 0 C m3/h
Cp kJ/kg-K
Z factor
Visc N-s/m2
Th cond W/m-K

mole %
94.023687
2.655820
0.705689
0.197912
0.207909
0.057974
0.088961
0.140017
0.715685
0.004998
1.149490
0.010995
0.040861
25.0000
140.0000
892.1484
15498.7051
25.0000
140.0000
1.000
-20197.
-69.6722
54.2296
0.317
0.600
315.1809
17.3723
119.9758
129.1819
48.9257
19996.3008
3.3142
0.8179
1.639e-005
0.0509

For this gas composition the hydrates temperatures have been determined. The results are introduced in the
Figure 2 where the curve of the hydrates formation temperature is introduced together with the curve of
safety band of Hammerschmidt’s equation.

Discussion and result analysis
The Hammerschmidt’s equation is connected with a significant uncertainty range in determination of the value
of the hydration temperature formation. That is why the safety temperature interval of 3 °C has been
introduced when classifying the results. It means that the injection of inhibitor is to be prescribed also for
temperatures higher than the value calculated by Hammerschmidt’s equation. There is a function “Probability
of hydrates formation” introduced in the Table II. representing the output results from the modelling. If the
end temperature of calculated section for hydrates formation was equal or less than the value obtained by the
Hammerschmidt’s equation in the column of the function “Probability of hydrates formation” stands phrase:
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Figure 2. The dependence of temperatures of hydrates creation upon the pressure of gas of above introduced
composition
“Hydrates are created”. If the temperature is higher than Hammerschmidt’s value and less than
(Hammerschmidt’s value + 3) °C there stands: “Hydrates may be created”. And finally if the temperature is
higher than (Hammerschmidt’s value + 3) °C there stands: “Hydrates are not created”.
The results are also characterized by both the initial and end values of pressure and temperature and the
amount of inhibitor necessary for the precaution of hydrates formation. Originally the gas withdrawal from two
and four wells has been modelled. The gas flow of 18 MSCMH has been considered for each well. The
calculation has been done for the pressure levels of 140 bar and 160 bar. The gas temperatures on the head of
the wells has been considered from 19 °C up to 31 °C taking it into the calculation with 1 °C difference. Because
the number of results is rather high here is just chosen the case for 4 wells and initial pressure 140 bar and
initial temperature 22 °C as a demonstration of results management.
The real case has been simulated by the case when the gas temperature on the heads of the wells was from
22°C when the withdrawal started up to the temperature reached the constant value of 30°C (steady
withdrawal case). The most critical point from the view of hydrates formation has been the inlet of gas into the
Inlet Separator where the sum of heat losses has been the highest. The Figure 3 illustrates the situation till the
gas withdrawal has reached the steady state. It is the dependences of the temperature in the Inlet separator on
the time of gas withdrawing. The temperature in the inlet separator is corresponding with the end temperature
of section Lair in the Table II. The plot starts with the values when the gas with temperature of 22°C reaches the
inlet separator after its running through the whole length of piping net when it lost corresponding heat into the
circumstance of pipelines. It is clear that when withdrawing 40 MSCMH the hydrates may be created even after
the steady state of withdrawal is reached.
After the presentation of the results to the operator of the underground gas storage the decision to insulate
the section ”Lair”of pipeline was made. The results for this case are introduced in the Table III and in the Figure
4 and Figure 5.
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Table I
The scheme of solved pipelines net
Piping

Painting Thermoinsulation

Circumstance

Hydroinsulation

Section

Process position
DN
mm

L
m

∆t
mm

∆t
mm

∆t
mm

Type
-

Temperature
°C

Wind
m/s

L11

100

24

-

60

2,2

Air

1

5

From Well No 1 to Soil

L12

250

570

0,00025

0

2,2

Soil

4

-

From L11 to Manifold

L21

100

20

-

60

2,2

Air

1

5

From Well No 2 to Soil

L22

100

340

0,00025

0

2,2

Soil

4

-

From L21 to Cleaning Separator

L23

250

450

0,00025

0

2,2

Soil

4

-

FromL22 to Manifold

L31

100

20

-

60

2,2

Air

1

5

From Well No 3 to Soil

L32

250

230

0,00025

0

2,2

Soil

4

-

From L31 to Manifold

L41

100

20

-

60

2,2

Air

1

5

From Well No 4 to Soil

L42

250

230

0,00025

0

2,2

Soil

4

-

From L41 to Manifold

LM

400

16

0,00025

0

0

Air

1

5

Manifold

Lsoil

400

3100

-

60

2,2

Soil

4

-

Main line in soil from manifold to L air

Lair

400

195

0,00025

60

2,2

Air

1

5

From L soil into Inlet Separator

Table II
Demonstration of results management for one chosen case
Parameter

P0

PE

T0

TE

Section
L11
L12
L21
L22
L23
L31
L32
L41
L42
LM

bar
140,000
138,901
140,000
138,933
138,010
140,000
138,901
140,000
138,901
137,892

bar
138,901
139,030
138,933
138,010
137,892
138,901
138,990
138,901
138,966
137,878

°C
22,000
21,706
22,000
21,713
20,800
22,000
21,706
22,000
21,706
19,826

°C
21,706
19,554
21,713
20,800
19,053
21,706
20,781
21,706
20,775
19,748

Lsoil

137,878 137,362

19,748

18,954

38,973

18,291

Hydrates may be created

1,643

Lair

137,362 137,276

18,954

17,738

70,791

18,288

Hydrates are created

2,355

Total

Heat loss Total
Inner
Hydrate
Probability of hydrates Ethanol
into
heat Loss heat loss formation
formation
(100%)
circumsta
temperature
dosing
nce
kW
kW
kW
°C
kg/h
0,153
18,358
Hydrates are not created
0,000
32,252
18,364
Hydrates may be created 0,357
0,175
18,359
Hydrates are not created
0,000
9,964
18,316
Hydrates may be created 0,096
25,312
18,310
Hydrates may be created 0,420
0,153
18,358
Hydrates are not created
0,000
13,979
18,362
Hydrates may be created 0,115
0,153
18,358
Hydrates are not created
0,000
13,978
18,360
Hydrates may be created 0,115
4,405
18,310
Hydrates may be created 1,098

210,287

252,439

42,151
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Figure 3. The dependences of the temperature in the Inlet Separator on the time of gas withdrawing for
studied states

Figure 4. Comparing of the influence of insulation of the section Lair on the dependences of the temperature in
the Inlet Separator on the time of gas withdrawing for cases for pressure level of 140 bar
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Table III.
Demonstration of results management for one chosen case after of insulating of last pipe section
Parameter

P0

PE

T0

TE

Section
L11
L12
L21
L22
L23
L31
L32
L41
L42
LM

bar
140,000
138,901
140,000
138,933
138,010
140,000
138,901
140,000
138,901
137,892

bar
138,901
139,030
138,933
138,010
137,892
138,901
138,990
138,901
138,966
137,878

°C
22,000
21,706
22,000
21,713
20,800
22,000
21,706
22,000
21,706
19,826

°C
21,706
19,554
21,713
20,800
19,053
21,706
20,781
21,706
20,775
19,748

Lsoil

137,878 137,362

19,748

18,954

Lair

137,362 137,276

18,954

18,857

Total

Heat loss Total
Inner
Hydrate
Probability of hydrates Ethanol
heat Loss heat loss formation
formation
(100%)
into
circumsta
temperature
dosing
nce
kW
kW
kW
°C
kg/h
0,153
18,358
Hydrates are not created
0,000
32,252
18,364
Hydrates may be created 0,357
0,175
18,359
Hydrates are not created
0,000
9,964
18,316
Hydrates may be created 0,096
25,312
18,310
Hydrates may be created 0,420
0,153
18,358
Hydrates are not created
0,000
13,979
18,362
Hydrates may be created 0,115
0,153
18,358
Hydrates are not created
0,000
13,978
18,360
Hydrates may be created 0,115
4,405
18,310
Hydrates may be created 1,098
38,973
4,330
143,827

185,734

18,291

Hydrates may be created

1,643

18,288

Hydrates are created

1,613

41,908

Figure 5. Comparing of the influence of insulation of the section Lair on the dependences of the temperature in
the Inlet Separator on the time of gas withdrawing for cases for pressure level of 160 bar
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The symbol Ins in the Figure 3 and 4 is for insulated pipe of section Lair and the symbol Unins is for uninsulated
pipe of section Lair. It is evident that insulation of critical pipe led to the fall of heat losses from 70.79 kW on
the 4.33 kW for the calculation case introduced into Tables II. and III. Comparing the Figures 4 and 5 with the
Figure 2 with accepting safety strip of 3 °C implies that after the insulation of critical pipe insulation of the
section Lair the safety withdrawal of gas nay be assured for steady state and the prevailing time of start-up
operation for both modelled pressure levels what is narrowly connected with the significant savings of inhibitor
and consequently with operating costs saving.

Conclusion
The calculation model has offered acceptable results and can be used for the aim of determination of the value
of hydrates formation temperatures and connected amounts of inhibitors of hydrate formation. Its application
for real case led to significant savings connected with necessity of inhibitor dosing into the piping system.
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Abstract
Two different techniques are implemented in C3 fraction splitting in SLOVNAFT refinery regarding the means of
reboiler duty provision and column head cooling. We analyzed the energy consumption of both techniques,
pointing out all relevant energies and media that are consumed in these processes. Most of them have been
found to be available at virtually zero marginal cost, the only one worth saving was the high pressure steam.
Saving proposal aimed at replacing the condensing steam turbine, driving the heat pump applied in one of
these techniques for a backpressure turbine has been found promising, however at present due to low steam
price its pay back period is 4 to 6 years.

Introduction
C2 and C3 fraction splitting by rectification belong to energy intense processes, as the pairs ethane-ethylene
and propane-propylene have quite similar boiling points on the one hand and a high purity ethylene and
propylene products are required for polymer production on the other one. This leads to rectifying colums
comprising over 100 stages and operating with very high reflux ratios1. Heat demand for such processes can
exceed 1 MWh per ton of C3 fraction and large specific heat duties have to be removed by cooling water or
refrigeration in the overhead condenser at the same time. Therefore, great effort is undertaken to develop
econimically feasible C3 splitting technology based on membranes or hybrid systems1,2.
Conventional C3 splitting process makes use of available low or middle temperature heat in the column
reboiler and utilizes column condenser cooling by refrigeration3. Such designs are often seen in Ethylene plants
where excess heat is available in quench water and the condenser cooling is integrated into propylene
refrigenration circuit. FCC Units on the other hand utilize either low pressure steam in reboiler, or supply heat
to the reboiler with the help of a heat pump4,5; the latter design thereby uses a single heat exchanger as
column reboiler and condenser at the same time.
The analysis presented in this paper deals with comparison of heat-pump and low temperature heat powered
C3 splitting, both of them being installed and operated in SLOVNAFT refinery. Major energies and media
consumed in these processes are assessed by means of their variable cost. This provides indices about which
media consumtion could be worth cutting down and leads to formulation of two saving proposals. One of them
has potential for high pressure steam consumption decrease of several tons per hour and might be acceptable
in terms of payback period if steam prices were sufficiently high.

Brief process description
C3 fraction from C3/C4 splitter in the FCC Unit is split into propane fraction, containing less than 10 %
propylene and into >99.6 % propylene fraction. Heat for splitting is provided by a heat pump, compressing the
overhead propylene vapor and discharging it into column reboiler. It is driven by a condensing steam turbine,
utilizing part of the 3.5 MPa / 330 °C steam produced on-site. The column operates with reflux ratios around 15
which ensures stable propylene quality, suitable for polypropylene production. The heat pump turbine
provides output up to 1.2 MW and the heat pump itself delivers heat input into the reboiler of around 10 to 12
MW, meaning that its COP is near 10 at full load. The typical steam consumption in the power turbine is around
7 t/h at full load. Thus considering purely the steam heat content as the process heat source, the
corresponding COP lies around 2 to 2.5 [kW of steam consumed / kW of reboiler heat input]. Such process
design enables the column to operate at somewhat lower pressures compared to conventional design, as the
column head cooling to around 30 °C is performed by heat pump which would be nearly impossible by using
cooling water.
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The petrochemical C3 fraction splitter uses hot quench water with temperatures around 75 to 80 °C as heat
source for column reboiler. Column head cooling is realized by overhead vapor cooling in a propylene
evaporator; the produced propylene vapor is then lead to the last stage of propylene refrigeration cycle
installed in the Steam Cracker. The column operated with reflux ratios between 10 and 15, depending on the
feed rate, nearly always utilizing as much heat as possible from the quench water. The produced > 99.3 %
propylene quality is suitable for polymerization process as this is equipped with further purification steps. Heat
consumed in the splitter reboiler amounts to around 14 to 17 MW and is considered as for free, since the
always existing excess heat in quench water that it not utilized here or in other applications, is to be got rid of
in cooling water coolers. Schematic depiction of both C3 splitting processes can be found in Figure 1.

Figure 1. Schematic depiction of heat pump powered (A) and quench water powered (B) C3 splitting process.

Variable feed processing costs identification
Taken generally, following media are consumed on-site in C3 fraction splitting process: water steam, quench
water, cooling water, electricity (for feed, reflux and products pumping) and mechanical energy (for driving the
propylene refrigeration cycle). However, the costs associated with each of them have to be analyzed in order to
define the variable and fix part. Following statements can be made pertaining to individual media:
Water steam has its defined internal price that more or less copies the fuel price consumed in the
Combined Heat and Power Unit (CHP) to produce water steam. However its consumption in the C3
fraction splitting varies only in a narrow range that is given by needs for certain minimal vapor and
reflux flows in the column as well as by the power turbine steam consumption characteristics.
Quench water can be considered for free and the costs associated with its pumping are fix to the most
part. Its amount produced is given by production process and its heat content has to be given away
either usefully (limited possibility) or in cooling water coolers.
Cooling water is provided by a circulation centre. Only a part of its internal costs can be attributed to
variable costs – small to moderate variations in cooling water flow rate and/or the temperature
difference between the delivered cold water and received warmed up water do not lead to costs
change, whereas big ones can. Costs change usually is associated with the variable number of
circulation pumps in operation (realized stepwise) and to some extent also to number of cooling
towers operated (also realized stepwise).
Electricity for pump driving is negligible compared to other media consumption in the C3 fraction
splitting process.
The cost of mechanical energy consumed for propylene refrigeration cycle driving normally would
comprise a decent variable part. However the propylene compressor installed on site is somewhat
oversized for current cold needs, especially its last stage, leading to a constant flow of propylene vapor
compressed in this stage independently on Steam Cracker feed rate due to always active antisurge
protection. Due to this fact the variable part of mechanical energy consumed in the propylene
compressor, related to C3 fraction splitting is zero; at least for non significant changes.
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High pressure water steam in detail
The refinery imports high-, medium- and low-pressure steam from an Combined Heat and Power Unit (CHP)
located within the refinery area that thus serves as marginal steam source. As reported elsewhere6 , see also
Figure 2 the mass flow of high pressure steam imported from the CHP dropped dramatically in the past and a
new steam pipeline had to be built that exports decent amounts of high-pressure steam back to the CHP,
where it replaces part of internal steam consumption, stabilizing the operation of the high pressure steam
network in the refinery. On some occassions the refinery even acts as net high pressure steam exporter at
present. Thereby any substantial high pressure steam saving it not very welcome and the saved steam would
likely to be throttled down to middle pressure level, replacing part of the middle pressure steam import from
the CHP.

Figure 2. High pressure steam network in SLOVNAFT refinery – typical operation with mass flows of steam in
t/h and its flow direction indicated. C = consumer, S = source.

Saving proposals description
The above media costs analysis enabled us to gain clearer look on the process economics and led us futher to
formulation of two saving possibilities in the process:
1. Transport as much of the C3 fraction from the heat-pump driven splitting in the FCC Unit to the Steam
Cracker, where it would consume zero-cost hot quench water. This would lead to some saving of the
high pressure steam in the heat pump power turbine. After further inspection following issues have
been detected that prevented this idea to be subject to detailed analysis:
• Steam Cracker C3 splitter runs and is supposed to run on high capacity, leaving little space
free for further feed increase. Splitter capacity increase has been considered in the past but is
has been set aside as too costly;
• The FCC-Steam Cracker interconnecting C3 fraction pipeline capacity is insatisfactory;
• The side product – propane – is obtained in higher purity in the FCC Unit splitter than in the
Steam Cracker one, due to long-term problems with oligomers separation from propane that
are formed in the methylacethylene-propadiene hydrogenation reactor that precedes C3
splitting in the Steam Cracker. C3 fraction from FCC splitting in te Steam Cracker splitter
would thus lead to lower quality propane product.
2. Replacement of heat pump condensing steam turbine for a new one, of backpressure design. Such
turbine would consume larger amount of high pressure steam that would lead to high pressure steam
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network operation stabilization, bud would produce middle pressure steam that would replace part of
that imported from the CHP. As a side effect, the steam turbine condenser would be removed, yielding
circulation cooling water consumption decrease of several hundreds m3/h. This might be sufficient to
decrease the number of circulation pumps in operation in the circulation centre, leading to some
electric energy saving. On the other hand, electric energy is cogenerated on extraction-condensing
and extraction-backpresure steam turbines in the CHP. Increase of high pressure steam network from
the CHP with simultaneous middle pressure steam export drop that result from this idea, lead to a
decrease in power production that has to be compensated by increased purchase from the outer grid.
It must be noted though that the price of electric energy produced in the CHP is not the same as that
bought from outer grid. According to Slovak legislation [citacia], the in-house produced and
immediately consumed electric energy is being charged with fees almost as high as that produced
centrally in power plant and tranported and distributed across country. Thus the value of eletricity
from the CHP is nowadays around 60 % of that bought from outer grid.
As such option appeared viable, it has been further investigated. This allowed for investment cost estimation
that would amount to cca 1.5 mil. Euro. It includes following main parts:
• New backpressure steam turbine rated at 1.4 MW that according to our preliminary calculations
would consume up to 27 t/h of high pressure steam and produce the middle pressure one;
• High pressure steam pipeline to the new turbine increase;
• Middle pressure steam pipeline construction and its connection to the existing network on site.

Results and discussion
As a result of the idea introduced above, the situation regarding high pressure and middle pressure steam
import from the CHP changes as well as that regarding the electric energy cogenerated in the CHP. Following
major factors were considered:
• High pressure steam import from CHP increases by 20 t/h on average;
• Middle pressure steam import from CHP decreases by 27 t/h on average;
• As a result the amount of cogenerated electric energy in the CHP lowers by 1.8 MW on average.
Following items were excluded from pay back period calculation, as they cannot be quantified exactly:
• Steam turbine condenser will no longer be needed, leading to cooling water consumtion drop by 400
to 600 m3/h. Such large change could be sufficient to allow for decreasing the number of circulation
pumps in operation in the correspondind cooling water circulation centre. Simultaneously additional
small benefit will be realized by decreased cooling tower load, potentially leading to total power
consumption decrease by up to 100 kW here.
• High pressure steam import from CHP increase might allow for further high pressure steam balance
changes in the refinery that are restricted by currently very low high pressure steam import from the
CHP. Especially in summer months the source S2 (see Scheme 2) could increase its high pressure
steam export by up to 12 t/h and increase its low pressure steam import simultaneously, leading to
power production increase in the CHP that would partly compensate for the anticipated drop of 1.8
MW.
The obtained simple bay back period calculation results are shown in Figure 3 that represents a parametric
study regarding the steam and electricity price. The pay back period could be even shorter than two years with
high pressure steam prices above 30 €/t and electricity price around or below 50 €/MWh. Such situation has
been encountered in the recent past and lasted for over 2 years, however the current steam prices are less
than half of it while the electricity price decreased only slightly. Under such circumstances the simple pay back
period reaches 4 to 6 years. Obviously it could be shortened somewhat if the supplementary items regarding
the possible electricity consumption in the curculation centre and the electricity prodcution increase possibility
due to further steam balance changes are taken into account.
We can thus conclude that under current steam and price relations the economic attractivity of the presented
idea is only mediocre and its implementation is uncertain.
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Figure 3. Parametric analysis od simple pay back period depending on steam and electricity price.

Conclusions
By analyzing availability and cost of individual media consumed in two different C3 fraction splitting processes
in SLOVNAFT refinery it has been found out that the only one medium worth the effort of saving is high
pressure water steam. Other media and energies consumed here have virtually zero marginal cost. Based on
this approach we presented and discussed two steam saving proposals with the first one appearing infeasible
after deeper analysis. The second one would change balances of high and middle pressure steam in the
refinery, negatively affecting both the electric energy production in the CHP unit but leading to steam
production decrease in the CHP unit and other beneficial side effects. Considering the two years ago steam
price the idea would exhibit an extremely favorable pay back period; with actual steam prices however its
application is questionable. Further discussions and analyses are required to formulate a definitive conclusion
about its economic feasibility and following realization.
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Abstract
Due to pronounced volatility of energy prices and rise of environmental requirements, European governments
and industrial companies are forced to identify effective ways of increasing energy utilization efficiency. The
pulp and paper industry is characterised by its large energy requirements. In this study, a paper machine
belonging to one of the largest pulp and paper mill in Slovakia was analysed by means of material and energy
balances elaboration. Potential savings proposals focused on steam savings and optimisation of electrical
energy consumption in the sections of stock preparation and paper drying were considered and further
analysed. By means of the proposed improved heat conservation, steam consumption decrease of the paper
machine can be achieved and the saved steam can be used for boosting the electricity production in the paper
mill’s central rating and power plant. The increased in-house electricity production and the consequent lower
overall electricity import of the paper mill can lead to a decrease of electricity production in a marginal source
(most likely a thermal power plant) and subsequently to a reduction of global CO2 emissions. Finally,
calculations of economic profitability and preliminary feasibility study of presented measures have been
performed. The results indicate that the presented set of measures can save approximately 10% in heat
consumption and up to 2 % in electricity consumption of the entire paper machine.

Introduction
Increasing energy utilization efficiency represents very important variable in energy policy of European Union.
Pulp and paper industry is one of the largest industrial energy users worldwide and belongs to the largest
industry segments in Slovak Republic. Energy demands of papermaking operations, such as stock preparation
and paper drying, account for more than a half of the operational costs of the paper mill. Efforts with various
degrees of complexity have been continuously directed at reducing energy costs of paper mills1,2. An integrated
mill producing pulp and paper usually consists of four main sections – wood preparation, fibre line, paper
machine, storage of products. In the wood preparation section, raw wood is mechanically transformed into
wood chips. In the fibre line section, pulp is extracted from wood chips through chemical, mechanical or
combined processes and pulp fibres are generated. The final product of fibre line section is called stock and
presents feed stream for a paper machine. In the paper machine, stock preparation (or so called “wet end
process”) and paper dewatering take place. The stock preparation includes stock mixing, cleaning, deaeration,
screening, refining and addition of chemicals, such as starch and additives for dyeing and fibre strengthening. In
the paper dewatering process, there are three stages: web forming, pressing and drying. In the web forming
stage, the stock is evenly distributed across perforated wire. The driving force in the web forming stage is the
effect of gravitation. A continuous web enters the pressing section where water is removed by mechanical
compression. One of the most important process parameters in mechanical dewatering of paper is the stock
temperature which affects the viscosity of water. A reduction in viscosity lowers the friction, so that dryness of
paper increases3. Thanks to mechanical dewatering processes, more than 98 % of water present in stock is
removed. Remaining water has to be removed in drying section by evaporation. The drying section is usually
divided into two segments – predrying and afterdrying. Between these segments, water solution of modified
starch is added. The source of heat required for evaporation is in the form of steam and preheated drying air.
The parameters of steam and drying air are the key process variables in the paper drying operation4,5.

Current operating status
In this work, a paper machine belonging to one of the largest pulp and paper mill in Slovak Republic was
analysed by means of material and energy balances elaboration. The investigated paper machine consisted of
conventional papermaking processes including stock mixing and pumping, fibre refining, web forming, pressing
and drying. The available values of heat and electricity consumptions in previous years are summarized in
Table I. The consumption of heat and electricity slightly increased in year 2014 because of continual increase in
paper production. The heat source of paper machine was steam from extraction condensing steam turbine
with average temperature of 157 °C and pressure of 0.49 MPa in monitored period (Figure 1). If steam was
used in process heating, the heat produced from 1 tonne was in the area of 2.2 GJ. If steam remained in
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condensing steam turbine, the average specific production of electrical energy achievable in steam turbine was
0.125 MWh per 1 tonne of this steam. Time record of overall steam flow for entire paper machine including
stock preparation and paper dewatering section in monitored period is depicted in Figure 2. Produced paper
weight in monitored period varied from 60 to 90 g/m2 (Figure 3). The energy audit was focused on processes
with largest energy requirements – paper dewatering, drying air ventilation and stock pumping and mixing. The
possible use of low-temperature heat from adjacent operation units was also taken in account and further
analysed.
Table I
Consumption of heat and electricity by paper machine in 2013 and 2014
Heat
Electricity
Year
consumption
consumption
(103 GJ)
(103 MWh)
715

77

2014

718

78

180

22

170

1,8
1.8

160

1,6
1.6

150

1,4
1.4

140

1,2
1.2

130

1

120

0,8
0.8

110

0,6
0.6

100
90
80
1.1.14 0:00

Pressure (MPa)

Temperature (°C)

2013

0,4
0.4

Steam temperature

0,2
0.2

Steam pressure
11.1.14 0:00

Date and time
Figure 1. Steam temperature and pressure time record

21.1.14 0:00

0
31.1.14 0:00

45
40

Steam flow (103 kg/h)

35
30
25
20
15

10
1.1.14 0:00
11.1.14 0:00 Date and time 21.1.14 0:00
Figure 2. Overall steam flow time record
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31.1.14 0:00

90

Paper weight (g/m2)

85
80
75
70
65
60
1.1.14 0:00

11.1.14 0:00

21.1.14 0:00

31.1.14 0:00

Date and time
Figure 3. Paper weight time record

Paper drying and drying air ventilation
The paper drying section of analysed paper machine was divided into three sections. In the first section, the
paper from mechanical dewatering entered the predrying section (PDS). To the paper from PDS was added
water solution of starch in the sizing section. Part of the extra water added with starch solution was then
removed in afterdrying section (ADS). The paper dryness after mechanical dewatering and paper moisture after
individual drying sections was monitored and recorded (Figure 4).
Paper moisture after predrying

Paper moisture after afterdrying

80

8

70

7

60

6

50

5

40

4

30

3

20

2

10
1.1.14 0:00

11.1.14 0:00 Date and time 21.1.14 0:00
Figure 4. Water content in paper in different stages of dewatering

Paper moisture (%)

Paper dryness (%)

Paper dryness after mechanical dewatering

1
31.1.14 0:00

This part of energy audit was focused on optimising the drying process. The main process that took place in this
process is evaporation of water present in paper. Paper drying is associated with both heat and mass transfer.
The drying air receives the water vapour evaporated from the paper. Therefore, its temperature and humidity
were investigated further. The measured data of drying air supply in PDS and ADS are summarized in Table II.
The source of drying air for PDS was fresh air from outside. The fresh air for PDS was preheated in series of
heat exchangers by exhaust drying air from PDS, condensate, flash steam and steam. The drying air for ADS was
the combination of outside air and indoor ambient air in volume ratio 1:1. This air was preheated also in series
of heat exchangers, but only by exhaust drying air from ADS and flash steam. The unusually low absolute
humidity of ADS exhaust air was caused by permanent shutdown of several drying cylinders in ADS. This was
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the consequence of various technology improvements in the past. The recommended values of air parameters
for paper drying process are stated in Table III3,5,6. Another significant process parameter affecting the
efficiency of paper drying process is the mass flow ratio of inlet drying air to exhaust drying air (usually called
zero point). The optimal value of this parameter varies from 0.6 to 0.76.
Table II
Parameters of inlet and exhaust drying air in PDS and ADS
Parameter

PDS
ADS inlet
exhaust
140
40
80
85

PDS inlet

Absolute humidity (g H2O / kg dry air)
Temperature (°C)

60
105

Volume flow (103 m3/h)

140

300

60

183

Electricity consumption of air fans (kW)

ADS
exhaust
75
70
120

59

Table III
Recommended values of drying air parameters
Absolute humidity
(g H2O / kg dry air)

Relative humidity
(%)

Temperature
(°C)

150-200 (max. 250)

45-65 (max. 70)

80 - 100

The individual parameters were adjusted to satisfy recommended conditions of paper drying process (Table IV).
The absolute humidity of ADS exhaust air is lower than recommended value because of relative humidity
limitations. As presented in Table IV, the volume flow of air supply decreased in PDS and ADS by ca. 36 % and
58 %, respectively. The direct impact of this decrease is reduction of electricity consumptions of fans. In the
case of PDS fans, the consumption decreased by 66 kW. In the case of ADS fans, the consumption decreased by
30 kW. The optimised air supply in drying process allowed reducing steam consumption in PDS and flash steam
consumption in ADS. The flash steam saved in ADS preheating system replaced steam in paper machine heating
system. The overall steam savings were in the area of 1900 kg/h.
Table IV
Parameter
Absolute humidity (g H2O / kg dry air)
Temperature (°C)
Volume flow (103 m3/h)
Electricity consumption of air fans (kW)

PDS
inlet
60
105

PDS
exhaust
200
80

ADS
inlet
40
85

ADS
exhaust
169
70

90

190

25

50

117

29

Use of low-temperature heat from fibre line
In the paper mill, specifically in the fibre line, there was an excess of hot water with temperature of ca. 60 °C.
This water could be used in the process of stock dilution what could increase the stock temperature. The rise of
temperature level in paper machine obviously results in better conditions for mechanical dewatering of stock
because of lower viscosity of water3. The increase of stock temperature by 5 – 10 °C could result in the
minimum increase in paper dryness after mechanical dewatering section by 1 %3,7,8. However, the upper
temperature limit of stock was 60 °C, determined by experiences of operation personnel with limescale
creation. As depicted in Figure 4, the average paper dryness after mechanical dewatering was approximately
47 %. The average stock temperature was below 50 °C. The increase of stock temperature to approximately
55 °C could increase the paper dryness after mechanical dewatering to 48 %. The potential effect of such
measure on PDS is quantified in Table V. The decrease of amount of evaporated water in PDS resulted in the
decrease of required amount of steam. The different values of heat of vaporization of water present in paper
and steam used in drying cylinders contributed to the fact that each kg of evaporated water required between
1.1 and 1.6 kg of steam. Therefore, in the worst scenario (maximum drying efficiency), steam savings achieved
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by proposed measure would be 800 kg/h. According to assumptions in the overview of current operating
status, the foreseeable heat saving was 1.8 GJ/h. In addition, the saved steam could generate additional
electric power in condensing steam turbine in the area of 100 kW. The additional effect of stock temperature
increase was elimination of storage tank heating in winter, where another 1700 kg/h of steam was saved.
Table V
Calculated effect of stock temperature increase for representative paper weight 70 g/m2
Dry solids
(103 kg/h)

Paper dryness after
mechanical dewatering (%)

Evaporated water
(103 kg/h)

Before the measure

16.7

47

18.4

After the measure

16.7

48

17.7

0

+1

–0.7

Difference

Other measures
The other measures not discussed in previous sections were – the pressure regulation in fibre refining, the
optimisation of stock mixing after refining and the use of hot water from adjacent compressor room. In the
section of fibre refining, the pressure required for successful refining was adjusted by recycling of refined stock.
The recycle of treated stock practically meant waste of energy supplied by pumps. The pump had already
installed frequency converters, so the shutdown of stock recycling was possible immediately. The optimisation
of stock mixing after refining consisted of agitator’s optimal timing. The stock was stored after refining in two
tanks depending on the source of wood. The residence times of stock were very low and continuous operation
of agitators was not necessary. The proposed optimisation lied in timing of agitators operation. Operational
experiments were conducted in order to quantify the effect of proposed energy saving measures. Adjacent
compressor room presented suitable source of hot water. Because the paper machine was not self-sufficient in
terms of hot water use, part of the cold water had to be heated by steam. The replacement of part of the cold
water with hot water from compressor room resulted in decrease of steam requirements. The results of
proposed energy saving measures are summarized in Table VI.
Table VI
Effects of proposed energy saving measures on the heat and electricity consumption
Steam savings
Electricity savings
(103 kg/h)
(kW)
The pressure regulation in fibre refining

0

43.3

The optimisation of stock mixing after refining

0

31.9

1.1

0

The use of hot water from adjacent compressor room

Results and discussion
The overall impact of presented energy audit recommendations are listed in Table VII. The annual operation
time used in calculations was 8400 hours. In comparison with previous years, the reduction by 10.8 % in heat
consumption and by 1.9 % in electric energy consumption was accomplished. Because of the character of
proposed measures, no big investment was necessary. Therefore, economic rate of return was very low. More
detailed feasibility studies are required for proper determination of economic and environmental benefits.
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Table VII
Summarization of proposed energy savings proposals
Steam saving
(103 kg/h)

Electricity
saving (kW)

1.9
96
0.8 +
Stock temperature increase
0
1.7 (winter)
Other measures
1.1
75
3.8 +
Sum
171
1.7 (winter)
Percent decrease in comparison with previous years
Drying air ventilation adjustment

Annual heat
saving (GJ)

Annual
electricity saving
(MWh)

35000

810

22500

0

20300

630

77800

1440

10.8

1.9

Conclusion
In this work, results of energy audit of a papermaking process were presented. Potential savings proposals
were focused on steam savings and optimisation of electrical energy consumption in a paper machine.
Reduction of more than 10 % in heat consumption and approximately 2 % in electricity consumption compared
to energy consumption in previous years was achieved. The majority of measures consisted of only optimising
the operation of technology and therefore no further investment was required. Consequently, economic rate
of return calculated for proposed operation improvements was very low. The steam saved by increasing heat
utilization efficiency was used for boosting the electricity production in the paper mill’s central rating and
power plant. The consequent lower overall electricity import of the paper mill led to a decrease of electricity
production in a marginal source and subsequently to a reduction of global CO2 emissions. Based on the
presented results, proposed process optimisation by means of energy audit presents a feasible way in reducing
carbon footprint of large chemical industry segments. Engineering approaches with lower degree of complexity
can still in 21st century successfully contribute to sustainable development of chemical industry and reduction
of its environmental burden.
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Abstract
This paper deals with the FCC Unit regenerator combustion air mass flow, its verification and its following
application in coke burn out rate estimation. The authors, comprising energy auditors that executed the energy
audit in SLOVNAFT refinery and the FCC Unit technologist, describe several methodics developed to verify the
regenerator combustion air mass flow that are general and thus readily applicable in any FCC Unit worldwide.
On having verified it, the calculations based on coke combustion mass balance enabled to estimate the usual
coke yield in the range 5 to 6 %, slightly increasing with decreasing feed rate and to obtain hydrogen content in
coke. This has been found to vary considerbly within 2 to 7 % wt. with no obvious dependence on the feed rate.

Introduction
Reliable and accurate combustion air to regenerator metering in a FCC Unit is an important parameter both
from process as well as from economic balance point of view1,2. It is in direct relationship to the mass flow of
coke burnt out in the catalyst regenerator that cannot be measured directly, though it can be predicted with
known reaction kinetics2,3and is used, along with oxygen and carbon dioxide content in the flue gas4, to
estimate both this parameter as well as coke quality. It thus serves as an important input parameter in the FCC
Unit yield structure estimation5, which again is a crucial parameter for long term planning and production
scheduling of this Unit, impacting that of the whole refinery. During the energy audit execution in SLOVNAFT
refinery, the auditors applied several distinctive approaches to verify this parameter, employing both other
measured process data as well as air blower design data and the material balance of the regenerator along
with the heat balance of the waste heat boiler. These aproaches are introduced and their value in combustion
air mass flow metering verification is discussed on following paper pages.

Process scheme
The simplified scheme of FCC Unit regenerator along with key equipment and useful metering devices
indication is provided in Figure 1. The combustion air is sucked in the air blower, then passes through the startup furnace and is delivered to the regenerator. The blower´s antisurge control mechanism guards the minimal
blower flowrate by blowing off excess air into atmosphere. Additional antisurge protection, applied mostly in
winter as antifreeze protection in the same time, allows for manually controlled partial recirculation of
compressed air from blower back to its suction. The start-up furnace is in operation only during FCC Unit starts
and its aim is to provide sufficient heat for reactor and regenerator proper operation until the coke formation
rate rises enough to support the process without combusting natural gas.
During coke burn-out in the regenerator, a small part of the produced flue gas is trapped along with rgenerated
catalyst and is trasported into reactor – evidence of such process is obtained from C2 fraction analysis which
shows appr. 20 % vol. nitrogen content along with a few % of carbon dioxide and traces of oxygen. This issue
has been consulted repeatedly with the responsible technologist but no other feasible explanation of the
observed C2 fraction composition could be provided. At the same time a part of the stripping water steam used
in the reactor is trasported with the spent catalyst and joins the flue gas, whereby its moisture content is
increased. This has been repeatedly found in the results of regular emission monitoring executed by a certified
company; the measured moisture content of the flue gas of up to 12 % vol. cannot be explained by any other
means despite taking combustion air humidity and reasonable hydrogen content in the burnt-out coke into
account. Both fuel gas entrainment to reactor and water steam entrainment into regenerator have to be
considered when balancing the coke burn-out process.
Hot flue gases from regenerator pass through orifice chamber where their overpressure is decreased from
around 2 bar to a few kPa and are routed to the waste heat steam boiler. Saturated water steam is produced
from the feedwater here, thereafter it joins the saturated team from other steam sources, is superheated in
common superheater and leaves the boiler at around 3.5 MPa (g) and 340 °C. The partly cooled down flue
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gases pass through an electrostatic precipitator and finally enter into the stack. Their composition on dry basis
is monitored by several analyzers, including those for oxygen and carbon dioxide content measurement.

Figure 1. Simplified process layout

Underlying data and their analysis
Based on the discussion with Unit´s staff and their own experience the auditors decided to employ following
approaches to obtain the combustion air mass flow
1. Comparison of blower inlet air measurement with catalyst regenerator air inlet measurement
2. Material balance of the regenerator and the following heat balance of the waste heat boiler
3. Analysis of blower characteristics and its aplication to blower air delivery rate estimation
4. Field experiment with air preheat furnace during FCC Unit start phase after a short production stop
Reasons for choosing several distinctive approaches to air mass flow measurement verification and the extra
effort the auditors took in it were as follows:
Air mass flow measured at blower suction exhibited too low values compared to the air to the
regenerator measurement, even lower than the compressor antisurge control would allow. Air mass
flow verification would greatly help the auditors in checking if the blower antisurge protection does
operate with reasonable margin or if it could be narrowed.
Flue gas volumetric flow measurement was also suspected of incorrect metering, leading to under- or
overestimation of emission rates from the regenerator.
Waste heat steam boiler heat balance served also as confirmation for Unit´s steam balance.
Air blower is driven by condensing steam turbine, proper air mass flow estimation compressed by the
blower would allow for blower power input calculation and thus for its turbine steam consumption
verification.
Coke burn out rate could be estimated more precisely; this would greatly help the auditors in the
reactor-regenerator heat balance setup and in the end it would contribute to precising the FCC Unit
mass balance and its yield structure
More information regarding the approaches 1. to 4. is as follows:
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1.: The auditors checked the equations and their constants used in air mass flow measurement. It has been
found out that the blower inlet air mass flows shown on the operator´s screen in the control room has not
been compensated on actual air pressure and temperature. Instead, 95 kPa abs. and +34 °C were used. The
auditors subsequently were able to compensate the raw data to actual air parameters.
2.: Considering the typical C2 fraction composition and its yield, it has been calculated that around 800 to 1100
kg/h of flue gas is entrained into reactor, depending on actual operating conditions, especially on catalyst
circulation rate. On the other hand, up to 1500 kg/h of water steam seem to pass togehter with spent catalyst
into regenerator. Both these effects have been incorporated into flue gas composition and mass flow
calculation and enabled more precise waste heat steam boiler heat balance elaboration.
3.: Blower characteristics represents the map of allowed combinations of compressed air volumetric flows and
discharge pressures, depending on blower rotation frequency and on inlet air parameters. It also comprises
borders corresponding to expected surge and choke conditions as well as another border denoting the minimal
air volumetric flows to be compressed by the blower that is maintained by blower´s antisurge protection
automatics. Given the measured pressure at blower inlet is the same as design one the auditors were able to
interpolate between the compressors maps valid for -29 °C and +34 °C ambient temperature, with the aim to
estimate compressed air volumetric flow based on actual air temperature, blower discharge pressure and its
actual revolutions per minute.
4.: The FCC Unit is equipped with a start up furnace, combusting natural gas directly in the compressed air
flowing through it. Given the known natural gas composition, by combining the material and heat balance of its
combustion it has been possible to calculated the air mass flow that entered the furnace.

Field experiment description and acquired data evaluation
After a short production stop the FCC Unit started its operation according to its usual schedule. Due to the lack
of coke formed in the reactor, natural gas fired furnace has been used for several hours to preheat the air prior
entering the regenerator, firing enough natural gas to raise the air temperature up to 700 °C. Despite this, the
comparatively low air consumption in the regenerator made it necessary, to operate the air blow off at the
blower discharge, to ensure safe, surge free blower operation during this phase.
Data needed for natural gas consumption process balancing included:
Mass flow of natural gas (directly measured on site by coriolis flowmeter and thus assumed to be
accurate),
its average composition (acquired from the national natural gas distributor´s web site) and
temperatures of the air at blower discharge and at furnace discharge (both measured on site, see
Figure 1).
Due to small surface and the fact that the furnace and air duct are well insulated, zero heat losses to the
environment were assumed.
Apart from those data, we also acquired other operational data including ambient air temperature, blower
operation, opening percentage of the blow off valve as well as flue gas composition, that ex post enabled for
simultaneous application of several air mass flow rate verification approaches described above.

Results and discussion
The overall look on the test duration and the outcome of the following calculations is provided in Figure 2.
Around 5 a.m. the start up furnace reached stable operation represented by stable mass flow of natural gas
consumed here. During this phase, starting at 5 a.m. and ending at around 0:30 p.m. the temperature in the
furnace varied in the range 710 to 725 °C, starting to decrease after midday, leading to the conclusion that in
this phase also the air mass flow to the furnace has been quite stable.
With the help of compressor characteristics (operation maps) valid for two distinctive design air temperatures
we were able to calculate the position of „control line“ (dataset Nr. 5 in the Figure 2)for actual blower inlet air
temperatures – the „control line“ represents the border conditions for blower operation without antisurge
control system taking charge of blow off valve opening percentage regulation. In order to prevent the antisurge
system to act and thereby inevitably interrupt the test, the operators adjusted the needed blow off valve
opening manually. Therefore we could expect the true air mass flow rate compressed in the blower to be
higher than that indicated by „control line“.
Heat balance of the start up furnace yielded dataset Nr. 1 that adopted quite similar values with on line
measured air mass flow to the furnace (and thus to the regenerator) shown as dataset Nr. 2. This represents
the first proof of air to regenerator flow rate metering accuracy.
Dataset Nr. 4 represents the on line measured air mass flow rate at blower suction that again yielded lower
values than the „control line“. If those data were correct, blower surge occurance probability would be high
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due to antisurge system failure to increase the compressed air mas flow above the control line. However as
explained above, the original data from this flowmeter suffer under the absence of compensation on actual air
pressure and temperature at blower suction. After having executed the compensation, we yielded the dataset
Nr. 6 that is positioned slightly above the „control line“ and may thus represent reasonable air mass flow at
blower suction data.

Figure 2. Overview of calculated air mass flows and measured temperature at the start up furnace discharge
during the test.
Legend: 1: Air mass flow to the start up furnace calculated from its heat balance, 2: Measured air mass flow
rate to regenerator (metering element located prior to start up furnace), 3: NG to the start up furnace flow
rate, 4: Measured air mass flow rate at blower suction – original data, 5: „control line“ air mass flow denoting
the minimal air mass flow to be compressed in the blower to ensure its surge free operation, 6: Measured air
mass flow rate at blower suction – compensated data, 7: Sum of 1 and the air mass flow through the blow off
valve, 8: air mass flow rate compressed in blower according to its characteristics
With the help of on line recorded blow off valve opening percentage and its design parameters (capacity at
given pressure differential and inlet air temperature), assuming linear dependence of unit blow off capacity on
valve opening percentage we obtained an estimate of air mass flow rate blown off in the atmosphere during
the test. Adding these data to the dataset Nr. 1 we got dataset Nr. 7 that should represent the total air mass
flow compressed by the blower. As appears, the corresponding values are higher than those of dataset Nr. 6.
Finally, employing once again the compressor characteristics and using the on line recorded data about the
blower inler air temperature and pressure, blower discharge pressure and blower revolutions per minute, we
calculated the compressed air mass flow. The corresponding data set is marked with Nr. 8 in the Figure 2. As
appears it agrees with dataset Nr.7 excellently, thus corroborating both the air mass flow rate obtained from
furnace´s heat balance as well as sufficient air to regenerator metering accuracy.
We can therefore conclude, that the air to regenerator measurement is correct and can be used for coke burn
out rate calculation.
Having verified the air to regenerator mass flow, we proceeded with coke burn out rate calculation and its
quality estimation. Following assumptions have been made:
coke consists just from carbon and hydrogen
entrained flue gas to reactor mass flow is constant, equal to 700 kg/h
oxygen and carbon dioxide analyzers of the flue gas yield reliable data – such assumption is crucial for
our calculation as even small variations in those parameters can influence the result significantly4,5.
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Figure 3. Results of coke yield and composition calculations
Applying these assumptions on historic operational data set, comprising the 2009 to 2010 period, we finally
obtained the desired data that are shown in Figure 3 as functions of relative FCC Unit feed rate. It appears that
the coke yield rises slightly with decreasing feed rate which probably is not surprising5. The heat delivery
demand to reactor that is covered by coke burn out covers also some fix part (recycles independent on actual
feed rate) plus also heat losses from reactor, thus the coke yield has to be controlled as to cope with this fact.
The second finding relates to hydrogen weight fraction in coke that seems to vary mostly within 2 to 7 % that is
slightly below average of the common coke hydrogen content reported in the literature1,4,5. It does not seem to
change visibly with changing feed.
It can thus be stated that the FCC reactor produces coke with acceptable hydrogen content and the coke yield
is managed according to the heat demands of the reactor.

Conclusions
A part of the energy audit of the FCC Unit in SLOVNAFT refinery has been dedicated to regenerator combustion
air measurement verification, a key parameter impacting the operation and economics of the unit and also that
of the whole refinery to some extent. Various approaches based on discussion with the Unit´s staff and its
technologist have been developed and tested, leading to final statement about the regenerator air mass flow
measurement accuracy being acceptable. The presented approaches are general in nature and can be used,
after adjustment to local FCC Unit´s specificities in any refinery worldwide. The following coke burn out rate
calculations revealed that coke yield in the FCC Unit understudy varies within 5 to 6 % interval, slightly
increasing with decreasing feed. The simultaneously estimated hydrogen content in the coke varies
considerably but on the whole is slightly below average and might lead to flue gas analyzers accuracy
questioning.
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Abstract
Fuel oils are very often used as a marine fuel. This fuel has to meet the relevant qualitative parameters
according to the ISO 8217. Some of these parameters (density, viscosity) are used for basic characterization or
categorization to the individual qualitative as well as economic classes.
The stability of the marine fuel is very important and also very frequently discussed and monitored parameter.
The standardised method for stability mentioned in ISO 8217 is Total Sediment according to the ISO 10307. This
method has three possibilities for stability assessment (TS; TSP; TSA) differing in the sample preparation
especially in ageing step. These procedures can provide different results depending on the origin and
properties of the test sample. The reference test method shall be the Potential Total Sediment test (TSP).
The article deals with describing and comparison of these procedures for Total Sediment assessment. TS; TSP
and TSA are described and used for evaluation of fuel oils stability and their relationships are investigated.

Introduction
The large amount of the fuel oils, which are produced in the Czech Republic, is sold as a marine fuel. The
international shipping provides more than 90 % of the world trade 1. Fuel oils which are used as a marine fuel
has to meet the relevant requirements in accordance with the ISO 8217 (Petroleum products – Fuels (class F) –
Specifications of marine fuels).2 In this standard all the required parameters as well as the relevant test
methods are prescribed. For the fuel oil characterization and classification it is very important to know viscosity
and density, eventually their relationship through the calculated carbon aromaticity index (CCAI).
The stability of the marine fuels is very important because of their long-term storage or transport to the
customer.3 The effect of sedimentation or separation of the individual phases can be observed during the longterm storage.4 The method for content of total sediment is very relevant tool for determination of the fuel oils
stability and compatibility. The limit value of the total sediment (aged) is mentioned in the ISO 8217 as a
parameter closely related to the stability of marine fuels. This value must not exceed 0.1 wt. %. The assessment
of total sediments is the common method, but it also has its pitfalls.5
There are three possibilities for the total sediment assessment differing in the sample preparation. The total
sediment (TS) determination uses the sample in its original state.6 The other methods use thermal (Procedure
A) or chemical (Procedure B) ageing step for sample preparation followed by the hot filtration.7 The total
sediment potential (TSP) according to the thermal procedure A is based on the placement of the sample to an
oil bath at 100 °C for 24 hours. In the total sediment accelerated (TSA, procedure B) method the asphaltenes
are gradually flocculated by the addition of n-hexadecane at exactly defined speed.
The requirements of the ISO 8217 prescribe the limit value for TSP or TSA, but these procedures can have
incomparable results depending on the character of the marine fuel. The most used method is the TSA because
of its faster procedure, as the TSP is consuming 23 hours more. But the reference method shall be the TSP.2
The article deals with the issue of the total sediment assessment and the new factor for evaluation of the oil
phase ageing is introduced. The relationship between the three procedures of the total sediments
determination as well as the spot test method8 is shown and described.

Experimental
The fuel oils were prepared using a heavy residue and a relevant diluent. All the components were preheated
and carefully homogenized. All the fuel oils were categorised as RMB 30 (according to ISO 8217) with respect to
their density as well as kinematic viscosity. The stability was assessed using the hot filtration according to ISO
10307.
Total Sediment (TS) was assessed using the hot filtration according to ISO 10307-1. A sample was filtered
through the preheated apparatus at 100 °C and after solvent washing and drying the total sediment on the
filter was weighted. This determination was performed in parallel and the total sediment by hot filtration was
reported as the average of the two determinations. The mass percentage of the total sediment for each test
specimen was calculated using Equation (1).
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where S is the total sediment, expressed as a percentage by mass; m1 is the mass of the test portion, in grams;
m2 is the mass of the lower filter before filtration in milligrams; m3 is the mass of the lower filter after filtration,
in milligrams; m4 is the mass of the upper filter before filtration, in milligrams and m5 is the mass of the upper
filter after filtration, in milligrams.
The repeatability, r, for residual fuels was calculated according to Equation (2).
C

0.089 · √
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[wt. %]

where x is the average of the test results, expressed as a percentage by mass.
Total Sediment Potential (TSP) was determined using ISO 10307-2 (Procedure A – thermal ageing). TSP was
assessed after ageing a sample of residual fuel for 24 h at 100 °C under prescribed conditions. The next step
was the hot filtration according to ISO 10307-1.
Total Sediment Accelerated (TSA) was carried out in accordance with ISO 10307-2 (Procedure B – chemical
ageing). TSA was determined after the accelerated ageing where a sample of residual fuel oil was diluted with a
specified amount of n-hexadecane (cetane) under carefully controlled conditions. The sample was then heated
to 100 °C for 1 hour, followed by hot filtration in accordance with ISO 10307-1. The results of TSA
determinations must be calculated according to Equation (1) but hexadecane as a diluent must be taken into
account by using a divisor of 9.28∙m1 instead of 10∙m1.
Total Sediments of the lower filter (TS-L / TSP-L / TSA-L) were calculated with using Equation (3)
8-I

9m> m? =
10 · m-

[wt. %]

(3)

where S-L is the total sediment, expressed as a percentage by mass; the other symbols are the same as in
Equation (1). The total sediments of the lower filter are reported as the average of the two determinations. In
the case of TSA-L evaluation, hexadecane as a diluent must be taken into account by using a divisor of 9.28∙m1
instead of 10∙m1.
Factor of ageing of the oil phase (FOPA) was calculated using Equation (4)

JK7%

L8
L8%
L8 L8%-I
·
L8-I L8%

[-]
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where TS is the total sediment; TSA means the total sediment accelerated; TS-L is the total sediment of the
lower filter and TSA-L represents the total sediment accelerated of the lower filter.
Spot Test was determined according to ASTM D 4740. A drop of the preheated and thoroughly mixed fuel oil is
put on a test paper and placed in an oven at 100 °C. After 1 h, the test paper is removed from the oven and the
resultant spot is examined for evidence of suspended solids and rated for cleanliness to the five class which are
mentioned in the standard.
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Results and discussion
The prepared fuel oils were evaluated using TS as well as TSA parameter (Table I). The FOPA parameter was
calculated using equation (4). The fuel oils were aligned according to the result of the total sediment (from
FO_A to FO_L).
Table I
Total sediments and ageing factors
FO_A
0.01
0.020
0.02
0.018
1.11

FO_B
0.05
0.179
0.09
0.168
1.07

FO_C
0.05
0.101
0.08
0.014
7.21

FO_D
0.08
0.026
0.14
0.042
0.62

FO_E
0.09
0.026
0.15
0.053
0.49

FO_F
0.14
0.020
0.16
0.036
0.56

FO_G
0.20
0.045
0.24
0.016
2.81

FO_H
0.22
0.048
0.58*
0.154
0.31

FO_I
0.34
0.042
0.72*
0.047
0.89

FO_J
0.45
0.087
0.55*
0.007
12.43

TS [wt. %]
TS-L [wt. %]
TSA [wt. %]
TSA-L [wt. %]
FOPA [-]
* The value is informative only, according to ISO 10307 should be reported as > 0.50 wt. %

FO_K
1.32*
0.049
0.61*
0.081
0.60

FO_L
2.03*
0.016
1.86*
0.056
0.29

There are three types of the fuel oils according to the FOPA parameter.
For the first group FOPA takes the value approaching to 1 (FO_A; FO_B and FO_I), when the oil phase does not
change during the chemical ageing with respect to the change between TS and TSA. The second group
represents the fuel oil which have the FOPA parameter distinctly higher than 1 (FO_C; FO_G and FO_J). In this
group the most of the separated sediments remains on the upper filter paper. The most problematic is the
third group which have the FOPA less than 1 (FO_D; FO_E; FO_F; FO_H; FO_K and FO_L). The TSA values are
affected by the increased weight of the lower filter after the chemical ageing.
The TSA value are typically higher than the TS and the relationship between TSA and TS has relatively linear
dependence (Fig. 1).

Figure 1. The dependence TSA on TS
The total sediment potential (TSP) was assessed for the selected samples which had different values of FOPA
parameter (Tab. II). Specifically these fuel oils were coded as FO_B; FO_C; FO_H and FO_J.
Table II
Results of the TSP assessment
TSP [wt. %]
TSP-L [wt. %]

FO_B
0.01
0.323

FO_C
0.04
0.037

FO_H
0.34
0.071

FO_J
0.52
0.086
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The differences between TSP and TSA values (Fig. 2) were obtained. The values of TSA were in all of the cases
higher than the TSP values. The chemical ageing TSA is more severe than the thermal procedure TSP.

Figure 2. Comparison of TSP and TSA – dependence on TS
Comparison of the both procedures for ageing (Fig. 3) shows that there are several groups with respect to
changes in the properties of the oil phase.

Figure 3. Comparison of the thermal and chemical ageing of the oil phase
FO_B showed the most outstanding changes during the thermal procedures, the values of TS-L and TSA-L were
relatively comparable. FO_C had worsening in the order TS – TSP – TSA and the reducing of weight of the lower
filters was connected with this trend. In this case all of the changes in the colloidal structure during ageing were
captured on the upper filter. Another situation was for FO_H, where the change was in the whole oil phase
therefore this sample showed greater differences between TS – TSP – TSA. FO_J had the same results for TS-L
and TSP-L. The oil phase showed the most noticeable differences after chemical ageing, which can be seen
from the value of TSA-L.
These four selected fuel oils were evaluated also in according with the spot test method. The spot test was
carried out using original sample as well as sample after both ageing procedures (Fig. 4 – Fig. 7).
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Figure 4. Spot Test of the FO_B (B1 = original sample; B2 = sample after thermal ageing; B3 = sample after
chemical ageing).

Figure 5. Spot Test of the FO_C (C1 = original sample; C2 = sample after thermal ageing; C3 = sample after
chemical ageing).

Figure 6. Spot Test of the FO_H (H1 = original sample; H2 = sample after thermal ageing; H3 = sample after
chemical ageing).
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Figure 7. Spot Test of the FO_J (J1 = original sample; J2 = sample after thermal ageing; J3 = sample after
chemical ageing).
The very good correlation between the spot tests and the total sediments was found. The quality deterioration
of the fuel oil is evident from the presence of the inner ring. In the case of the first two fuel oils (Fig. 4 and Fig.
5) there are not any visible changes between the spots (no inner ring), which are consistent with the content
of the total sediments. There are also visible differences between original sample and sample after ageing
procedure (Fig. 6 and Fig. 7).

Conclusion
The prepared fuel oils were evaluated using the hot filtration of original and chemical aged samples. Selected
fuel oils were assessed using the thermal ageing and the spot test. FOPA parameter was introduced and it was
proved that this parameter is a suitable tool for monitoring thermal as well as chemical stability of the fuel oils.
The changes in the colloidal properties of the oil phase are important indicator of the stability. These changes
can affect and distort the result of the hot filtration tests.
It was showed that there are perceptible differences between total sediments after thermal and chemical
ageing in connection with the nature of the sample. These methods (TSP and TSA) should not be replaceable.
The method of the spot test was found to be the most correlative with the assessment of the total sediments.
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Abstract
Furfural-acetone (FAc) condensate products need to be processed through hydrodeoxygenation (HDO)
reactions for yielding hydrocarbons which could be used as biofuels. Four new catalysts were prepared and
tested for the HDO of furfural-acetone condensate products: mechanochemically prepared Pd/Zr-SBA-15;
impregnated Pd/Zr-SBA-15; Pd/Al-SBA-15; Pd/SBA-15 and commercial NiW/SiO2-Al2O3. All these catalysts
presented a high activity for the transformation of FAc, showing a complete conversion of the substrate after 8
hours at 200 °C and 50 bar of H2. The main fraction of the products was composed of hydrogenated
compounds, due to successive hydrogenation of the ketone C=O, aliphatic C=C and furan C=C bonds.
Surprisingly, NiW commercial catalysts presented a noticeable activity at 200 °C, hydrogenating mainly from
FAc to 4-(2-furyl)-butan-2-one. The acetone present in the feedstock also reacted itself by aldol condensation
forming diacetone alcohol, which undergoes successive dehydration and hydrogenation reactions yielding
mesityl oxide, methyl isobutene ketone and methyl isobutyl carbinol.

Introduction
The synthesis and the subsequent transformation of furfural (and its derivatives) into valuable chemicals has
become an active research area in recent years 1. Furfural is an oxygenated compound obtained through the
dehydration of hemicellulose resources that are derived from lignocellulosic biomass by acid-catalysed
treatments [3]. However, the carbon chain length of furfural, once hydrodeoxygenated, is in general too short
to diesel fuel applications. In this sense, aldol condensation of furfural with small ketones leads to the
production of larger organic molecules which could constitute a more appropriate source of biofuels
precursors. Thus, furfural-acetone (FAc) condensate products need to be processed through
hydrodeoxygenation (HDO) reactions for yielding valuable liquid hydrocarbons 2-4. So, aldol condensation of
furfural with small ketones leads to the production of larger organic molecules which could be an opportunity
of source for diesel fuels. The aim of this work was the study of the capacity of hydrogenation of FAc of
Pd/SBA-15 catalysts.

Experiment
Feedstock
The feedstock used consisted in a mixture of condensate furfural-acetone adducts obtained from the
experiments described elsewhere 4,5, using a continuous flow reactor at 50 °C and hydrotalcite (Mg/Al=3) as
catalyst. The successive aldol condensation reactions of furfural (F) and acetone (Ac) led to the formation of a
heterogeneous mixture of compounds, resulting from the cross aldol condensation of the aldehyde and the
ketone groups, but also from acetone self-condensation, such as diacetone alcohol (DAA) and mesityl oxide
(MSO).
Table I
Composition of the feedstock.
Feedstock (%wt.)

Acetone
72.6

MSO
0.4

Furfural
0.04

DAA
3.6

A
0.01

F-Ac
18.2

F-2Ac
2.9

F2-Ac
2.2

(F-Ac)2 dimer
0.05

In order to achieve a more appropriate ratio between the reactant molecules (F-Ac and derivatives) and the
amount of employed catalyst, the feed was diluted by adding more acetone. Thus, the final feedstock load into
the reactor was composed of 50 ml of aldol condensation products and 100 ml of acetone. Concretely, the
feedstock presented a composition rich in acetone and F-Ac (table I).
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Materials
Continuing with the work from R. Ramos and col. [4], four new catalysts (table II) were prepared and tested for
the HDO of furfural-acetone condensate products: mechanochemically prepared Pd/Zr-SBA-15 (UCO);
impregnated Pd/Zr-SBA-15 (UNICRE); Pd/Al-SBA-15; Pd/SBA-15 and commercial NiW/SiO2-Al2O3. Catalysts Zr(A)
and Al were synthesized according to the work published by A. Yepez and col. 6. NiW is a commercial catalyst
Ni-W/SiO2-Al2O3 from the company Eurosupport Czechia a.s. Catalysts Zr(B) and SBA-15 were synthesized using
the materials and procedure described below:
Mesoporous silica Zr-SBA-15 or SBA-15 was synthesized using tetraethyl orthosilicate (TEOS) which was used as
silica source; amphiphilic triblock copolymer P123 was applied as structure directing agent. The synthesis of
SBA-15 was performed in a diluted solution of hydrochloric acid. The molar compositions of the reaction
mixture for the synthesis of SBA-15 were 1:0.017:5.7:196 (TEOS: P123: HCl: H2O respectively). The mixture was
prepared at 35 °C under static conditions during 24 h. Then, it was heated at 95 °C during 66 h. The resulting
solid was recovered by filtration, extensively washed with distilled water, and dried at 80 °C overnight. Then,
the next resulting solid was calcined in air at 540 °C for 8 h (temperature ramp of 1 °C/min). Mesoporous silica
Zr-SBA-15 was synthesized with adding of zirconyl chloride octahydrate, in molar ration Si/Zr = 20, to the
reaction mixture. SBA-15 catalyst was prepared with the same conditions as previous Zr-SBA-15 but without Zr
source. Tetraethyl orthosilicate and Pluronic® P-123 acid were purchased from Sigma Aldrich. Hydrochloric acid
(35 % wt.), zirconyl chloride octahydrate, tungsten (VI) oxide and hydrogen peroxide (30 % wt.) were purchased
from Lach-Ner s.r.o. Palladium (II) chloride Reagent Plus®, 99% (Sigma Aldrich) was used to impregnate Zr-SBA15 or SBA-15 materials. The Pd (II) chloride was mixed with the support SBA-15 in water at room temperature
and stirred (100 rpm) in a rotary evaporator at atmospheric pressure during one hour. Then, the mixture was
dried at 90 °C and 0.1 atm until obtaining a solid. This solid was dried at 110 °C during 12 h. The solid obtained
was calcined at 530 °C (5 °C/min) during 4 hours in air.
Table II
Palladium (% weight content)/SBA-15 catalysts tested and their abbreviated nomenclature
Catalyst
Pd(0.5%wt.)/Zr-SBA-15, (UCO), Si/Zr = 30 molar ratio
Pd(0.5%wt.)/Zr-SBA-15, (UNICRE), Si/Zr = 30 molar ratio
Pd(2%wt.)/Al-SBA-15, Si/Al = 40 molar ratio
Pd(0.5%wt.)/SBA-15
NiW ESM 341 commercial

Nomenclature
Zr(A)
Zr(B)
Al
SBA-15
NiW

Tests and products analyses
An autoclave supplied by the Parr Instrument Company (Frankfurt am Main, Germany) 4575/76 with a “4848B”
reactor controller was used. The catalysts were reduced at 350 °C (1h) with a ramp of 2.2 °C/min. Then, the
feedstock was added to the reactor. Next, the autoclave was heated from room temperature to 200 °C with a
ramp of 8.3 °C/min. At 200 °C, the reaction was carried out during 8 h taking samples at t = 0, 10, 30, 60, 120,
180, 240, 360, 480 minutes. The starting pressure at room temperature before the reaction was 15 bar. Then,
at 200 °C, the pressure was increased and maintained in 50 bar of hydrogen.
The product mixtures were analysed by an Agilent 7890A GC unit equipped with a flame ionization detector
(FID) using a HP-5 capillary column (30 m, 0.32 ID, 0.25 μm). The hydrogenated products were identified by
using standard reference compounds along with GC-MS analyses using Thermo Scientific ITQ 1100 unit.

Discussion and result analysis
According to the scheme presented in the fig. 1, the catalysts presented the biggest activity hydrogenating the
F-Ac to the products A, B, D and E (nomenclature represented in the fig. 1). All tests presented a product
mixture with less than 1% of F-Ac content excepting the test using the commercial catalyst. Catalyst Zr(A)
presented a lower capacity of hydrogenation of F-Ac than catalyst Zr(B) having a lower amount of compound D
or F. So in this case, the impregnation of Pd over the support Zr-SBA-15 resulted in a more active catalyst than
adding Pd by the mechanochemical method. Al catalyst was the most active in the hydrogenation of FAc having
a yield of 9 % to the E product or 50 % to the product D. The commercial catalyst NiW hydrogenated mainly to
A (81 %) and it was not able to reduce all the F-Ac. Nevertheless, this catalyst is used normally in industry at
temperatures of 300 – 400 °C. So, surprisingly, when a lower activity was expected, the catalyst presented a
conversion of 81 % to the product A.
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Table III
Product composition (%wt.) at reaction time (tR) = 480 min; T = 200 °C; P = 50 bar; catalyst 0.25 g.
Product (%wt.) \ Catalyst

Zr(A)

Zr(B)

Al

SBA-15

NiW

A

59.67

50.34

19.40

83.42

81.08

B

0.00

0.07

0.00

0.25

0.00

C

1.91

0.00

1.54

0.25

0.00

D

23.50

34.53

50.44

9.37

0.00

E

1.38

1.62

4.80

0.13

0.00

F

6.53

9.67

15.35

2.75

0.46

M

4.71

1.75

2.00

1.38

0.07

N

0.00

0.00

3.32

0.07

1.07

Tridecane

0.31

0.08

0.00

0.12

0.00

Octanone

0.16

0.00

0.03

0.00

0.01

Others

1.24

1.51

2.94

1.81

2.27

F-Ac

0.60

0.43

0.18

0.44

15.03

1

The composition of the products mixture was calculated with respect to the FAc hydrogenation and
extrapolated to 100.

Also, a high yield to the product dioxaspiro when a higher hydrogenation was carried out. This product as
represented in the fig. 1, was produced from product D. The yields to di-alcohols or higher hydrogenated
compounds were low. Catalyst Al presented the highest activity.

Figure 1. Proposed reaction scheme for the hydrodeoxygenation of 4-(2-furyl)-3-buten-2-one(F-Ac) into octane:
4-(2-furyl)-butan-2-one (A), 4-(2-tetrahydrofuryl)-butan-2-one (B), 4-(2-furyl)-butan-2-ol (C), 4-(2-dihydrofuryl)butan-2-ol (D), 4-(2-tetrahydrofuryl)-butan-2-ol (E), 2-methyl-1,6-dioxaspiro[4,4]nonane (F) and linear alcohols.
The acetone was also reacting (fig. 2). The amount of DAA decreased due to the increment in the amount of
MSO which also reacts to MIBK. The final composition of DAA, MSO, MIBK or MIBC was not in line with the
results of the hydrogenation of F-Ac. The most active catalyst Al for the hydrogenation of Al was not the most
active for the production of MIBC. In this case, the Zr(A) was the most active for the obtention of MIBK. So, in
this case the hydrogenation capacity of F-Ac was not in agreement with the capacity of hydrogenation of the
acetone.

O

O

O

-H2O

+
DAA OH

O

+H2

MSO

O

+H2

MIBK

OH

MIBC

Figure 2. Consecutive reactions of the acetone during hydrogenation of F-Ac [4]. Diacetyl Acetone (DAA);
Mesityl Oxide (MSO); Methyl Isobutyl Ketone (MIBK); Methyl isobutyl carbinol (MIBC).
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Table IV.
Products composition (%wt.) from acetone at reaction time (tR) = 480 min; T = 200 °C; P = 50 bar; catalyst 0.25
g.

Catalyst \ Product (%wt.)
Zr(A)
Zr(B)
Al
SBA15
NiW

DAA
4.04
12.41
5.21
2.63
3.02

MSO
3.58
1.72
2.16
12.62
3.97

MIBK
34.59
10.64
17.56
13.39
8.63

MIBC
0.4
0.14
0.36
1.66
0.35

The amount of each compound is the %wt. in the final complete product mixture.

The evolution of the hydrogenation of F-Ac was also an interesting result for studying the velocity of reduction
of the F-Ac. In the case of the most active catalyst Al, the fast production of the molecule E (fig. 1, 3) was clear.
Nevertheless, the amount of E was decreasing accompanied with an increment of D which was possibly
produced from the consecutive dehydrogenation of E. The increment of D also produced dioxaspiro which was
in increment with the time of reaction. The “long molecules” are referred to the bigger molecules formed
during the aldol condensation of furfural and acetone. The amounts of F-2Ac and F2-Ac were decreasing with
the time of reaction. Thus, other molecules such as furfural and acetone could be created. Also, alcohols C13
could be created (fig. 3) from F-2Ac or F2-Ac. For the rest of catalysts the tendencies are similar compared to Al
catalyst. They presented different yields to the same products. Concretely, fig. 4 compares the hydrogenation
of F-Ac to A and E for all the used catalysts. The catalyst SBA15 presented the biggest amount of A instead the
catalyst Al. So, all catalysts were able to reduce the aliphatic bond of F-Ac but not able to continue with the
total reduction to E. Catalyst Zr(A) presented an initial faster reduction of F-Ac to A but finished with a similar
amount of A than the obtained one by Zr(B) indicating that possibly the catalyst Zr(A) was more active at the
start of the reaction but it was deactivated faster than Zr(B). The results of TGA analyses informed us about the
bigger amount of carbonaceous species over the used catalyst Zr(B) compared to Zr(A) indicating that during
the starting of the reaction the carbonaceous deposits could be preferably over the active sites in Zr(A). But, for
Zr(B) catalyst the active sites could be free of actuating during the reaction even having a bigger amount of
carbonaceous species over their surface indicating that this catalyst possibly had a greater number of active
sites (Pd) responsible of hydrogenating the F-Ac. Catalyst Al (fig. 4) presented a fast activity in the
hydrogenation to E but the amount of E was decreasing with the time of reaction.
NiW commercial catalyst was the less active catalyst but its activity was really high obtaining more than 50
%wt. of A. The catalyst needed time to start to hydrogenate the F-Ac or other reactions (also from acetone)
having a low activity until 120 min. The activity was higher from time of reaction (tR) = 120 min possibly due to
the need of higher reduction of Ni species which needs normally higher temperatures to be reduced compared
to the Pd. SBA15 catalyst presented a big capacity of reducing the aliphatic double bond in F-Ac but it was no
able to the next steps of hydrogenation.
Some TGA analyses of the used catalysts were carried out. They presented approximately a 50 %wt. of
carbonaceous species for the Al used catalyst. These species could deactivate the capacity of the catalyst for
producing E and favouring the dehydrogenation from E to D. The commercial catalyst NiW presented a lower
amount of carbonaceous species on its surface.
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F-Ac hydrogenation products
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Figure 3. Hydrogenation of F-Ac, F-2Ac and F2-Ac molecules using the catalyst Al.
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Figure 4. Composition evolution of products A and E for all used catalysts.
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%wt.
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Conclusion
Five catalysts were tested for the hydrogenation of F-Ac present in the mixture of products from the aldol
condensation reaction of furfural and acetone. All catalysts were active in the hydrogenation of F-Ac. Catalyst
Pd(2%wt.)/Al-SBA-15 presented the highest activity in the hydrogenation of F-Ac. Other reactions occurred
such as the condensation of acetone and the consecutive hydrogenations to MSO or the production of other
saturated molecules in lower quantities.
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Abstract
Hydrotreating of feedstock consisting of 90 wt% of straight run gas oil and 10 wt% of light cycle oil, which are
used for diesel fuel production, with addition of rapeseed oil in amount of 0, 5, 10, 15 or 20 wt% was studied.
Hydrotreating of the feedstocks was carried out in a laboratory flow reactor using Ni-Mo/Al2O3 catalyst at
a temperature of 345 °C, under a pressure of 4.0 and 8.0 MPa, WHSV of 1.0 h-1 and hydrogen to feedstock ratio
of 230 m3∙m-3. It was found that the dominant products of rapeseed oil conversion were C17 and C18 n-alkanes,
as expected. All liquid products met EU diesel fuel specification for sulphur content (<10 mg∙kg-1). The content
of aromatics was very low due to high hydrogenation activity of the catalyst and total conversion of rapeseed
oil into saturated hydrocarbons. Addition of depressant did not affect the cold filter plugging point of the
products. Larger amount of n-C17 than n-C18 alkanes suggested that hydrodecarboxylation and
hydrodecarbonylation reactions took place preferentially than hydrodeoxygenation one.

Introduction
Fossil fuels are limited resources and their mass consumption has a significant impact on the environment,
such as global warming partially caused by high CO2 emissions. Act No. 201/2012 Coll., on air protection
introduced into Czech legislation an obligation to reduce greenhouse gas emissions1, which was also defined by
Directive of the European Parliament from 20092. The fuel supplier is obliged to progressively reduce
greenhouse gas emissions per unit of energy contained in the fuel throughout the life cycle of the fuel in order
to reach a reduction of 2 % of the 2010 level by 31 December 2014, 4 % of the 2010 level by 31 December 2017
and 6 % of the 2010 level by 31 December 20201. This could be possible only using biofuels meeting
sustainability criteria. To be counted as sustainable, raw material for biofuel production cannot be primary
taken from forest, nature protection areas or highly biodiverse grassland. The greenhouse gas savings from the
use of biofuels must be at least 50 % in 20172. For these reasons, fatty acid methyl esters (FAME) are being
used as an alternative diesel fuel obtained by transesterification of triglycerides with methanol. It can improve
the harmful effects on the environment as it does not contain aromatics and sulphur. But FAME has
disadvantages due to differences in chemical structure in comparison with conventional diesel fuel, such as
corrosiveness and poor oxidation stability3,4.
An applicable alternative for solving these problems is a production of green diesel that consists of
hydrocarbons resulting from hydrotreating of raw materials composed mainly of triglycerides. Green diesel is a
fuel that is similar to conventional diesel fuel. One of drivers for renewable diesel fuel is that it is able to utilize
crops that can be grown on lands not suitable for producing of food crops. Also it has up to 85 % lower
greenhouse gas emissions compared with conventional diesel5.
Hydrotreating process is a solution for producing green diesel from sustainable feedstocks. During the
hydrotreating process, fats and oils consisting essentially of triglycerides are exposed to high pressures of
hydrogen and high temperatures in the presence of metal catalysts6,7. According to most authors,
hydrogenation of double bonds is the first step of the process. Hydrogenolysis of ester bonds with the
formation of diglycerides, monoglycerides and eventually carboxylic acids and propane is the next step.
Carboxylic acids then decompose into hydrocarbons through three different mechanisms: hydrodeoxygenation,
hydrodecarbonylation and hydrodecarboxylation with formation of water, CO2 and CO as byproducts. In
hydrodeoxygenation reaction, mostly C18 n-alkane is formed. C17 n-alkane is mostly formed in
hydrodecarbonylation and hydrodecarboxylation. Depending on experimental conditions and the catalyst used,
the CO and CO2 can react with hydrogen in reactions of methanation and reverse water-gas shift8. The
production of green diesel can be made by itself or as a co-process of triglycerides mixed with conventional gas
oil.
Harnos et al.9 compared activity of Pd/C, Pd/Al2O3, Ni/Al2O3 and NiMo/Al2O3 catalysts in sunflower oil
hydrotreating. Reactions were carried out at a temperature of 340 °C and a H2 pressure of 2.1 MPa. Authors
found out that hydrodecarbonylation and/or hydrodecarboxylation were prevailing mechanisms of alkanes
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production for Pd and Ni catalysts. Reactions that were performed on the NiMo/Al2O3 catalyst exhibited a high
ratio of the iso/n-alkanes comparing to Ni and Pd catalysts.
Šimáček et al.10 carried out hydrotreating of rapeseed oil at temperatures from 260 to 340 °C and at hydrogen
pressure of 7.0 MPa over a sulphided NiMo/alumina catalyst, changing the percentage of Ni and Mo content.
Authors found that rapeseed oil conversion was incomplete at lower reaction temperatures. At temperature of
310 °C, authors obtained a pure hydrocarbon mixture. Liu et al.11 synthesized nano-sized sulphur free
Ni/SAPO-11 catalyst, which showed high yield of liquid hydrocarbons (79 %) and high isomerization selectivity
(80 %) in the hydrotreating of palm oil performed at 280 °C and pressure of 4.0 MPa.
Hydrotreating of vegetable oils requires further study to reduce the production costs since high pressure of
2.0-9.0 MPa with high temperatures above 300 °C are still being used5-11. This work shows an effort to obtain
diesel fuel by hydrotreating of middle petroleum distillates and rapeseed oil blends.

Experimental
Hydrotreating of middle petroleum distillates and rapeseed oil blends was carried out in a tubular reactor with
a co-current flow of raw material and hydrogen. The reactor was filled with commercial NiMo/γ-Al2O3 catalyst,
which is used for hydrotreating of middle petroleum distillates. The size of the catalyst particles was adjusted
to 0.25–0.40 mm, and the catalyst was mixed with inert material (SiC of particle sizes of 0.25-0.30 mm) in a
volume ratio of 1:1. The catalyst was activated with the procedure recommended by its manufacturer. The
feedstocks were processed at hydrogen pressures of 4.0 and 8.0 MPa, hydrogen to feedstock ratio of
230 m3/m3, temperature of 345 °C, and feed rate of 100 g/h (WHSV of 1.0 h-1).
After stabilization of the reaction conditions, liquid products were collected and then they were stripped with
hydrogen to remove dissolved H2S. If H2S remained in the products, then it would be subsequently oxidized to
elemental sulphur by air, which would be undesirable. Part of the gaseous products behind the reactor was
captured for analysis. Removal of components boiling up to 150 °C from the liquid product was performed
using FISCHER distillation apparatus with SPALTROHRTH HMS 500 column at 5.0 kPa pressure.
Density of the products was measured with DMA 48 densitometer; kinematic viscosity was measured with SVM
3000 viscometer. Cold filter plugging point was measured according to EN 116. Simulated distillation was
performed according to ASTM D2887 using Trace 2000 GC gas chromatograph. Standard n-alkanes mixture was
used for conversion of retention times to boiling points. Parameters of simulated distillation were published in
previous work12. Calculation of cetane index was performed using data from simulated distillation, which were
converted to data corresponding to ISO 3405. This conversion was provided according to ASTM D2887. The
content of aromatics in the feedstock and stabilized products was determined by HPLC according to EN 12916.
The sulphur content was determined according to ASTM D5453 on Mitsubishi TOX-100 analyser. The content of
n-alkanes was determined by gas chromatography with flame ionization detection (GC-FID) on HP 5890
chromatograph. Identification of n-alkanes was made by comparison of their retention times with ones of
standard mixture containing C6-C30 n-alkanes analysed under the same conditions. Analysis of gaseous products
from hydrotreating was made using an HP 6890 gas chromatograph equipped with two analytical channels and
FID and TCD detectors. Conditions for chromatographic analysis are listed in the previous work8.

Results and discussions
A mixture of 90 wt% of straight run gas-oil (SRGO) and 10 wt% of light cycle oil (LCO) from fluid catalytic
cracking, which are used for diesel fuel production, was basic raw material for hydrotreating. Group
composition of raw materials is presented in Table I. SRGO had higher amount of saturated hydrocarbons and
monocyclic aromatic hydrocarbons (monoaromatics) than LCO. LCO had higher amounts of bicyclic aromatic
hydrocarbons (diaromatics) and tricyclic aromatic hydrocarbons (triaromatics) than SRGO. Group composition
of the basic raw material (RM-0) was calculated based on the content and group composition of SRGO and LCO.
Hydrotreating of the basic raw material (RM-0) and its mixtures with 5, 10, 15 and 20 wt% of rapeseed oil was
performed under reaction pressure of 4.0 MPa and 8.0 MPa. Content of rapeseed oil in raw material,
hydrotreating pressure, designation of gained products, and liquid products yield are presented in Table II.
Yield of liquid products produced from raw material without rapeseed oil addition was around 99 wt%. Yield of
liquid products decreased with increasing amounts of rapeseed oil in the feedstock due to formation of
byproducts from conversion of rapeseed oil. Slightly higher yield of liquid products was gained at higher
pressure, mainly because of higher extent of hydrogenation.
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Table I
Group composition of raw materials (wt%)
Saturated
Raw material
Monoaromatics
hydrocarbons
SRGO
82
10.0
LCO
15
7.8
RM-0
75
9.8

Diaromatics

Triaromatics

5.3
68.0
11.6

2.0
5.2
2.3

Table II
Content of rapeseed oil in raw material, hydrotreating pressure, designation of gained products, and liquid
products yield
Rapeseed oil
Pressure,
Product
Product
amount, wt%
MPa
designation
yield, wt%
0
SL-40
98.8
5
SL-45
98.3
10
4.0
SL-410
97.5
15
SL-415
97.0
20
SL-420
95.9
0
SL-80
99.9
5
SL-85
99.7
10
8.0
SL-810
97.7
15
SL-815
97.5
20
SL-820
97.0
It can be seen in Figure 1 that peaks of C14, C15 and C16 n-alkanes did not show significant differences. A higher
content of C17 and C18 n-alkanes in SL-420 and SL-820 hydrotreating products comes from conversion of
rapeseed oil. Hydrodecarbonylation and hydrodecarboxylation reactions took place in greater extent than
hydrodeoxygenation ones at both pressures, because a larger amount of C17 n-alkane was formed compared to
C18 n-alkane. When pressure grew, hydrodeoxygenation selectivity increased, according to bigger formation of
C18 n-alkane.
n-C17

Signal

RM-0
SL-820
SL-420

9

n-C14

n-C15

n-C18

n-C16

n-C19

10

11
12
13
Retention time, min
Figure 1. Part of gas chromatogram of RM-0, SL-420 and SL-820 products
Amount of saturated hydrocarbons and monoaromatics in liquid products increased due to hydrotreating of
aromatic hydrocarbons and rapeseed oil in feedstock (Figures 2 and 3). At 4 MPa, amounts of saturated
hydrocarbons increased and amounts of monoaromatics decreased with the increasing amount of rapeseed oil
in raw material. At 8 MPa, bigger amount of saturated hydrocarbons was obtained than at 4 MPa, but their
amount surprisingly did not increase with increasing amount of rapeseed oil in raw material.
Amounts of diaromatics and triaromatics decreased significantly in products of hydrotreating comparing to raw
material (Figures 4 and 5). Diaromatics amount decreased from 11.6 wt% to almost 1 and 3 wt% in products
gained at 8 and 4 MPa pressure, respectively. Triaromatics decreased from 2.3 wt% to 0.1 and 0.3 wt%,
respectively. Neither amount of diaromatics nor amount of triaromatics changed significantly with increasing
amount of rapeseed oil in feedstock.
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Properties of raw materials are presented in Table III. It can be seen from the table that SRGO had lower
density, sulphur content and higher viscosity than LCO. High amount of saturated hydrocarbons in SRGO
(Table I) resulted in its high cetane index. LCO density was higher (Table III) because of higher amount of
aromatic compounds (Table I).
Table III
Properties of raw materials
Density
Viscosity
Raw
at 15 °C
at 40 °C
material
(kg∙m-3)
(mm2∙s-1)
SRGO
0.839
3.66
LCO
0.974
2.60
RM-0
0.847
3.55

Sulphur
content
(wt%)
0.23
0.73
0.28

Cetane
index
57
17
53

Changes in group composition of raw material during hydrotreating led to changes of properties of obtained
products. Density and viscosity of products was lower after hydrotreating (Figures 6 and 7). At higher pressure,
the density decreased more significantly because of higher amount of saturated hydrocarbons in products.
Cetane index increased after hydrotreating of raw material (Figure 8) due to increasing content of saturated
hydrocarbons. It increased with increasing amount of rapeseed oil in raw material as well. Hydrotreated
products were desulphurized to values below EN 590 limit (10 mg∙kg-1) required for diesel fuel (Figure 9). Only
at 8 MPa and 20 wt% of rapeseed oil in raw material, hydrodesulphurization was slightly suppressed.
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Cold filter plugging point (CFPP) of products did not depend on the amount of rapeseed oil in the feedstock and
remained more or less constant (Table IV). In order to improve low temperature properties of products,
commercial depressant was added in different amount. It can be seen from Figure 10 that depressant worked
well only for products obtained from hydrotreating of raw material without rapeseed oil addition gained at
4 MPa pressure. But with rapeseed oil in raw material, effect of depressant on CFPP of products was
eliminated. For products obtained at 8 MPa, activity of depressant was negligible (Figure 11).
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Table IV CFPP of products
Product
SL-40
SL-45
CFPP, °C
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Figure 11. CFPP of products obtained at 8 MPa with adding of depressant
A composition of gaseous products from hydrotreating is presented in Table V (with the exception of product
SL-815). As expected, gases obtained from hydrotreating of feedstock with rapeseed oil contained propane,
carbon oxides and methane. With increasing amount of rapeseed oil in raw material, both CO2 and CO content
increased. The extent of methanation could slightly increase with increased amount of rapeseed oil in raw.
Table V
Composition of gaseous products from hydrotreating (vol%)
Component
SL-40
SL-45
SL-410
SL-415
SL-420
Hydrogen
99.0
97.0
96.3
92.7
82.0
Methane
0.26
0.82
1.08
1.25
1.68
Ethane
0.13
0.16
0.09
0.15
0.24
Propane
0.23
0.98
0.47
2.10
4.80
Butanes
0.16
0.19
0.04
0.16
0.16
CO
0.01
0.41
0.97
1.26
2.37
CO2
0.01
0.27
0.83
2.19
7.14
Others
0.20
0.22
0.15
0.19
0.15

SL-80
98.8
0.35
0.15
0.27
0.19
0.01
0.03
0.24

SL-85
97.2
1.12
0.14
0.85
0.13
0.12
0.12
0.20

SL-810
93.3
2.36
0.24
2.29
0.19
0.41
1.00
0.16

SL-820
85.6
2.75
0.20
3.56
0.16
1.52
4.50
0.15

Conclusions
Total conversion of rapeseed oil into hydrocarbons was achieved. Increasing amount of rapeseed oil in
feedstock slightly reduced liquid yield of hydrotreating due to production of by-products (propane, water, CO
and CO2). Rapeseed oil in feedstock increased content of n-C17 and n-C18 alkanes in liquid products, which
increased their cetane index and decreased density. Hydrodecarboxylation and hydrodecarbonylation reactions
took place in greater extent than hydrodeoxygenation one as bigger amount of n-C17 than n-C18 alkanes was
found in products. All determined properties of the products met the standards for diesel fuel. Addition of
depressant did not affect the CFPP of the products obtained from feedstocks containing rapeseed oil.
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Abstract
Fleshings, the main non-tanned solid waste of the tanning industry, are produced during the fleshing operation,
which is the mechanical removal of subcutaneous fat and connective tissues. Relatively high content of fat and
low (often even negative) price make fleshings a potential feedstock for biodiesel production. However, said
benefit is reduced by the fact that the fleshings must be refined, i.e. it is necessary to remove residual sodium
chloride, water, subcutaneous tissue (protein), and in many cases free fatty acids. The operating costs of the
refining technology must not exceed the price of a traditional material that is vegetable oil. Another
complication is associated with the relatively small production of tannery fats, which considerably extends the
return on investment. To overcome these disadvantages it is necessary to optimize the refining operations and
acquire secondary products of high utility value. The first task is related to using theoretical tools of process
engineering that enable management of each refining process at low operating costs, the second task includes
production of protein hydrolysates obtained from the hydrolytic treatment of subcutaneous tissue and
processing of free fatty acids into commercially interesting products.

Introduction
Tanning operations by which raw hide is transformed into leather give only 20 % of final product; the remaining
80 % consists of solid waste of which 20 % are tannery waste fats, green fleshings (Figure 1) and lime fleshings.

Figure 1. Green fleshings.
The green fleshings are produced during the fleshing operation, which is the mechanical removal of
subcutaneous fat and connective tissues. Calcium and sodium soaps are the components of lime fleshings that
are generated during unhairing of raw hides in a mixture of calcium hydroxide and sodium sulfide. The
dominant share of fat wastes is green fleshings, and therefore our contribution is connected with its using as a
potential feedstock for biodiesel production. Great advantage of fleshings is its low price, often even negative
because its disposal may be charged. However, said benefit is reduced by the fact that the fleshings must be
refined, i.e. it is necessary to remove residual sodium chloride, water, subcutaneous tissue (protein), and in
many cases free fatty acids. The operating costs of the refining technology must not exceed the price of a
traditional material that is vegetable oil. Another complication is associated with the relatively small production
of tannery fats, which considerably extends the return on investment. To overcome these disadvantages it is
necessary to minimize the processing cost of refining operations and acquire secondary refining products with
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high utility value. The first task is related to using theoretical tools of process engineering that enable
management of each refining process at low operating costs, the second task includes production of protein
hydrolysates obtained from the hydrolytic treatment of subcutaneous tissue which may be used in organic
farming; last but not least, free fatty acids are converted through extraction into ammonium soaps, which have
potential use in cosmetics, or they can be transformed into fatty acid N-alkyl amides, which also find
application in cosmetics and in the chemical industry. Typical composition of fleshings is shown in Table I.
Table I
Composition of waste tannery fleshings 1, updated.
Component
Dry matter
Ash content*
NaCl in ash
Total nitrogen*
Acid value*
Saponification value*
* Related to the dry matter

Unit

Content

Determination method

[%]
[%]
[%]
[%]
[mg KOH/g]
[mg KOH/g]

46
6
85
2
16
141

EN ISO 662
ČSN 58 8760
EN ISO 9297
EN ISO 1871
EN ISO 660
ČSN EN ISO 3657

The resulting fat obtained by the refining technology must be in compliance with the requirements for high
conversion of the reesterification reactions and consequently biodiesel meeting the European quality standard
and quality glycerin are produced. The refined fat must be free of water, protein and ash. The content of free
fatty acids expressed as the acid number should not exceed 1 mg KOH/g of sample 2.

The refining operation
Proposed refining technology described in Figure 2 not only satisfies the above stated requirements, but
produces quality protein hydrolyzate, which has currently found commercial application in agriculture as an
organic nitrogen fertilizer and also in the treatment of cultivated plants where it acts as auxiliary plant
preparation with biostimulating effect.

Figure 2. Process flow diagram of the refining operations.
The first operation consists of mechanical removal of free water, which is performed by pressing or
centrifugation. This step is followed by the refining melting during which the residual moisture is removed and
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the protein is separated as a refining residue. The protein fraction, however, still contains a certain proportion
of fat that must be removed prior to the subsequent hydrolysis process; otherwise the resulting gelatin or
liquid protein product would be depreciated/contaminated by formed soaps. Separation of the fat is carried
out by solvent-mediated extraction. On a laboratory scale, we tested dimethyl carbonate (DMC), petroleum
ether and trichloroethylene (TCE).
An advantage of DMC is that it is non-toxic and readily biodegradable. Its main disadvantage is the
flammability. Although TCE is not flammable, it is toxic and also suspected carcinogen. For these reasons, we
recommended for industrial application the DMC. Said solvents differ very little in prices. After defatting the
refining melting residue, collagen protein is washed with pure water in order to get rid of residual salts. Protein
thus prepared is subjected to mild hydrolysis with warm water (50 -70 °C) if the desired final product is gelatin
with a high gel strength (Bloom value) or to enzymatic hydrolysis catalyzed with proteolytic enzyme alcalase. In
the latter case, the resulting hydrolyzate finds application, as stated, in agriculture, in the plastics industry as a
modifier of aminoplasts, and in construction for the regulation of rheological properties of blends or as a
foaming agent in the production of lightweight structural components.
After the refining melting, the fat still contains free fatty acids, which are removed either by physical extraction
with methanol or by chemical extraction with an alkaline methanolic solution. As the alkalis we tested
ammonia, cyclohexylamine, isopropylamine and n-butylamine. Selection of the extraction method and the
alkali depends on the application of either free fatty acids, in the case of physical extraction, or ammonium or
alkyl ammonium soaps or their amides in the case the extraction is performed chemically. From the physical
point of view it is a multiphase extraction of partially miscible components, the detailed quantitative
description of which is described in our publication [3]. The solvent (methanol) is regenerated by distillation.

Optimization
As already mentioned above, other profit of the processing of waste flesings into biodiesel follows from
optimization of the major operating costs by means of the application of theoretical tools of chemical
engineering. Specific optimization is determined by the shape of the objective function, which describes the
relationship of the optimized value on the input parameters including the impact of specific technology,
environmental protection, working environment, economic indicators such as prices of raw materials, auxiliary
agents, technological water, solvents, electricity, heat, salaries, depreciation overhead costs, etc., and finally
parameters reflecting physical-chemical data e.g. the values of diffusion coefficients and other transport
parameters, rate constants, activation energies, partition coefficients and the like. As an illustrative example
we present optimization of washing, in our case desalination of the protein residue after refining melting and
defatting. As a very simple objective function we chose the dependence of major operating costs on the sum of
the costs technological water and electric power conspumption needed to drive the stirrer of the
heterogeneous washing system. We assume the validity of one-dimensional diffusion mechanism describing
non-stationary concentration field during the washing operation 4.

c ( x,τ )

Let us denote by
the concentration of salt at time τ and point x ∈ Ω of the sample. The
concentration in the surrounding liquid at time τ is denoted by c0(τ). The above described system is modeled
by the following system of equations.
Diffusion inside the sample with a constant coefficient of diffusion
equation :

[

]

D > 0 m2 ⋅ s −2 is described by the

∂c
(x,τ ) = D∆c(x,τ ) for x ∈ Ω and τ ∈ (0, ∞ )
∂τ

(1)

The initial concentration is given by:

c(x,0) = c p

for x ∈ Ω

(2)

The concentration on the boundary of the sample is equal to the surrounding concentration multiplied by the
porosity ε of the sample, thus
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c( x,τ ) = εc0 (τ ) for x ∈ ∂Ω

(3)

where ∂ Ω is the boundary of the domain Ω .
The initial concentration in the surrounding liquid is given by:

c0 (0) = c0 p

(4)

The change in the surrounding concentration is proportional to the flux of the substance out of the sample and
the outflow of the salt liquid (and thus the inflow of the fresh liquid). This is modeled by equation:

V0

dc 0
(τ ) + V&c0 (τ ) + D ∫∂Ω ∂c (x,τ )dS = 0
dτ
∂ν

Here

V0 stands for the volume of the surrounding liquid and V& denotes the inflow of the fresh liquid (which is

equal to the outflow of the salt solution). The term

∂c
(x,τ )dS
∂Ω ∂ν

D∫

represents the flux of the substance across the boundary of the sample, where ν stands for the unit outward
normal vector to the boundary ∂Ω. By the Gauss Theorem, this term can be substituted by:

D ∫ ∆c( x,τ )dxτ
Ω

In view of equation (1), equation (5) thus takes the form

V0

dc 0
(τ ) + V&c0 (τ ) + D ∫Ω ∂c (x,τ )dx = 0
dτ
∂τ

(5)

By the solution of partial differential equation (1) together with the boundary conditions (2) - (5) we obtain the
time dependence of the salt concentration (c0) in the washing water. The washing efficiency (y) is defined by
the weight ratio of salt in the washing water and the initial weight of salt in the solid material (protein).

y (τ ) = c0 (τ )

V0
c pVs

(6)

where V0 is the volume of consumed technological water and Vs stands for the volume of washed protein.
The objective function (N) then takes the following form:
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N = K E Pτ + K wV0

(7)

where the first member of the equation represents the cost of electricity consumed during the time (τ) at a unit
price of electricity (KE) (CZK/kWh) and the power of the stirrer electric motor P (kW), the second member
represents the cost of consumed water at its unit price Kw (CZK/m3). For the selected efficiency (y), the water
consumption (V0) is implicitly associated with equation (6) and the solution of partial differential equation (1).
The calculation proceeds in the way that for the selected efficiency (y) we change the consumption of washing
water (V0) and calculate the dependence of the washing efficiency on time. From the intersections of the
selected efficiency with time-dependence of efficiencies at specific water consumption the specific times
necessary for achievement of desired efficiency are obtained and consequently these points form the objective
function. The entire process is better illustrated in the following Figure 3.

Figure 3. Principle of washing operation optimization.

Discussion and result analysis
The minimum depends on economic, technological and physical parameters. The economic parameters are
costs of technological water and electricity. The term technological water means water treated by the addition
of a surfactant, which ensures complete wetting of the washed solid material. The technological parameters
include volume of the processed by solid-phase and the power of the stirrer electric motor. Finally, the physical
parameters are represented by the effective diffusion coefficient, porosity and the equivalent thickness of the
solid phase. The values of said parameters used for optimization are summarized in Table II.
The costs related to the technological water consumption shows to be the decisive factor, as can be seen in
Figure 4. The figure compares optimization of the washing operation at current prices of electricity and water
("High prices") with the prices valid in the 80s of the last century (“Low prices”). When the prices are low, the
economic minimum is non-distinctive and the overall costs of the washing operation are very little affected by
the consumption of washing water. By contrast, in the present, when water conservation is an important issue
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reflected by its high price, the economic minimum is sharp and therefore it is advisable to focus on the washing
process optimization, and not only in this case.
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Figure 4. Washing operation optimization.
Table II
Input data.
Parameter

Value

Unit

Parameter

Value

Unit

ε

0.5

[1]

Kw

80/2

[Kč/m3]

V

5

[m3]

P

10

[kW]

D

10-9

[m2/s]

2b

5

[mm]

KE

6/0.6

[Kč/kWh]

y

80

[%]
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Abstract
In the global drive of greenhouse gas mitigation, tropical regions have recently focused on biomass utilization
objected to biofuels diversification. Agricultural residues (rice husks and straws, coconut, olive, coffee husks,
cassava, sugarcane bagasse etc.) may provide the bio-energy for thermo-chemical conversion systems. In this
study, the physio-chemical properties of rice husks and sugarcane bagasse was comparatively analysed in order
to evaluate their ash melting behaviour. Samples were considered as solid biofuels with significant calorific
value (17-19 MJ/kg), common characteristics (moisture, ash and volatile contents), and similar compositions
(low Ca, S and high Si contents). Ash softening and fusion processes were determined by optical standard labscale testing method with heat generated continuously at constant rates. Different sets of ashes were
conditioned (maintained constantly at 550±10 oC for 120 min and at 850±10 oC for 240 min) then
simultaneously analysed. Recorded values showed a remarkable difference in ash characteristic changes and
melting tendency. Rice husks specimens showed first signs of deformation at temperature approximately
15000C, whereas test pieces from sugarcane bagasse changed characteristic in expanding volume and
presented bursting of internal gas bubbles. The observed phenomena can be explained by the decomposition
of major ash-forming elements, by further oxidation (to higher oxidation states) and partial losses of volatile
inorganic compounds. Further specific determination of elemental composition of ashes, as the bi-products
contributing to slag formation and corrosion in the biomass-based equipment, is recommended to avoid
technical and economic consequences.

Introduction
In the recent global context, there is a growing interest in biomass utilization targeted to bio-energy
production, gradually replacing conventional energy sources. Among the agricultural residues, rice husks and
sugarcane bagasse are important biomass sources for heat and electricity generation due to their commodity
vary widely in the in the tropical regions. For centuries, large amount of rice husks and straws have been main
field based residues of rice production, while sugarcane has always been one of the largest and most
traditional plantation crops in tropical countries.
Previous studies1-7 have summarized that the proportion of rice husks and straws to rice is approximately one
and moisture content is 10-12%. The availability of rice husks supply depends on the rice production,
harvesting episode, proportion in a paddy and bio-energy use schedule. The total quantity of rice husks in
Vietnam, one of the world leading countries in rice production, was estimated at 7.5 million tons per year (t/y)
in 2011, of which 52.5% was generated during the winter-spring season. Sugarcane bagasse or simply bagasse
is the primary residue from the industrial processing of juce extracted from sugarcane stalk8. This type of
biomass has a fibrous structure consisting of cellulose, hemicellulose and lignin - as any natural plant fiber9-10. It
has been highlighted as tropical biomass resource, corresponding to the world annual production is
approximately 700 million tonnes.
The popular use of solid biofuel is direct combustion for heat, which is the most common technical option with
low efficiency. In practice, each household uses various fuels in combination not just one type, in which only
7% of households use rice husks as a bio-energy. Part of bagasse is used as fertilizer in sugarcane plantations
and domestic fuel because of the high moisture content in raw bagasse. However, after pre-drying, sugar cane
bagasse can be effectively burned with relatively low environmental impacts similar to those from the rice husk
combustion11-14.
Therefore, the thermo-chemical conversion of rice husks and sugarcane bagasse is an option to advance the
eco-friendly and efficient production of heat and power, as well as the generation of valuable products for the
chemical industry based on renewable carbon sources. A large number of research works, pre-feasibility
studies and pilot projects were carried out to install power plants in the Mekong river delta15-18. The co-firing of
rice husks with sugarcane bagasse in the combustion systems can be an innovative option with the aim of
achieving more effective utilization. As the first relevant issue for all types of thermo-chemical conversion
technologies, the physio-chemical characterization of rice husks and sugarcane bagasse must be carried out in
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order to know the relevant elemental composition and to evaluate their ash fusion. The obtained values define
the behavior of the fuel during thermal conversion such as pyrolysis, gasification and combustion stages, and
thus support the proper design and operation setting19-20.

Fuel analysis
The nature and efficiency of any thermo-chemical conversion process depends strongly on fuel properties, and
hence influences the end-use applications. In practice, the whole process of biomass utilization including
material supply, fuel analysis, application design, system testing, gaseous emissions, etc., depends on the
physical characteristics and chemical compositions. The medium and large scale systems are suitable to
combust low-quality fuel, while the smaller combustion plant demands higher quality fuel concerning mainly
the homogeneity. The qualities of biomass pellets vary widely, influenced mainly on the pre-treatment
technologies applied. Figure 1 shows 8-mm diameter pellets with moisture content between 8-10% (ÖNORM
CEN/TS 14774-2) Pelletizing is always the first step to reduce the bulky volume of raw materials and increase
the energy density. Physical parameters are particle dimensions, bulk and energy density, gross and net
calorific value and moisture content. Depending on the fuel preparation process, the particle size distribution is
normally homogeneous, appropriate for small-scale fuel-feeding system and combustion units.

Figure 1. Available sample size of 8-mm for rice husks (left) and sugarcane bagasse (right) pellets
Table 1 comparatively summarizes important values of the investigated fuels. Recorded calorific values
(ÖNORM CEN/TS 14918) approximately 16 MJ/kg for rice husks and 18-19 MJ/kg for sugarcane bagasse
indicate a potential heat release and the influence the process control during combustion, gasification and
pyrolysis. Pellets moisture content specifies a considerable influence in the combustion behaviour; the volume
of flue gas produced and average residence drying time before gasification or combustion takes place.
Concerning the moisture content both fuels show about 7 % which is a favorable value for thermal conversion.
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Table I
Comparative physic-chemical properties of solid biofuel (db: dry basis)
Content / value
Unit
Rice husks
C
w%db
43.16
H
w%db
5.18
0.47
N
w%db
S
w%db
0.06
0.09
Cl
w%db
moisture
w%
7.44
ash
w%db
14.99
68.5
volatile
w%db
higher heating value
kJ/kgdb
16929
15791
lower heating value
kJ/kgdb

Sugarcane bagasse
47.74
5.81
0.4
0.005
0.06
7.39
8.22
83.67
19137
17861

Carbon and hydrogen, which are the main components of solid biofuel, explain the lower calorific value of rice
husks, in comparison to sugarcane bagasse. High amount of volatile matter in the investigated fuels (ÖNORM
CEN/TS 15148) indicates major part of this fuel is vaporized before homogeneous gas phase combustion
reactions take place. The amount of volatile matter strongly influences the thermal decomposition and
combustion behavior. Nitrogen oxides, HCl, Cl2, alkali chlorides formation, gaseous compounds of SO2, SO3 and
alkali sulphates released during the combustion process are important not only for emission control but also in
corrosion processes. Emission and environmental issues will be acceptable with the concentration of nitrogen
(ÖNORM CEN/TS 15104) shown in Tab. 1, and even low for chlorine and sulphur (ÖNORM CEN/TS 15289) found
in the rice husks and sugarcane bagasse.

Ash content and composition
The thermo-chemical conversion technologies involve a number of physical and chemical aspects of high
complexity. Particularly, ash transformation during combustion of biomass is a very complex phenomenon,
which can exhibit many different scenarios21. The ash content value indicates a considerable influence on the
technology applied, de-ashing process, transport, storage, utilization and disposal of the produced ash. Each
sample of rice husks and sugarcane bagasse was analysed at least twice at the standard conditions at 550 oC for
120 mins (specified in CEN/TS 14775) and the average value of the ash content is presented in mass percentage
referring to the dry sample. The high value usually lead to higher amounts of solid residues as well as
particulate matter emission, as an influence on the heat exchanger design, cleaning system and dust control
technology.
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Figure 2. Ashing and conditioning of test portions for ash melting investigations
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Ash softening and fusion processes were determined by optical standard lab-scale testing method according to
DIN 51730. Different sets of ashes were conditioned (maintained constantly at 550±10 oC for 120 min and at
850±10 oC for 240 min) as shown in Fig. 2. Test pieces were pressed to the small geometric bodies while heat
was generated continuously at the constant rates, then the changes in shapes were simultaneously recorded.
Beside the standard analyses methods of biofuels, the X-ray spectrometry on samples of conditioned ashes was
applied for major and minor element analyses. High concentration of major cations and ash-forming elements
especially Si, Ca, Mg, K, Na and P were determined (according to ÖNORM CEN/TS 15290 and ÖNORM CEN/TS
15297). Figure 3 shows the similar alkali contents between rice husks and sugarcane bagasse, while the
obtained Si value was relatively high.
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Figure 3. Elemental compositions in the ash of the tested specimens

Ash melting behavior
Figures 4 & 5 show remarkable changes in ash characteristic and melting tendency between tested materials.
In these figures, the change of the area of the specimens which is observed in the heating microscope is shown.
The area at the beginning of the ash melting test is 1 (100 %) and the relative change can be seen. The
observed shrinking of the specimen at 10000C with both biofuels can be explained by the decomposition of
compounds of major ash-forming elements (Fe, Mn, Ca, K, Cl, S, P, Al, Mg, Na and especially Si), by further
oxidation (to higher oxidation states) and partial losses of volatile inorganic compounds. This phenomena
practically recovered in the fly ash, and the decomposition of carbonates forming CO2 mainly be released with
other gaseous compound in the flue gas.
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Figure 4. Observed difference in ash melting tendency, samples conditioned at 5500C
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Figure 5. Observed difference in ash melting tendency, samples conditioned at 850 oC
Rice husks specimens showed first signs of deformation at a temperature approximately 15000C which is much
higher than the critical values for the classic combustion or gasification processes especially in a fluidized bed,
whereas test pieces from sugarcane bagasse changed characteristic in expanding volume at temperature above
12000C and presented bursting of internal gas bubbles. The low alkali content is responsible for the high ash
softening temperature, which in practical avoids slagging, the agglomeration of bed materials, minimize the risk
of breakdown of a fluidized bed system.

Conclusions
The paper provides a comprehensive evaluation in nature, physio-chemical property, fuel characteristic, ash
composition and transformation phenomena of rice husks and sugarcane bagasse. As a common source of
biomass in the tropics, they can be qualified as suitable solid biofuels for energetic use. Significant calorific
values provide a potential heat release for industries, utilities, communities and households if appropriate
thermal conversion plants applied. Both types of fuels showed high ash softening temperature, which is the
advantage to avoid the technical issues such as slugging, agglomeration or corrosion in thermo-chemical
conversion systems. However, specific elemental determination in the compositions of ashes is further
recommended to avoid consequences related to slag formation and corrosion in the equipment.
Comparative analysed results outlined an extensive principal baseline for further empirical investigation, cofiring of rice husks and sugarcane bagasse, innovative combustion technology, better efficiency performance.
The shift to modern application using these biofuels should be performed corresponding to emission
characteristic of solid and gaseous pollutants. Highlighting the benefits of greenhouse gas (GHG) reduction, rice
husks and sugarcane bagasse can be a technically efficient, economically viable, and environmentally
sustainable option, partly replacing conventional fuels.
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Abstract
Gasification in supercritical water is affected by a large number of parameters including reaction temperature,
concentration of feedstock, residence time or the chain lengths of feedstock materials. For a rational design of
SCWG, comprehensive understanding of the effects of these parameters is necessary. Gasification of pure
methanol, ethanol, iso-propanol, butanol and glucose as model compounds in supercritical water was
investigated. Continuous experiments were carried out in the temperature range of 600 to 850°C, at residence
times between 16 and 36 seconds, and feed concentrations of 5-30 wt%. All experiments were carried out at
the pressure of 24-28 MPa. Experimental set-up used in the experiments consisted of a Gilson HPLC (high
performance liquid chromatography) pump, tubular reactor with the volume of 69ml, high pressure valve,
separator and a gas chromatograph Agilent. Thermal profile of the reactor was measured by a thermocouple at
specific distances. An increase in the gasification and hydrogen efficiency with the increasing temperature was
observed. The yield of hydrogen also increased with the increasing temperature but it decreased with the
increasing chain length. On the other hand, the yield of methane increased with the increasing temperature
and chain length of alcohols. Yields of H2 and CH4 increased with the increasing residence time but the CO yield
tends to decrease with the increasing residence time.

Introduction
Sustainable development requires not only the reduction of greenhouse gas emissions produced by human
activities but also looking for new alternative resources for the production of materials (for instance
hydrocarbons, carbohydrates, etc.). Waste biomass from forest and agricultural industries (further waste
biomass) belongs to renewable energy sources since its utilisation leads to a carbon circle closure in the nature
(carbon dioxide emissions are absorbed by newly grown biomass) and enables the production of hydrogen and
hydrocarbons which can be considered as raw materials for further treatment and the production of chemical
substances 1,2 .
One of the potentially interesting processes for the production of clean process gas with very low content of
tars is the supercritical water gasification (SCWG)3,4 of relatively wet biomass/waste streams (70-95 wt.% of
water). At temperatures and pressures above the critical point of water (Tc = 373.95 °C, Pc = 220.64 bar), no
distinction between the gas and liquid phase was observed. Also, the behaviour of water changes considerably
under these supercritical conditions, and it is even consumed as a reactant5,6. Gasification in hot compressed
water converts wet biomass/waste streams into medium calorific gas, rich in either hydrogen or methane. The
clean process gas production can then be realised by the integration of SCWG of biomass/waste and the
methanation/gas conditioning in one process. This concept is especially interesting for the transition to a
renewable fuel-based economy using the existing natural gas infrastructure7.
Hydrogen is a clean fuel as its combustion results in water, which makes it attractive compared to other
gaseous fuels. Hydrogen is not readily available in nature and is generated by reforming of natural gas.
Exploiting lignocellulosic biomass could be a suitable option to H2 production by gasiﬁcation technologies8.
Compared to thermochemical gasiﬁcation that consumes large amounts of energy for biomass conversion,
supercritical water (or hydrothermal) gasiﬁcation is relatively energy-efﬁcient with no additional requirement
of biomass drying. Lignocellulose biomass components can break down into simple molecules during
supercritical water gasiﬁcation (SCWG) to produce synthesis gas or syngas9. Syngas (H2 + CO) is the main
product of SCWG of biomass and it can be used as a clean fuel or in the production of diesel fuel via gas-toliquid (GTL) technologies such as the Fishere-Tropsch catalysis or syngas fermentation7.
Supercritical water gasification of biomass and biological residues is a rather novel process. Several research
laboratories including the University of Twente in the Netherlands, Energy Research Centre in the Netherlands,
Pacifica Northwest National Laboratory in USA, Dalhousie University in Canada, University of Hawaii in USA,
Forschungszentrum Karlsruhe in Germany, De L‘Aquila University in Italy, Selcuk University in Turkey, State Key
Laboratory of Multiphase Flow in Power Engineering in China and the Advanced Institute of Science and
Technology in Korea are involved in this field12. Significant R&D work will be required prior to the
implementation and commercialisation of the process. Commercial application of SCWG is still not fully
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available. The pilot plant for agricultural matter exploitation, VERENA13, is one of the largest SCWG in operation
with the capacity of 100 kg/h, capable of operating up to 28 MPa and 660°C.
Gasification in supercritical water is affected by a large number of parameters including reaction temperature,
feedstock concentration, pressure, catalyst etc. For its rational design, comprehensive understanding of the
effects of these parameters is required. The objective of this work was therefore to contribute to the
understanding of the effects of these parameters on the gasification efficiency, gas composition and gas yields.
Alcohols are the most frequently observed intermediate products of hydrothermal gasification of different
organic compounds; therefore, methanol, ethanol, iso-propanol and butanol were chosen as the model
compound for systematic study.

Experiments
Experiments were carried out in a tubular reactor having the volume of 29 ml. The experimental set-up
consisted of a Gilson HPLC (high performance liquid chromatography) pump, high pressure valve, separator and
an on-line gas chromatograph Agilent with FID and TCD detectors. Thermal profile of the reactor was measured
by a thermocouple at specific distances.
Gasification of high purity methanol, ethanol, iso-propanol, butanol and glucose as the model compounds in
supercritical water was investigated. Continuous experiments were carried out at the temperatures ranging
between 600 and 850°C, residence times of 20±2 s, and feed concentrations of 5-40 wt%. All experiments were
carried out at the pressure of 24-28 MPa.

Terms and definitions
Gasification efficiency (CE) or carbon to gas conversion is defined as the degree of conversion of carbon in the
feed to that in the carbon containing gases by equation:

∑n

c ,i

CE =

i gas

nc, feed

×100

(1)

Hydrogen gasification efficiency is defined as the degree of the conversion of hydrogen in the feed to that in
the hydrogen containing gases by equation:

∑n

H ,i

HE =

i gas

nH , feed

×100

(2)

where nc,feed and nH,feed are the number of moles of carbon and hydrogen in the feed and nc,i and nH,i are the
number of moles of carbon and hydrogen atoms in product gas (i=H2, CO2, CO, CH4, C2H6).

Process chemistry
Supercritical water organics interactions are characterised by a gradually changing involvement of water with
the temperature. With the temperature increasing to 600°C, water becomes a strong oxidant and results in
complete disintegration of the substrate structure due to the transfer of oxygen from water to the carbon
atoms of the substrate. Due to the high density, carbon is preferentially oxidised into CO2 but also a small
amount of CO is formed. Hydrogen atoms of water and of the substrate are set free and form H2. A typical
overall chemical reaction for biomass gasification to hydrogen can be written as10:
CxHyOz + aH2O → αCO + βH2 + χCO2 + δH2O + εCH4 + ηCiHjOk

(3)

By-products CiHjOk are low molecular weight organic compounds, polymerised products, higher hydrocarbons
or elemental carbon. Together with this overall reaction, the following gas phase reactions may occur,
depending on the process conditions11:
Water – gas shift:
Methanation:

CO + H2O ↔ CO2 + H2
CO + 3H2 ↔ CH4 + H2O

Boudourd reaction:
CH4 cracking:
CO coking:

2CO ↔ CO2 + C(s)
CH< ↔ C(s) + 2H2
CO + H2 ↔ C(s) + 2H2O

CO?

4 H? ↔ CH<

2H? O

(4)
(5)
(6)
(7)
(8)
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Results and discussion
Reaction temperature is the most important parameter that influences the performance of SCWG. It is shown
in Figs. 1a, b that temperature has a significant effect on alcohols gasification in SCW. With the increasing
temperature, GE and HE increase sharply.
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Figure 1a. Effect of temperature on the gasification
efficiency (CE) for compounds with different chain
length.

Figure 1b. Effect of temperature on the hydrogen
gasification efficiency (HE) for compounds with
different chain length.

It is evident from Fig. 1a that the gasification efficiency increases with the increasing chain length of alcohols.
The hydrogen gasification efficiency can be higher than 100% due to the participation of water in the reaction –
see Fig. 1b. Effects of temperature on the hydrogen and methane yields for alcohols with different chain length
are shown in Figs. 2a and b, respectively. From Fig 2a follows that the hydrogen yield increases with the
temperature and decreases with the increasing chain length of alcohols. On the other hand, from Fig 2b it is
evident that the yield of methane increases with the temperature and also with the chain lengths of alcohols.
Increasing temperature and decreasing chain length were found to enhance the H2 yields from SCWG of
alcohols in a tubular reactor.
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Figure 2a. Effect of temperature on the hydrogen
yield for alcohols with different chain length (10 wt%
of alcohols).

Figure 2b. Effect of temperature on the methane yield
for alcohols with different chain length (10 wt% of
alcohols).

Dependences of product dry gas composition on the temperature for SCWG of methanol, ethanol and isopropanol are shown in Figs. 3a, b and c, respectively. The highest percentage of hydrogen in the gas mixture
(72 mol%) was observed when methanol was used as the feedstock. Hydrogen concentration decreased with
the increasing chain length and, as mentioned above, methane concentration increased with the increasing
chain length of the feedstock. From Fig. 3 it follows that the dry composition of CO and CO2 has similar trends
where the concentration of CO decreases and that of CO2 increases with the temperature above 660°C due to
the WGS reaction. Furthermore it was observed that the sum of CO and CO2 concentrations is almost constant.
For SCWG of ethanol and iso-propanol, C2H6, C2H4 and C3H8 were found in the product gas. Formation of these
species is greatly affected by the temperature. It was observed that C2H4 and C3H8 are formed favourably below
660°C. Over this temperature, only C2H6 was observed due to the hydrogenation reaction.
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Figure 3c. Effect of temperature on the dry gas composition for iso-propanol (10 wt%).
Dry gas composition for different chain lengths at 775°C is depicted in Fig. 4. It should be noted that C4 is
butanol and C6 is glucose and the gasification efficiency was over 95%. From the figure it is evident that the H2
concentration decreased with the increasing chain length up to the chain length of iso-propanol and then it
oscillates. However, the concentration of methane increased up to the chain length of iso-propanol and then it
slightly decreased. The concentration of CO2 continually increased with the increasing chain length.
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Figure 5. Effect of temperature on the gasification
and hydrogen efficiency for different concentrations
of ethanol.

The concentration of alcohol in the feedstock has a significant effect on SCWG, which can be seen in Fig. 5,
where the effect of temperature on the gasification and hydrogen efficiency for different concentrations of
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ethanol is presented. It is clear that the gasification and hydrogen efficiency is lower at higher ethanol
concentrations in the feed. The molar percentage of hydrogen decreases with the increasing alcohol
concentration in the total product dry gas (Fig. 6a), which can be explained by the decreasing rate of the water
gas shift reaction due to the decreasing concentration of water. On the other hand, from Fig. 6b follows that
the fraction of methane increases with the increasing feed alcohol concentration due to the increase of the
methanation rate.
It should be noted that the formation of char was observed for ethanol and iso-propanol, mainly at low
temperatures (mainly in the preheating part of the reactor) and at higher feed concentrations. The formation
of char decreases with the decreasing feed concentration of ethanol or iso-propanol and with the increasing
temperature.
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Figure 6a. Effect of alcohols concentration on the
hydrogen concentration (T=705°C).

Figure 6b. Effect of alcohols concentration on the
methane concentration (T=705°C).

The reactor residence time is defined here as the reactor volume divided by the volumetric flow rate of water
at the reactor temperature and pressure. Fig. 7a displays the effect of residence time increase on the
gasification and hydrogen efficiency for the ethanol concentration of 10 wt% at 700°C. The figure shows that CE
and HE increase with the increasing residence time. The results are in good agreement with the generally
accepted knowledge that longer residence time is favourable for biomass gasification. From Fig. 7b it is evident
that the H2 and CH4 yields increase as the residence time increases from 16 to 36 s. At the same time, the CO
yield decreases with the increasing residence time.
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Figure 7a. Effect of increasing residence time on the
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Figure 7b. Effect of increasing residence time on the
yield of compounds for the ethanol concentration of
10 wt% at 700°C.

Conclusion
Influence of the reaction temperature, concentration of feedstock, residence time and the chain length of
feedstock materials on the gasification behaviour in supercritical water was investigated. Gasification of pure
methanol, ethanol, iso-propanol, butanol and glucose as the model compounds in supercritical water was
investigated. It was observed that temperature has dominant effect on the alcohols gasification in SCW. With
the increasing temperature, gasification and hydrogen efficiency increased sharply. Also, increasing
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temperature and decreasing chain length were found to enhance the H2 yields from SCWG of alcohols in a
tubular reactor. The methane yield increased with the increasing temperature and chain length of alcohols.
Alcohols conversion and H2 and CH4 yields increased with the increasing residence time. At the same time, the
CO yield decreased with the increasing residence time.
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Abstract
Green diesel is currently produced by hydrotreating of pure bio-oils subsequently followed by
hydroisomerization of n-alkanes to i-alkanes. It is also possible to produce green diesel by hydrotreating of a
blended feedstock that is consisted of rapeseed oil and petroleum fractions typically used for production of
diesel fuel. Rapeseed oil consists of triglycerides that are converted by hydrotreating to n-alkanes, propane,
water, carbon dioxide and carbon monoxide. The aim of this work is to evaluate the effect of partial pressure of
H2S on the catalyst activity and properties of the stabilized products of hydrotreating if the blended feedstock
containing rapeseed oil was used. The blended feedstock was consisted of straight run gas oil, light cycle oil
made by FCC, and rapeseed oil in a mass ratio of 66:17:17. The blended feedstock having sulphur content of
0.33 wt% was added by dimethyl disulphide (DMDS) in order to prepare two other samples for hydrotreating
having sulphur content of 0.67 wt% and 1.01 wt%. Hydrotreating was carried out at temperatures of 320°C and
360°C and under a 4.0 MPa pressure. Commercial Co-Mo/Al2O3 + SiO2 hydrotreating catalyst was used. It was
found out that desulphurization efficiency increased with increasing DMDS content although total sulphur of
products also increased with increasing DMDS content The properties of hydrotreating products as aromatics
content, density, viscosity and CFPP were dependent mainly on temperature of hydrotreating.

Introduction
Middle petroleum fractions that are used for diesel fuel production, are obtained by both the atmospheric
distillation of petroleum and cracking processes e.g. FCC. These fractions boil in the range from 170 °C to 360
°C. Qulitative parameters of diesel fuel in Europe Union are described by standard EN 590 which requirements
could not be met without hydrotreating of middle petroleum distillates. Purpose of hydrotreating is to reduce
the content of sulphur, nitrogen and aromatic hydrocarbons which also results in decreasing emissions of SO2
during combustion of diesel fuel. Hydrotreating of middle petroleum distillates also results in better qulitative
parameters, e.g. cetane index and density1.
With increasing consumption of diesel fuel and with regard to EU directions, also biodiesel is being applied
beside petroleum diesel fuel. Biodiesel is defined as methyl esters of fatty acids (FAME). It is possible to use the
pure biodiesel or it can be blended with petroleum diesel. Disadvantage of using biodiesel is its worse oxidation
stability and worse heating value compared with petroleum diesel.
On the other hand, there is also so-called „green diesel“ or „synthetic biodiesel“ which is a product of
hydrotreating of vegtable oils or animal fats and which has better properties than biodiesel or petroleum diesel
in many aspects2-4. Green diesel has higher oxydation stability and cetane numer than biodiesel. Other
advantage of green diesel is posibility to produce it in current hydrotreating units that was originally desingned
for hydrotreating of petroleum fractions. However, different chemical composition of the feedstock must be
considered and the conditions of hydrotreating should be changed if vegtable oils or animal fats are
hydrotreated5.
It is possible to enhance the cold flow properties of product from vegtable oils (or animal fats) hydrotreating by
catalytic hydroizomerizaton of n-alkanes to i- alkanes. Chemical structure of triglycerides is transformed during
catalytic hydrotreating to C15 – C20 alkanes or rather to C17 and C18 ones if rapeseed oil is used as a feedstock.
By-products are propane, light hydrocarbons, carbon monoxide, carbon dioxide and water6,7. Propane can be
used as a component of LPG or as a feedstock in petrochemistry. Carbon oxides and water are able to
negatively affect the activity and lifetime period of catalyst6 due to the competively adsorption to catalyst
surface. Main reactions that take place during hydrotreating of triglycerides are as follows: saturation of
unsaturated acyl chains, cracking of triglycerides to free fatty acids and propane, deoxygenation
hydrodecarbonylation and, hydrodecarboxylation of fatty acids, and reduction of carbon monoxide to
methane3,8.
If petroleum fractions blended with rapeseed oil are hydrorefined, reaction mechanism of hydrotreating will
become more complex because of present of oxygen, sulfur and nitrogen compounds. Hydrotreating of oxygen
compounds can be affected by inhibition effect of sulphur and nitrogen compounds and also by autoinhibition
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effect of other oxygen species that are formed during hydrotreating. Catalyst used for hydrotreating usualy
have highest activity for hydrodesulphurization reactions and slightly lower activity for hydrodenitrogenation
and hydrodeoxygenation reactions9.
The reaction rate is affected by conditions of hydrotreating and by used catalyst10. Hydrotreating of blended
feedstock, that cosists of petroleum fraction and vegtable oils or animal fats, can be done but it is necessary to
consider higher consumption of hydrogen11.
The bifunctional catalysts are used for hydrotreating. The catalyst contains sulfides of cobalt, nickel and
molybdenum that are supported on a carrier in suitable combination, e.g. Co-Mo, Ni-Mo. In order to keep the
catalyst in the sulfidic form, the presence of sulphur compounds is necessary, which means that the specific
level of partial pressure of hydrogen sulphide must be kept to protect the catalyst against oxidation12. On the
other hand, hydrogen sulfide can work against desulfurization reaction thus hydrotreating must be done at a
high hydrogen pressure.
Influence of hydrogen sulfide on hydrotreating of midlle petroleum fraction and rapeseed oil blend was
observed starting at 2 mol% of hydrogen sulfide in the gas phase of the reaction mixture13-15. Even very low
content of rapeseed oil in the feedstock can affect activity of the catalyst, thus harder reaction conditions are
needed to keep the same efficiency of desulfurization compared to the petroleum feedstock. HDS and HDN
activity of the Co-Mo catalyst was rapidly decreased if the content of rapeseed oil in the feedstock reached up
to 15 wt% in contrast to the Ni-Mo catalyst at which no significant decrease of activity was observed. If the
content of rapeseed oil in the feedstock exceeded 15 wt%, then HDS activity of the Ni-Mo catalyst started
decreasing5,16.

Experimental
Materials
Primary hydrotreating feedstock containing 0.33 wt% of sulphur was prepared by blending of petroleum
fractions and rapeseed oil in order to obtain following composition: 66 wt% of straight run gas oil, 17 wt% of
light cycle oil and 17 wt% of rapeseed oil. The primary feedstock was added by dimethyl disulphide to obtain
two other feedstocks having total sulphur content of 0.67 wt% and 1.01 wt%. Feedstocks were marked with
letter „F“ (as the feedstock) and with a number that informs about content of DMDS. All prepared feedstocks
were hydrotreated using commercial Co–Mo catalyst supported on γ-Al2O3 + SiO2. Hydrotreating was carried
out at the temperature of 320 °C and 360 °C, at a pressure of 4.0 MPa, space velocity of 1.0 h-1 and ratio of
hydrogen to feedstock of 240 m3/m3. Hydrotreating was carried out in the tubular continuous reactor having
fixed bed of catalyst and internal diameter 30 mm. Length of catalyst bed was 280 mm. Flow of feedstock and
hydrogen was cocurrent. Particle size of the catalyst was adjusted to 0.25 - 0.42 mm. The 86.7 g of catalyst was
blended in a volume ratio of 1:1 with an inert compound that was silicon carbide of which particle size was also
adjusted to 0.25 - 0.42 mm.
During the hydrotreating process, the liquid products and the gaseous products were collected in order to be
further analysed. The liquid products were collected for 1 hour, and they were subsequently rinsed by flow of
hydrogen in order to force out the dissolved hydrogen sulphide. Collecting of the gaseous products into Tedlar
bags was done twice during the collecting of the liquid products. The collected liquid products were separated
by distillation to IBP of 150 °C. Distillation was done at a pressure of 5 kPa using Fisher HMS 500 apparatus.

Analysis
The gaseous products were analyzed by Hewlett-Packard HP 6890 dual channel gas chromatograph equipped
by flame ionization detector and thermal conductivity detector. Detailed description of analytical column, oven
temperature, detectors and analytical procedure was given in previous study17.
The density at the standard temperature of 15 °C was determined in accordance with EN ISO 12185 using
ANTON PAAR DMA 4000 density meter. Kinematic viscosity was determined in accordance with ASTM D445
using ANTON PAAR SVM 3000 STABINGER viscometer. CFPP was determined in accordance with standard
EN 116 using NORMLAB NL 901 automatic device. Total sulphur and total nitrogen were measered in
accordance with ASTM D 5453 and ASTM D 4629 using Mitsubishi TS 100/TN – 100 analyzer. The content of
aromatic hydrocarbons was determined in accordance with standard EN 12916. Simulated distillation was
carried out in accordance with standard ASTM D 2887 using TRACE GC analyzer equipped by
VARIAN WCOT ULTIMETAL column and flame ionization detector. Detailed description of simulated distillation
was given in previous study18. The content of n-alkanes was determined by GC method using HP 5890 GC
chromatograph equipped by flame ionization detector. Detailed description of analytical column, feed
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technique, column temperature, detector, analytical procedure and standard solution was given in previous
study17.

Results and discusion
In total, six experiments of hydrotreating were carried out. Feedstocks having total sulphur of 0.33 wt%,
0.67 wt% and 1.01 wt% were hydrotreated at temperatures of 320 °C and 360 °C, thus six liquid products were
obtained. The yield of hydrotreating was in the range from 95 wt% to 96 wt%. It is indicative of very low level of
cracking that may also take place. The liquid products were marked with letter „P“ as a product and with two
numbers that are separated by slash. The first number informs about the temperature of hydrotreating and the
second one informs about the content of DMDS in the feedstock, e.g. P 360/1.0 is the product of hydrotreating
done at the temperature of 360 °C and it was obtained from the feedstock containing 1.0 wt% of DMDS. The
liquid products were adjusted by distillation to IBP of 150 °C. The yield of stabilized products was 99 wt%.
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Figure 1. Simulated distillation analysis of (a) F 0 and (b) P 360/0
Simulated distillation of P 360/0 shows no peaks near to 600 °C and as well growing peaks in the range approx.
from 300 °C to 330 °C, compared to the feedstock F0 (Figure 1). It is indicative of total conversion of rapeseed
oil and formation of C17 and C18 n-alkanes.
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Table I
Qualitative parameters of the liquid products
Total
Density

Viscosity

Sample
-3

[kg.m ]

2 -1

[mm .s ]

CFPP
[°C]

sulphur
[mg.kg-1]

HDS
efficiency
[wt%]

F0

871.3

4.94

-4

3300

F0.5

872.1

4.86

-4

6700*

F1.0

873.0

4.78

-4

10100*

P 320/0

844.4

3.46

-6

375

88.9

P 320/0.5

844.1

3.45

-6

481

P 320/1.0

844.6

3.47

-6

P 360/0

843.6

3.37

P 360/0.5

843.5

P 360/1.0

844.0

Total
nitrogen
[mg.kg-1]

HDN
efficiency

n-C17 /
n-C18

[wt%]

143
-

143

-

-

31.6

77.9

0.8

92.8

33.8

76.4

1.0

507

95.0

32.4

77.3

1.0

-10

67

98.0

17.7

87.6

0.8

3.37

-10

101

98.5

21.0

85.3

1.1

3.37

-10

99

99.0

20.1

86.0

1.2

143

*the sulphur content is calculated on the basis of sulphur content in the primary feedstock and the addition of
DMDS
If hydrotreating was done at the temperature of 360°C, then the ratio of n-C17 alkane to n-C18 one grown with
the increasing content of DMDS or rather with partial pressure of hydrogen sulphide (Table I). It means that
reactions forming C17 alkane were more prefered (HDCN, HDCX). If hydrotreating was done at the temperature
of 320 °C, the similar trend was observed but the ratio of n-C17 to n-C18 alkane grew only with the first
increment of DMDS content up to 0.5 wt%. Another increase of DMDS content had no effect on that ratio.
Typical content of n-alkanes in product is given in Table II.
Table II
The content of n-alkanes present in product P 320
n-alkane
content [wt%]

n-alkane

content [wt%]

C14-

3.97

C17

6.17

C15

2.02

C18

7.62

C16

1.82

C19+

4.20

The density of liquid products was only slightly reduced, compared to feedstocks. Values of the density seem to
be independent on both the reaction temperature and partial pressure of hydrogen sulphide (Table I).
Kinematic viscosity of the liquid products was reduced approx. about 30 %, compared to feedstocks. There
were reached slightly lower values of viscosity and CFPP when hydrotreating was done at the temperature of
360 °C. Effect of temperature on CFPP can be caused by higher isomerization of alkane at higher reaction
temperature and thus higher amount of branched hydrocarbons having better CFPP may be present in the
product.
Better HDS efficiency was reached at higher reaction temperature. HDS efficiency grown with increasing partial
pressure of hydrogen sulphide despite the fact that the total sulphur content in products grown too. There are
probably at least two reasons for that. At first, growing HDS efficiency is caused by increasing content of DMDS
which is easily desulfurized. Secondly, some aromatic sulphur compounds, that are hard to be hydrogenated,
e.g. 4,6-dialkyldibenzothiophenes, are also present in feedstocks beside DMDS and they are less hydrogenated
because of presence of DMDS which reacts faster. Hydrogenation of DMDS and aromatic sulphur compounds
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will run as competitive reactions or rather the higher partial pressure of hydrogen sulphide had negative effect
on desulphurization of aromatic sulphur compounds that are hard to be hydrogenated.
Better HDN efficiency was reached at higher reaction temperature. HDN efficiency was slightly reduced with
increasing partial pressure of hydrogen sulphide or higher concentration of sulphur compound in raw material.

35

Aromatics, wt %

30
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di-

poly-

Total

25
20
15
10
5
0

Figure 2. Comparison of mono-, di-,polycyclic and total aromatics
Total content of aromatics in products was slightly reduced compared to raw material (Figure 2). However, the
content of polyaromatics and diaromatics was decreased substantially whereas content of monoaromatics was
increased. Polyaromatics were transformed to diaromatics and diaromatics were transformed to
monoaromatics.
The gaseous product are marked in accordance to the liquid product. Their analysis is listed in Table III.
The very low content of alkanes C2 and C4 to C6 (Table III) is indicative of low cracking activity of catalyst during
hydrotreating. The ratio of CO to CO2 was in the range from 0.4 to 0.6 and it increased with increasing total
sulphur in the feedstock or rather with increasing partial pressure of hydrogen sulphide in the reactor. The
increasing methane content can be caused by presence of DMDS in raw material which reacts with hydrogen to
form methane and hydrogen sulfide.
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Table III
Composition of the gaseous products** [vol% ]
Compound/Sample
P 320/0
P 320/0.5

P 320/1.0

P 360/0

P 360/0.5

CO2

2.93

2.31

1.83

1.81

2.36

H2

89.31

91.32

92.35

93.64

88.73

CO

1.42

1.13

1.04

0.75

1.40

CH4

2.22

2.64

2.63

1.54

2.87

Ethane

0.38

0.26

0.23

0.14

0.49

Propane

3.36

2.17

1.69

1.91

3.43

Butanes

0.10

0.05

0.06

0.03

0.19

C5-C6 alkanes

0.24

0.11

0.13

0.13

0.32

CO/CO2

0.48

0.49

0.57

0.41

0.59

** there are no information about product P 360/1.0 due to the gas leakage from Tedlar bag
In order to calculate the partial pressure of hydrogen sulphide, balance of hydrogen consumption needed for
all reaction was done at first (Table IV). The calculation was based on following conditions: the ratio of
hydrogen to feedstock was 240 m3 to 1 m3 of raw material, pressure of 100 kPa and the temperature of 20 ° C.
For product P360/1.0, amount of hydrogen needed for reduction of CO2 was estimated according to the
composition of the product P320/1.0 and substances having a low content (ethane, C4-C6 hydrocarbons) were
neglected.
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Table IV
Balance of hydrogen consumption [m3]
H2 consumption / Sample
P 320/0

P 320/0.5

P 320/1.0

P 360/0

P 360/0.5

P 360/1.0

TAG*

15.5

15.5

15.5

15.5

15.5

15.5

HDOx

26.5

24.5

24.8

26.4

23.6

22.0

HDC

5.6

6.1

6.0

5.6

6.3

6.7

reduction to CO

0.60

0.57

0.57

0.51

0.67

0.64

reduction to CH4

1.05

0.56

0.00

1.05

0.66

0.1

HDS

1,9

4.1

6.4

2.2

4.4

6.7

HDN

0.17

0.17

0.17

0.19

0.19

0.19

HDA of monoaromatics

0.86

1.55

1.04

3.10

1.73

1.73

HDA of diaromatics

26.7

26.4

26.4

25.6

24.9

25.0

HDA of polyaromatics

4.0

4.0

4.0

4.7

4.5

4.5

Hydrogen inlet

240

240

240

240

240

240

Hydrogen outlet

157

157

155

155

157

157

Total

175

176

176

172

179

178

* hydrogen consumption needed for saturation of double bonds of acyl groups
Hydrogen consumption, that is needed for saturation of double bonds, was calculated based on a mass fraction
of rapeseed oil in the feedstock and on average content of double bonds in acyl group being 1.27.
Hydrogen consumption, that is needed for HDO and HDC reactions, was estimated based on a mass ratio of
rapeseed oil in the feedstock and on signal intensity of the C17 and C18 n-alkanes obtained by simulated
distillation of stabilized products and on reaction stoichiometry of hydrogenation. Amount of hydrogen, that is
needed for CO2 reduction, was calculated based on ratios of CO, CO2 and CH4 obtained by GC analysis of the
gaseous products (Table III). Amount of hydrogen that is needed for HDS, HDN and HDA reactions was
calculated based on reaction stoichiometry, content of suplhur, nitrogen and aromatics in the feedstock and in
the product19.
The second step to calculating partial pressure of hydrogen sulphide was to estimate the content of carbon
oxides, hydrogen sulphide and ammonia in the gaseous products. The composition of the gaseous products,
that was determined by GC analysis, was recalculated to the real content of hydrogen which was estimated in
the first step using the balance of hydrogen consumption and calculation of amount of hydrogen that is needed
for all reactions taking place during hydrotreating. Finally, the volume fraction was calculated for all
predominant compounds of the gaseous products and the partial pressure of hydrogen sulphide was
subsequently determined (Table V). Of course, the partial pressure of hydrogen sulphide grows with increasing
sulphur content in the feedstock.
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Table V
Calculated composition of the gaseous products [vol%]
Compound / Sample
P 320/0
P 320/0.5
P 320/1.0

P 360/0

P 360/0.5

P 360/1.0

H2

90.2

88.7

87.3

90.4

87.8

87.0

CO2

2.2

2.3

2.2

2.3

2.2

2.4

CO

1.0

1.1

1.2

1.0

1.3

1.4

CH4

2.0

2.4

2.5

2.1

2.5

2.7

ethane

0.38

0.25

0.22

0.14

0.48

---

propane

2.3

2.3

2.3

2.4

2.3

2.3

butanes

0.10

0.05

0.06

0.03

0.19

---

C5-C6 alkanes

0.24

0.09

0.12

0.13

0.32

---

NH3

0.10

0.09

0.10

0.11

0.10

0.10

H2S

1.1

2.4

3.6

1.3

2.5

3.7

H2S [kPa]

44

94

145

50

98

150

As can be seen, there are different values given in Table III and Table V. The reason is probably that values
given in Table 3 do not include the content of hydrogen sulphide and ammonia due to the fact that hydrogen
sulphide and ammonia are not detected by GC analysis.

Conclusion
Efficiency of HDS and HND grew with increasing partial pressure of hydrogen sulphide but the HDS efficiency
was caused by presence of DMDS that is easily converted to hydrogen sulphide. C17 and C18 n-alkanes were
predominantly formed as a result of total conversion of rapeseed oil. The ratio of C17 to C18 alkanes grew with
increasing partial pressure of hydrogen sulphide. It means that reaction forming C17 alkanes, i.e.
hydrodecarbonylation and hydrodecarboxylation, are prefered. No significant effects of partial pressure of
hydrogen sulphide on density, viscosity, CFPP and content of aromatics of liquid products were observed.
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Abstract
Various methods are used to simulate the ageing of bituminous binders. The standard procedure for shortterm ageing is RTFOT (EN 13607-1) and the standard procedure for long-term ageing is PAV (according to EN
14769). Besides RTFOT and PAV, alternative methods for ageing were developed. One of these methods is
RCAT (EN 15323) that allows to carry out short-term and long-term ageing and furthermore it enables to
simulate the ageing of bituminous binders with an aggregate. The ageing of bituminous binders causes changes
in their chemical structure. For evaluation of these changes, infrared spectrometry can be used to detect the
increase of polar functional groups in the course of the binder ageing.
The goal of the investigation was (i) comparison the ageing of different bituminous binders by RCAT and
standard methods, (ii) evaluation of the properties of bituminous binders aged by different methods and (iii)
assessment of infrared spectra and evaluation of the chemical changes during ageing.

Introduction
The Rotating Cylinder Ageing Test (RCAT) was developed by the Belgian Road Research Centre (BRRC)1 and it is
standardized in EN 15323. This laboratory method can simulate both the short-term and long-term ageing. For
the RCAT simulation of the short-term ageing the similar conditions as for the conventional RTFOT
(temperature 163°C, air flow 4.5 l/min) are used but the duration of test is longer (4 hours). The long-term
ageing by RCAT is carried out at 100 °C and the duration of test is 140 hours, giving the similar results as from
the conventional test PAV. The main advantage of the RCAT is the fact that only one apparatus is used
eliminating unnecessary handling and heating operations associated with the conventional ageing methods2.
Moreover, compared with the standard ageing methods higher amount of the aged binder is obtained for
subsequent testing. Another advantage of this method is the possibility of ageing the mixture of binder and
aggregate together. However, the duration of the test, the cost and lack of laboratories with RCAT instrument
represent the main disadvantage.
The infrared spectra and rheological properties of asphalt binders were evaluated with Fourier transform
infrared (FT-IR) spectroscopy and dynamic shear rheometer (DSR). The FT-IR is based on the principle that the
rotation (oscillation) of molecules at specific frequencies will affect the absorbance of infrared spectra. Infrared
spectrometry can be used to detect some of the functional groups, especially sulfoxide (at the wavenumber
1030 cm-1) and carbonyl (at the wavenumber 1700 cm-1) 3, 4. This method can be used also to determine double
bonds indicating the presence of polymer modifier 5.
This study presents the comparison of the properties of aged binders by the RCAT method with standard tests
(RTFOT and PAV) and changes in the composition which were evaluated by infrared spectrometry.

Materials and methods
Materials
Two semi-blown bituminous binders of grade 50/70 that were prepared by laboratory semi-blowing of primary
vacuum residues were used in this study. The basic properties of the binders are in table I.
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Table I
Basic properties of tested binders
Sample 1

Sample 2

Softening point (°C)

49.2

49.9

Penetration at 25 °C

57

62

4640

3380

Softening point increase (°C)

5.1

7.5

Retained penetration (%)

66.1

61.6

Dynamic viscosity ageing index at 100 °C

1.66

2.15

Softening point increase (°C)

12.2

18.7

Retained penetration (%)

38.6

32.7

Dynamic viscosity ageing index at 100 °C

3.95

9.05

Dynamic viscosity at 100 °C (mPa.s)
RESISTANCE TO AGEING - RTFOT

RESISTANCE TO AGEING - PAV

Ageing procedures
Ageing of the binders was performed using the RTFOT (EN 12607) as a standard short-term ageing method and
PAV (EN 14769) as a standard long-term ageing method. Simultaneously the same binders were aged by RCAT.
The results of the three ageing procedures were compared with each other for both binders. First step of RCAT
simulated short-term ageing at 163 °C for 4 hours with air flow rate of 4.5 l/min. Afterwards the long-term
ageing was simulated at 100 °C for 140 hours with the air flow rate of 4.5 l/min. During the long-term ageing
procedure, samples were taken after 17 and 65 hours of the long-term RCAT.
Test Methods
Softening point increase: softening point was determined according to EN 1427. The increase of softening point
was calculated according to the equation (1):
S87

87TUVWX T

W

87YX

TZ

(1)

Viscosity index: dynamic viscosity was determined according to EN 13302 using a rotating spindle viscometer.
The principle is measuring of the resistance of the sample against a defined torsional stress at a selected
angular speed. Measurements at different temperatures are important for obtaining the dependence of
viscosity to the temperature for bituminous binder. . Viscosity index was calculated according to the equation
(2):
["\]^\"_` "+a

9L =

b cdYc Ve 9 =fghij fki k
b cdYc Ve 9 =lj k fm

(2)

Complex modulus ageing index: the rheology tests were carried out on dynamic shear rheometer. These tests
were based on the application of oscillating shear stress on the loaded samples at 60 °C, oscillation frequency
0.1 Hz and constant strain amplitude 1 %. Complex modulus ageing index ( ∗ ) show the ageing resistance. ∗
was calculated according to the equation (3):
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Infrared spectrometry: the ageing of bituminous binders causes changes in their chemical structure especially
the presence of characteristic of polar functional groups. FTIR-ATR was used to characterize these changes in
bitumen during RCAT ageing. Characteristic wavenumbers exist for the individual functional groups at which
the absorbance increases of infrared radiation increases and a peak in the spectrogram is detected. Carbonyl
groups form a peak at wavenumber near 1700 cm-1 while sulfoxide groups are detected at the wavenumber
approximately 1030 cm-1.

Results and discussion
In this study the methods RTFOT and RCAT (at 163 °C, 4 hours) were selected for the simulation of short-time
ageing. The methods PAV and RCAT (at 100 °C, 140 hours) were used for simulating of long-term ageing. During
the RCAT ageing the samples after 17 and 65 hours were taken. Figure 1 shows softening point increase and
complex modulus ageing index for the short-term and long-term ageing for standard RTFOT, PAV and RCAT.
The softening point increase and complex modulus ageing index of the binder aged by method RCAT (163 °C, 4
hours) is similar to the softening point increase and complex modulus ageing index of the binder aged by the
standard method RTFOT. On the other hand the softening point increase and complex modulus ageing index is
lower after long-time RCAT compared with PAV method.

Figure 1. Comparison of softening point increase after ageing of bituminous binder by RCAT and standard
methods (RTFOT and PAV)
Figure 2 shows the viscosity index at temperatures between 80 – 150 °C. The RCAT short-term aged binder
gives the same results like RTFOT, practically. But for the long-time ageing there is a difference. At lower
temperatures (80 and 100 °C) the viscosity index is higher after PAV compared with RCAT (100 °C, 140 hours)
while at higher temperatures the viscosity index is very similar after PAV and after RCAT (100 °C, 140 hours).
Sample 1 is more stable compared with sample 2 – the viscosity index for the sample 1 at 80 °C is 4 after RCAT
140 and 6 after RTFOT+PAV while the viscosity index for the sample 2 at 80 °C is 10 after RCAT 140 and 20
after RTFOT+PAV.

4rd International Conference on Chemical Technology | ICCT 2016

[144]

Figure 2. Comparison of viscosity ageing index at different temperatures (80 – 150 °C) after ageing of the binder
by RCAT and standard methods (RTFOT and PAV)
The dependence of softening point and complex modulus on ageing time (results from RCAT, Figure 3) shows
the steep increase of softening point and complex modulus during the first phase of the test when the shortterm ageing was simulated at the temperature 163 °C. After 4 hours the simulation of short-term ageing was
finished and the temperature of the test was reduced to 100 °C to simulate the long-term ageing. During the
long-term ageing both softening point and complex modulus increased almost linearly in time. Sample 2 has
higher increase of complex modulus at given time of ageing compared with the sample 1.

Figure 3. The softening point and complex modulus (60 °C, 0.1 Hz) in the course of long-term ageing by method
RCAT
The spectra for the binder samples that were obtained after different times of ageing by RCAT are in the Figure
4. The remarkable increase of peak height and peak area can be observed with increasing time of ageing at the
characteristic wavenumbers 1030 cm-1 (signal of sulfoxide groups) and 1700 cm-1 (signal of carbonyl groups).
On the other hand the carbonyl groups form peaks with difficult resolution and therefore their evaluation has
lower reliability compared with the peaks for sulfoxide groups and therefore more emphasis should be put on
the results for sulfoxide group. At the characteristic wavenumber 968 cm-1 there are no significant changes
after ageing because the analysed sample does not contain any polymers.

4rd International Conference on Chemical Technology | ICCT 2016

[145]

Figure 4. Spectrograms of the aged binder – Sample 2
The dependency of softening point and the peak area for sulfoxide groups and carbonyl groups on time of
ageing are in figure 5. The course of the dependency of peak area at the wave number 1030 cm-1 (signal of
sulfoxide groups) on the time of ageing is similar to the course of the dependency of the softening point on the
ageing duration while the dependency of the peak are at the wave number 1700 cm-1 (signal for carbonyl
groups) on the ageing time has a different shape but the response is also increasing.

Figure 5. Dependence of increasing functional groups (sulfoxide and carbonyl) to ageing time by RCAT method
Figure 6 shows the dependency of the softening point and complex modulus on the peak area at the
wavenumber 1030 cm-1. The softening point and the complex modulus corresponded to the peak area at 1030
cm-1. The relationship between the content of sulfoxide groups in the binder and their basic and rheological
properties was found. The softening point and complex modulus increase with increasing content of sulfoxide
groups. The dependency for the increase of softening point is linear while for the complex modulus is nonlinear. For the sample B1 the dependency is steeper with a rapid increase of complex modulus approximately
at the peak area of 0.4 cm2.
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Figure 6. Dependence of softening point and complex modulus on the content of sulfoxide groups

Conclusions
Our study shows results of a quite new methodology RCAT that is designed for simulating both short-term and
long-term ageing of bituminous binders. The characterization of the bituminous binders by infrared
spectrometry was done. Based on the results from our study, the following conclusions can be drawn:
•

Results of short-term ageing carried out by RCAT method correspond to the results of RTFOT.

•

Long-term ageing by RCAT method gives lower increase in softening point, lower complex modulus,
and lower viscosity index at lower temperatures (80 °C) compared with standard PAV method.

•

Infrared spectrometry was used to determine content of functional groups, namely carbonyl (at the
wavenumber 1700 cm-1) and sulfoxide (at the wavenumber 1030 cm-1). Sulfoxide groups gave more
significant response compared with carbonyl groups. Therefore the results at wavenumber 1030 cm-1
were used for evaluation of the changes during bitumen ageing.

•

Increasing content of sulfoxide groups is directly connected with hardening of asphalt binder - increase of
softening point and complex modulus. For the less stable of the two analysed bituminous binders it was
observed that at a certain value of the peak area for sulfoxide groups the complex modulus grows rapidly.
This dependence could be applied for carbonyl groups even the peaks increasing is not so distinct.
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Abstract
The article is devoted to a determination of effect of hydrogen to raw material ratio on hydrotreating of middle
distillates and rapeseed oil blends. The composition and properties of stabilized hydrotreating products were
studied, in particular with regard to their use as a component of diesel fuel. The feedstock was a mixture of
93 wt% straight run gas oil and 7 wt% light cycle oil. It was hydrotreated in a laboratory flow reactor on
a Ni-Mo/Al2O3 catalyst under the following reaction conditions: t = 345 °C, p = 4 MPa, WHSV = 1 h-1 and the
ratio of hydrogen to the raw material 240 m3∙m-3. Basic feedstock containing 20 wt% of rapeseed oil was
hydrotreated under the same reaction conditions. Additional hydrotreating experiments with the feedstock
containing rapeseed oil were carried out at hydrogen to feedstock ratio 120, 360, 480 and 600 m3∙m-3. Increase
of hydrogen to feedstock ratio from 120 to 240 m3∙m-3 had a positive influence on desulfurization of the
feedstock and reduction of bicyclic and polycyclic aromatic compounds in stabilized liquid products. Increase of
the ratio up to 360 m3∙m-3 had very small positive influence. Further increase of the ratio did not show
significant impact on the composition and properties of the obtained products.

Introduction
Development of renewable fuels from biological sources is important in terms of reducing of petroleum fuels
consumption, reducing of greenhouse gas emissions and creating jobs in agriculture and downstream
processing industry.
Vegetable oils have in comparison with other types of biomass high energy content. Their advantage is
a possibility of the production from many types of oleaginous plants which can be grown in many countries.
Vegetable oils and biofuels prepared from them have lower CO2 emissions during combustion, because
vegetable oils are formed by photosynthesis, in which the required carbon has been taken from atmosphere in
form of CO2. Therefore, CO2 from combustion of biofuels produced from vegetable oils is not counted to the
total emissions.
Different vegetable oils can be used as a source of triglycerides, mainly palm, rapeseed and soybean oils, great
hopes are placed on jatropha oil. Most vegetable oils contain linear acyl chains with an even number of carbon
atoms. Depending on the kind of the oil, there are saturated and unsaturated acyl groups predominantly with
one and two double bonds. Acyl groups with 18 carbon atoms are typically represented in majority, less acyl
groups have 16 carbon atoms and small amounts of acyl groups have 12, 14, 20, 22 and 24 carbon atoms1.
Common ways to produce components suitable for diesel fuels from vegetable oils and other raw materials
composed primarily of triglycerides (animal fats, waste cooking oil) include:
a) Transesterification with methanol to obtain biodiesel;
b) Hydrotreating process for obtaining synthetic biodiesel, which is often referred to as green diesel or HVO
(Hydrotreated Vegetable Oil).
Biodiesel is a mixture of fatty acid methyl esters, while green diesel is a mixture of hydrocarbons, mostly
heptadecanes and octadecanes. Both types of fuels can be used as a component of mineral diesel fuel, or can
be burned individually in modified diesel engines2.
Green diesel is oxygen-free hydrocarbon source, which has several advantages over biodiesel. Green diesel
consists of compounds with the saturated hydrocarbon chain, which have excellent thermo-oxidative
properties and a high cetane number. Low-temperature properties of green diesel can be improved to the
required level using hydroisomerization3.

Hydrotreating of middle petroleum distillates and vegetable oil
Hydrotreating of vegetable oils may be implemented individually or together in admixture with a petroleum
feedstock. Hydrotreating of mixtures of middle petroleum distillates and raw materials composed primarily of
triglycerides is often performed on Ni-Mo or Co-Mo sulphide catalyst at temperatures between 340-380 °C and
a hydrogen pressure of higher than 3 MPa2,4.
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The first step of hydrotreating of unsaturated triacylglycerides is a hydrogenation of double bonds to form
a saturated triacylglycerides (Figure 1). Following reactions of saturated triglycerides with hydrogen lead to
break the ester bonds to form propane, and carboxylic acids. The resulting carboxylic acids are converted to
alkanes by hydrodecarbonylation (HDCN), hydrodecarboxylation (HDCX) and hydrodeoxygenation (HDO)
(Figure 1). Alkanes with an even number of carbon atoms are formed during hydrodeoxygenation, and water as
a byproduct. The consumption of hydrogen in this reaction is the largest in comparison with HDCN and HDCX.
Alkanes with an odd number of carbon atoms are formed during hydrodecarbonylation, oxygen is removed in
form of H2O and CO, and hydrogen consumption is three times less in comparison with HDO. During
hydrodecarboxylation of carboxylic acids, alkanes with an odd number of carbon atoms are produced too,
oxygen is removed in form of CO2, and hydrogen is not consumed5.
CH2 O CO

C17H33

CH O CO
CH2 O CO

C17H33
C17H31

Hydrogenation
+ 4H2

CH2 O CO

C17H35

CH O CO
CH2 O CO

C17H35
C17H35
+ 9H2

+ 3H2
C3H8

+

3C17H35COOH

+ 3H2

3C18H38 + 6H2O

HDO

3C17H36 + 3H2O + 3CO

HDCN

3C17H36 + 3CO2

HDCX

Figure 1. Main reactions occurring during the hydrotreating of triglycerides
According to some authors, it is not certain whether source of CO is directly hydrodecarbonylation reaction, or
formation through secondary reaction between carbon dioxide from hydrodecarboxylation and hydrogen
(reaction 1). In hydrotreating of triglycerides, other secondary reactions between hydrogen and by-products
containing oxygen, i.e. CO2, CO and H2O (reaction 2- 4), take place5-7.

•

Reverse water gas shift reaction rWGSR

CO2 + 2H2

•

(1)

CO + H2O

Methanation

2CO + 2H2

CH4 + CO2

(2)

CO2 + 4H2

CH4 + 2H2O

(3)

CO + 3H2

CH4 + H2O

(4)

Factors affecting hydrotreating of petroleum distillates and vegetable oil blends
Yield and quality of hydrotreating products of middle petroleum distillates and vegetable oil blends are mainly
influenced by reaction temperature, pressure and a catalyst. Complete conversion of triglycerides to
hydrocarbons occurs in flow reactors already at a reaction temperature of 320 ° C. This temperature is usually
insufficient for desulfurization of petroleum distillate to a sulphur content below 10 mg∙kg-1. Depending on
catalyst activity, temperature from 340 to 360 °C, which is sufficient for desulfurization of the petroleum
feedstock, must be applied. At higher temperatures, hydrocracking reactions increasingly take place. As a
consequence, reduced diesel oil yield and increased gasoline yield are obtained. For this reason, too high
temperatures and strongly acidic catalysts are not preferred, except cases when gasoline or jet fuel are desired
products8,9.
The most common catalysts used in hydrotreating are Ni-Mo or Co-Mo in sulphidic form, which are applied on
gama Al2O3 surface. Hydrotreating of petroleum distillates and vegetable oils take place at the same active sites
of the catalyst. Competitive adsorption of byproducts from triglyceride hydrotreating, i.e. H2O, CO and CO2, can
reduce the adsorption and thus the conversion of sulphur and nitrogen compounds contained in petroleum
distillate. Egeberg10 found, that desulfurization activity of Co-Mo catalyst decreases after adding rapeseed oil to
a petroleum feedstock, apart from activity of Ni-Mo catalyst which desulfurization activity after adding
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rapeseed oil to a petroleum feedstock was practically unchanged. Ni-Mo catalysts that have greater
hydrogenation activity also support the conversion of carbon monoxide to methane.
Basically, high partial pressure of hydrogen supports hydrogenation, hydrodesulphurization and
hydrodenitrogenation. Large hydrogen excess along with its high pressure minimizes coke formation, which is
accumulated on a catalyst and deactivates it11. Large excess of hydrogen along with its high pressure also
support methanation, because it shifts equilibrium of reaction (1-4) toward formation of carbon monoxide and
mainly methane.
The objective of this work is to complete literary knowledges about influence of hydrogen to raw material ratio
on properties and composition of products from hydrotreating of middle petroleum distillates and vegetable oil
mixtures.

Experiment
Basic raw material for experiments was a mixture of 93 wt% of straight run gas oil (SRGO) and 7 wt% of light
cycle oil (LCO) from fluid catalytic cracking. It was hydrotreated under temperature of ca 345 °C, 4.0 MPa
pressure, 1.0 h-1 LHSV and 240 m3∙m-3 hydrogen to feedstock ratio. Hydrotreating of aforementioned raw
materials with 20 wt% addition of rapeseed oil was carried out under the same reaction conditions, but with
hydrogen to feedstock ratio ranging from 120 to 600 m3∙m-3.
Hydrotreating of both raw materials was performed in a co-current flow apparatus equipped with tube reactor.
The reactor was filled with a mix (1:1 vol.) of commercial Ni-Mo/gama Al2O3 catalyst with silicon carbide. Size of
catalyst particles was adjusted to 0.25-0.42 mm; size of silicone carbide particles was 0.25-0.30 mm. The
catalyst was activated with a procedure recommended by its manufacturer.
Reaction mixture was cooled in an air cooler after passing through the reactor, then gas and liquid phases were
separated in a high pressure separator. The liquid product was collected at the bottom of the separator and
periodically drained through valves running antiparallel to a collection cylinder. Obtained liquid products were
stripped with hydrogen in the cylinder at a flow rate of 3.6 dm3∙min-1 for 2 hours in order to remove hydrogen
sulphide. Hydrogen sulphide was eliminated by reason of its possible oxidation to elemental sulphur during the
subsequent distillation of liquid products.
Compounds with boiling point under 150 °C were distilled from liquid products. Distillation was carried out on
Fischer distillation apparatus with SPALTROHR HMS 500 column under 5 kPa pressure. Distillation was
terminated when temperature at the column head exceeded 68 °C, which corresponds to 150 °C under
atmospheric pressure.
Group composition of stabilized liquid products was determined by high performance liquid chromatography
with a refractometric detector according to EN 12 916. Amounts of sulphur and nitrogen were determined
according to ASTM D5453 and D4629, respectively, on a Mitsubishi TOX-100 analyser.
Density was measured on the densitometer DMA 4000, Anton Paar Company. Viscosity was measured using
SVM 3000 from Anton Paar. The measurement results are equivalent to ISO 3104 or ASTM D445, respectively.
Completeness of RO conversion into hydrocarbons was checked by simulated distillation of liquid products
using TRACE 2000 gas chromatograph. Parameters of the simulated distillation are listed in a previous paper12.
Content of n-alkanes was determined using HP 5890 gas chromatograph equipped with flame ionization
detector (GC-FID). Identification of n-alkanes was performed by comparing their retention times with retention
times of n-alkanes presented in a standard mixture of C7-C30 n-alkanes, which was analysed under the same
conditions. Content of each n-alkane was calculated as a relative ratio of a respective n-alkane area to a total
area of a product.
Calculation of cetane index was performed using data from simulated distillation, which were converted to
distillation curve according to ISO 3405. This conversion was provided according to ASTM D2887. Parameters of
the simulated distillation are shown in previous paper12.

Results and discussion
Hydrotreating of the basic petroleum feedstock (BPF), which contained 93 wt% of straight run gas oil (SRGO)
and 7 wt% of light cycle oil (LCO) from fluid catalytic cracking, was performed. Properties of the raw materials
are shown in Table I. It is apparent from the Table that LCO has a high density and a very small cetane index, as
a result of a large content of diaromatic compounds (Table II). LCO also has higher sulphur and nitrogen
content than SRGO.
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Table I
Properties of the feedstocks
Density,
Property
g∙cm-3
SRGO
0.839
LCO
0.984
BPF
0.847

Viscosity,
mm2∙s-1
3.44
3.07
3.36

S content,
wt%
0.25
0.93
0.30

Table II
Feedstock group composition in wt%
Saturated
Monoaromatic
Feedstock
compounds
compounds
SRGO
82.4
11.5
LCO
25.4
11.4
BPF
78.5
11.4

N content,
mg∙kg-1
88
598
124

Diaromatic
compounds
5.5
53.2
8.9

Cetane
index
56
15
53

Polyaromatic
compounds
0.6
9.9
1.1

The second raw material for hydrotreating was a mix of 80 wt% the basic petroleum feedstock and 20 wt%
refined rapeseed oil (RO). Relative acyl representation in used RO is shown in Table III. It can be seen that
C18 acyl represented more than 91 wt% acyl groups contained in RO. RO contained 4 mg∙kg-1 of sulphur and
8 mg∙kg-1 of nitrogen.
Table III
Relative acyl representation in used RO
C14:0
C16:0
Acyla
Content, wt%
0.1
5.5

C16:1
0.4

C18:0
2.0

C18:1
60.0

C18:2
20.3

C18:3
8.8

C20+
3.0

a

The first number at C indicates the number of carbon atoms and the second number is the number
of double bonds in the acyl
Raw material composition, reaction conditions of hydrotreating and designation of obtained
products are shown in Table IV. Reaction conditions were chosen so that the basic petroleum
feedstock was desulfurized to a residual sulphur content of about 10 mg∙kg-1.

Table IV
Reaction conditions of hydrotreating, designation of the obtained liquid products and their yield
Designation of the products
Z1-240
Z2-120
Z2-240
Z2-360
Z2-480
RO content, wt%
0
20
20
20
20
Temperature, °C
343
345
344
345
345
Pressure, MPa
4.0
4.0
4.0
4.0
4.0
H2/feedstock ratio, m3∙m-3
240
120
240
360
480
Yield, wt%
98.0
94.8
95.6
94.2
93.4

Z2-600
20
343
4.0
600
94.1

Hydrotreating of the feedstock in mix with RO provided smaller amount of liquid product than hydrotreating of
the BPF due to hydrodeoxygenation and hydrodecarboxylation/hydrodecarbonylation of RO, which produced
propane and carbon oxides as byproducts. Water, which was a reaction product of hydrodeoxygenation and
hydrodecarbonylation of RO, was visible in small amounts in collected liquid product. Quantity of formed water
was not determined.
Properties and composition of stabilized products from hydrotreating of both feedstocks are shown in Table V.
It is apparent that 120 m3∙m-3 of hydrogen to feedstock ratio was not enough for product desulfurization to
10 mg∙kg-1. Sulphur content in products decreased with increasing hydrogen to feedstock ratio up to
360 m3∙m-3. Further increasing did not effect on it. Content of saturated compounds increased and aromatic
content simultaneously decreased depending on increasing H2/feedstock ratio up to 480 m3∙m-3. Decreasing of
aromatics amounts had a positive impact on products characteristics, as it caused slight increase of cetane
index and slight decrease of density.
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Table V
Properties and composition of stabilized hydrotreating products
Property
Z1-240
Z2-120
Z2-240
2 -1
Kinematic viscosity, mm ∙s
3.46
3.48
3.45
Density, g∙cm-3
0.840
0.833
0.831
CFPP, °C
-7
-8
-9
S content, mg∙kg-1
10
37
7
-1
N content, mg∙kg
<2
8,3
<2
Cetane index
53.4
58.5
59.3
Saturated compounds, wt%
79.9
81.4
82.5
Monoaromatics, wt%
17.5
14.2
14.8
2.4
4.0
2.5
Diaromatics, wt%
Polyaromatics, wt%
0.17
0.40
0.21

Z2-360
3.46
0.829
-5
3
<2
60.0
83.6
14.1
2.1
0.17

Z2-480
3.45
0.829
-7
3
<2
60.2
84.3
13.7
1.8
0.15

Z2-600
3.45
0.829
-8
3
<2
60.1
84.3
13.8
1.7
0.13

Contents of n-alkanes in products are shown in Table VI. It can be seen from the data that higher C17
and C18 alkanes content was produced by hydrotreating of basic petroleum feedstock in mixture with
RO. C17 and C18 n-alkanes were formed by RO hydrotreating, because of acyl representation (Table III).
Isomerization of C17 and C18 n-alkanes was relatively small. Increasing of hydrogen to feedstock ratio
caused an increase in C18 alkanes formation at the expense of C17 alkanes formation, which indicates
that higher hydrogen to feedstock ratio supported more hydrodeoxygenation reaction than
hydrodecarboxylation and hydrodecarbonylation reactions.
Table VI
The contents of n-alkanes, i-C17 and i-C18 alkanes in products
Product
Z1-240
Z2-120
Z2-240
Z2-360

Z2-480

Z2-600

n-C14-

2.7

4.7

4.5

4.4

4.6

4.6

n-C15

1.4

2.5

2.4

2.5

0.2

2.4

n-C16

1.7

1.8

1.8

2.1

1.9

1.8

i-C17

0.0

1.7

1.7

1.5

1.5

1.5

n-C17

2.1

11.5

10.6

10.5

10.3

10.4

i-C18

0.0

0.8

0.7

0.8

0.7

0.7

n-C18

2.0

4.9

4.9

6.0

6.1

6.5

n-C19+

7.4

4.3

4.3

4.4

4.3

4.3

Sum

17.2

32.2

30.8

32.2

29.6

32.2

1.0

2.4

2.2

1.8

1.7

1.6

C17/C18

Conclusion
Hydrotreating of petroleum feedstock with rapeseed oil caused a decreasing in liquid products yield compared
to product of basic petroleum feedstock hydrotreating, because part of rapeseed oil was converted to propane,
carbon oxides and water. Products prepared from petroleum feedstock with rapeseed oil had a lower
aromatics content and a higher saturated compounds content than product prepared from basic petroleum
feedstock. As a consequence, products prepared from petroleum feedstock with rapeseed oil had lower density
and higher cetane index.
Hydrogen to feedstock ratio of 120 m3∙m-3 was not enough for hydrodesulphurization of feedstock with 20 wt%
of rapeseed oil to desired value of sulphur content. Sulphur content of other products fulfilled standard
demands for diesel fuel. Increase of hydrogen to feedstock ratio had a positive effect on composition of liquid
products, their sulphur content decreased with the ratio increasing up to 360 m3∙m-3, further increasing had not
effect. Content of saturated compounds increased together with decreasing of aromatic compound, which
depended on the hydrogen to feedstock ratio increasing up to 480 m3∙m-3. Decreasing of aromatic compounds
content had a positive impact on characteristics of the products. Slight increasing of cetane index and
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decreasing of product density were observed. Products viscosity and CFPP were not affected by hydrogen to
feedstock ratio. Increasing of the ratio caused an increasing in C18 alkanes content to the expense of
C17 alkanes, which indicated that hydrogen to feedstock ratio supported more hydrodeoxygenation reaction
than hydrodecarboxylation and hydrodecarbonylation reactions.
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Abstract
Straight run gas oil (SRGO) and its mixtures with 5, 10, 15 and 20 wt% of light cycle oil (LCO) from fluid catalytic
cracking (FCC) were hydrotreated on a commercial NiMo/Al2O3 catalyst in a laboratory flow reactor.
Hydrotreating of the raw material was done at temperature of 350 °C, 4.0 MPa pressure, a weight hour space
velocity of 1.0 h-1 and hydrogen to raw material ratio of 240 m3∙m-3. LCO had a high density due to a high
content of bicyclic aromatics, and high content of sulphur species which are difficult to desulphurize.
Therefore, increasing content of LCO in raw material resulted in increasing density and increasing content of
sulphur and polycyclic aromatics in hydrotreating products. In order to improve some properties, mixtures of
selected products with refined kerosene were prepared. The addition of kerosene decreased cold filter
plugging point (CFPP) only about 1 - 2 °C. It was necessary to add depressant in an amount of 600 mg∙kg-1 to
achieve cold filter plugging point of -20 °C. Some refined products were blended with desulphurized heavy
naphtha from FCC. The addition of heavy naphtha was limited mainly by its density. A mixture containing up
to 10 wt% of the heavy naphtha and a mixtures with addition of 20 wt% of kerosene and up to 15 wt% of
the heavy naphtha met the requirements of EN 590. Unsatisfactory CFPP values of winter blends could be
resolved by depressant.

Introduction
Production of motor fuels includes several refinery processes. In terms of amount of processed material, fluid
catalytic cracking (FCC) belongs to the most important processes. Among catalytic processes, it is ranked into
second place behind hydrotreating1. Products resulting from FCC are distilled onto gases, cracked naphtha,
intermediate distillate known as light cycle oil (LCO) and a distillation residue known as heavy fuel oil or slurry
oil. It is an effort to use most factions from FCC to produce motor fuels. Due to high sulphur content, naphtha
and middle distillate are usually desulfurized. Hydrotreating is the most used process for desulfurization of
medium and heavy naphtha and light cycle oil. Cracked naphtha has relatively high octane number; it is used
after desulfurization as a component of gasoline.
Light cycle oil has a distillation range typically between 180 – 340 °C. It is usually used for production of diesel
fuel and sometimes for production of various kinds of fuel oils. Contents of sulphur and nitrogen in LCO depend
mainly on contents of these elements in raw material used for FCC. A significant part of sulphur contained in
LCO is bound in alkyl dibenzothiophenes which desulphurization is difficult. Nitrogen is especially bound in alkyl
carbazoles, which further hinders LCO hydrotreating. Another problem in processing of LCO to the component
for diesel fuel is its high content of aromatics, which causes its high density and low cetane number2.
Diesel fuel must meet the requirements for quality set by standard valid for each individual country. In the
European Union, diesel must meet strict legislative criteria3 such as a very low sulphur content
(max. 10 mg∙kg-1) and low content of polycyclic aromatic hydrocarbons (max. 8 wt%). Due to its properties,
hydrotreated LCO may be applied in the production of diesel fuel in a limited amount4.
Hydrotreating of LCO is usually performed in a mixture with other middle distillates, which refinery produces.
CoMo/Al2O3 or MoNi/Al2O3 catalysts, temperature range from 340 to 400 ° C, 4-8 MPa pressure are most
frequently use for hydrotreating of middle distillates. Product with better properties is obtained at higher
reaction temperature, higher pressure or lower space velocity of feedstock5,6.
Higher quality LCO can be obtained by reduction of its initial boiling point to the expense of heavy naphtha.
There is thus obtained not only more LCO, but it also reduces its density, contents of sulphur, nitrogen and
polyaromatics, which leads to its easier hydrotreating7. The second option is to reduce the final boiling point of
LCO, which also leads to improvement of its properties, but it reduces LCO yield.
Other fraction from FCC usable for production of diesel fuel is desulfurized heavy naphtha having a distillation
range usually between 150-200 °C. Tendency to use heavy naphtha for production of diesel fuel increases in
connection with that, as consumption of gasoline in Europe decreases and consumption of diesel increases 8.
The aim of this study was to determine effect of LCO addition to straight run gas oil (SRGO) on properties and
composition of products from their hydrotreating. Hydrotreating was carried out using a sulphided NiMo/Al2O3
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catalyst which has a higher hydrogenation activity than commonly used CoMo/Al2O3 catalyst. The effect of
addition of desulfurized kerosene from crude oil distillation and heavy naphtha from FCC on properties of
prepared products was also measured.

Experimental part
Hydrotreating of straight run gas oil (SRGO) and its mixtures containing from 5 wt% to 20 wt% of LCO was made
in a laboratory flow reactor at a pressure of 4.0 MPa, a temperature of 350 °C, a constant weight hourly space
velocity of 1.0 h-1 and hydrogen to feedstock ratio of 240 m3∙m-3. The catalyst bed was uniformly filled with
1:1 vol. mixture of NiMo/Al2O3 catalyst (particle size from 0.25 to 0.42 mm) and inert material (SiC, particle size
from 0.25 to 0.3 mm). The catalytic bed had a height of 280 mm and diameter of 30 mm.
Stabilization of liquid products from hydrotreatment was carried out by distilling off products boiling to 150 °C.
Rectification was performed on a Fischer distillation apparatus equipped with a HMS 500 Spaltrohr column at
a pressure of 5.0 kPa with a reflux ratio 1:1. Distillation was stopped when the temperature at the head of
column was 64 °C, which corresponds to 150 °C at atmospheric pressure.
Cold filter plugging point (CFPP) was measured according to EN 116 using CFPP apparatus (Normalab Analis,
model 901). Density was determined by DMA 500 digital density meter (Anton Paar), kinematic viscosity was
measured using Stabinger SVM 3000 viscometer. Determination of sulphur and nitrogen contents was
performed using Mitsubishi TOX-100 analyser according to ASTM D5453, or ASTM D5762 and ASTM D4629,
respectively. Content of aromatic hydrocarbons was determined by high performance liquid chromatography
(HPLC) according to EN 12916.
Simulated distillation was performed according to ASTM D2887 on a TRACE GC gas chromatograph. Conversion
of retention times on boiling points was made using calibration curve which was obtained by the simulated
distillation of a standard mixture of n-alkanes with known boiling points. Detector signals were corrected for
a blank and then so that the area under the distribution curve was equal to 100. The parameters of
the simulated distillation are listed in the previous work9.
Calculation of cetane index was performed using data from simulated distillation, which were converted to
distillation curve according to ISO 3405. This conversion was provided according to ASTM D2887.

Results and discussion
Two straight run gas oils (SRGO-S and SRGO-W) and two light cycle oils (LCO-S and LCO-W) were used for
hydrotreating. Feedstocks marked with “S” are usually used to produce a "summer" diesel fuel and feedstocks
marked with “W” are used to produce a "winter" diesel fuel. Summer blend of 10 wt% LCO-S and 90 wt%
SRGO-S was used as a first feedstock. Hydrotreating parameters were set to obtain product with sulfur content
of about 10 mg∙kg-1. Other hydrotreating experiments were carried out under the same reaction conditions.
The LCO quantity in the feedstock and designation of obtained hydrotreating products are shown in Table I.
Table I
LCO quantity in the raw material and designation of obtained hydrotreatment products
Product designation
LCO quantity in
the feedstock
Summer
Winter
[wt%]
blend
blend
0
HS0
HW0
5
HS5
HW5
10
HS10
HW10
15
HS15
HW15
20
HS20
HW20
Some products from hydrotreating were mixed with desulfurized kerosene and/or desulfurized heavy naphtha
from FCC. Kerosene is usually used as a component of diesel fuel that is primarily used in winter season.
Properties of the raw materials used are listed in Table II.
Properties of SRGO-S and SRGO-W did not different so much; SRGO-W had a slightly lower end of
the distillation curve, as seen in Table II. LCO-W had higher contents of sulfur, nitrogen, and polycyclic aromatic
hydrocarbons (PAHs) then LCO-S. Both LCOs had much higher contents of sulfur, nitrogen and PAHs compared
to SRGOs. The high content of PAHs in LCOs caused their high density and low cetane index. Cold filter plugging
point (CFPP) of both LCOs was much better than the ones of SRGOs.
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Table II
Properties of raw materials
Content of
Raw
sulphur
material
[mg∙kg-1]
LCO-S
7300
LCO-W
9300
SRGO-S
2300
SRGO-W
2300
Kerosene
1
Heavy naphtha
2

Content of
nitrogen
[mg∙kg-1]
495
598
108
88
16
172

Content of
PAHs
[wt%]
63.6
68.3
6.2
6.2
0.5
5.1

Density
at 15 °C
[kg∙m-3]
967
984
840
839
803
865

Viscosity
at 40 °C
[mm2∙s-1]
2.62
3.07
3.78
3.44
1.3
1.0

Cetane
index

CFPP
[°C]

16
15
58
56
43
17

-24
-24
-5
-5
<-40
<-40

95 vol%
distillate at
[˚C]
310
317
353
347
221
211

The yields of liquid products from hydrotreating of summer blends were between 98.5 and 99.2 wt%; product
yields from hydrotreating of winter blends were between 97.8 and 98.7 wt%. The high yields indicate minimal
cracking during the hydrotreating. The yields of liquid products from stabilization were about 99.5 wt% for
summer blends and about 98.5 wt% for winter blends. During the stabilization of products from winter blends,
about 1.4 wt% of products boiling to 150 °C was obtained. About 0.35 wt% of products boiling to 150 °C was
obtained during stabilization of products from summer blends.
The properties of the stabilized hydrotreating products are reported in Table III. The higher was the content of
LCO in the feedstock, the less effective was the desulfurization, i.e. the higher was the content of sulfur,
nitrogen and PAHs in the obtained product. Products obtained by hydrotreating of winter blends had a higher
content of sulfur, nitrogen and PAHs than the corresponding products obtained by hydrotreating of summer
blends, which was due to the higher content of these elements in LCO-W compared with LCO-S (Table II).
Feedstocks containing higher content of LCO would be necessary to be desulfurized using severe conditions to
obtain raffinates with total sulfur content of max. 10 mg∙kg-1, i.e. higher temperature, higher pressure or lower
weight hourly space velocity and thus higher hydrogen to the feedstock ratio should be used.
Table III
Properties of stabilized hydrotreating products and EN 590 quality specifications for diesel fuel
Content of Content of Content of Density
Viscosity
Cetane
CFPP
Product
sulfur
nitrogen
PAHs
at 15 °C
at 40 °C
index
[°C]
[mg∙kg-1]
[mg∙kg-1]
[wt%]
[kg∙m-3]
[mm2∙s-1]
HS0
4
4
1.9
835
3.75
59
-5
HS5
7
4
2.7
839
3.70
58
-5
HS10
10
5
3.6
843
3.56
57
-6
HS15
19
6
4.1
847
3.53
56
-6
HS20
28
8
5.2
852
3.47
55
-7
HW0
6
5
2.1
835
3.55
53
-8
HW5
9
6
2.9
839
3.49
52
-8
HW10
24
7
4.0
844
3.45
51
-8
HW15
36
10
5.1
849
3.38
50
-9
HW20
52
14
6.4
855
3.37
49
-9
EN 590
max. 10
n
max. 8,0
820 - 845
2,0 – 4,5
min. 46
0a
a
n not specified, summer type, -20 °C for winter type

95 vol%
distils at
[˚C]
351
350
349
347
347
347
346
345
345
344
max. 360

Density of products also logically increased with increasing content of LCO in feedstock because LCOs had
higher density than SRGOs. LCO density is one of the limiting properties for LCO content in feedstock for
production of diesel fuel. Although the density of the refined products was lower than that of the
corresponding raw materials (Figure 1), products containing 15 and 20 wt% of LCO in feedstock had higher
density than it is specified in EN 590. To use a larger amount of LCO, products have to be mixed with the
desulfurized kerosene that has relatively low density (Table II).
Viscosity of raffinate decreased with increasing content of LCO in feedstock, because LCOs had lower viscosity
than SRGOs. All raffinates had a viscosity value within the range of EN 590 specifications, because also
feedstocks had a viscosity within this range. All products had a cetane index greater than it is specified in
EN 590. The higher content of LCO in feedstock was, the lower cetane index of raffinate was (Table III).
All raffinates met 8 wt% limit required for PAHs content (Table III). With the increasing content of LCO in the
feedstock, the content of PAHs increased and not only in the feedstock, but also in the obtained products. Raw
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materials with a high content of PAHs had a greater decrease of these substances (Figure 2). PAHs were
converted mainly into monoaromatics (Figure 3) and partially into saturated hydrocarbons (Figure 4).

20
WF
SF

860

HS

850

WF
SF

15

HW

Content, wt%

Density, kg∙m-3

870

840

HW
HS

10
5
0

830
0

5
10
15
LCO content in feedstock, wt%

0

20

5
10
15
LCO content in feedstock, wt%

20

Figure 2. PAHs content in feedstocks and
products

Figure 1. Density of feedstocks and products
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Content, wt%

Content, wt%

(SF – summer feedstocks, HS – products from SF, WF – winter feedstocks, HW – products from WF)
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LCO content in feedstock, wt%
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Figure 3. Monoaromatics content in feedstocks
and products

Figure 4. Saturated hydrocarbons content in
feedstocks and products

(SF – summer feedstocks, HS – products from SF, WF – winter feedstocks, HW – products from WF)
CFPP is a property mainly dependent on the content of longer n-alkanes. LCOs had low content of saturated
hydrocarbons and a low CFPP. Therefore, CFPP of refined products prepared by hydrotreating of raw materials
containing LCO decreased with increasing amount of LCO in raw. Not even the winter product of refining of the
raw material with the highest content of LCO reached the desired values of CFPP for winter diesel.
Mixtures of HS15 and HW15 raffinates with different contents of kerosene were prepared. The properties of
these mixtures are shown in tables IV and V. The density was sufficiently improved already in a mixture
containing 10 wt% of kerosene. Density, viscosity and cetane index of blends decreased with increasing content
of kerosene because kerosene had lower values of these properties (Table II). Sulfur content of these mixtures
was not sufficiently reduced despite the fact that kerosene was deeply desulfurized (Table II). Sufficiently
desulfurized HS15 and HW15 raffinates would have a greater effect on total sulfur content of these mixtures.
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Very low CFPP value of kerosene (Table II) did not have sufficient effect on the resulting CFPP values of the
prepared mixtures, especially in case of the winter mixtures (table IV and V). Depressant at concentration of
600 mg∙kg-1 (Figure 5) would have to be added in order to use such diesel fuel in winter.
To increase the use of fractions from FCC for production of diesel fuel, the addition of desulfurized heavy
naphtha from FCC to some raffinates was also tested. Various amounts of heavy naphtha were added into
HS10 raffinate. Furthermore, mixtures of the HW10 product with 20 wt% of kerosene and different amounts of
heavy naphtha were prepared (tables VI and VII).
Table IV
Properties of the mixture of the HS15 product with kerosene
Kerosene
Content of
Content of
Density
content in the
sulfur
PAHs
at 15 °C
mixture [wt%]
[mg∙kg-1]*
[wt%]*
[kg∙m-3]*
0
19
4.1
847
10
17
3.7
843
20
15
3.4
838
30
14
3.0
837
*
calculated values
Table V
Properties of the mixture of the HW15product with kerosene
Kerosene
Content of
Content of
Density
content in the
sulfur
PAHs
at 15 °C
mixture [wt%]
[mg∙kg-1]*
[wt%]*
[kg∙m-3]*
0
36
5.1
849
10
33
4.6
844
20
29
4.2
840
30
26
3.7
835
*
calculated values

Viscosity
at 40 °C
[mm2∙s-1]
3.53
3.25
2.88
2.66

Viscosity
at 40 °C
[mm2∙s-1]
3.38
3.10
2.63
2.38

CFPP
[°C]
-6
-6
-6
-7

CFPP
[°C]
-9
-9
-9
-10

-5

CFPP, °C

-10
-15
-20
-25
0

200
400
Depressant concentration, mg∙kg-1

600

Figure 5. Dependency of CFPP of HW15 product with 20 wt% of kerosene on the depressant concentration
Tab VI
Properties of mixtures of HS10 product with heavy naphtha
Heavy naphtha
Content of
Density
Content of
content in
PAHs
at 15 °C
sulfur
the mixture
[mg∙kg-1]*
[wt%]*
[kg∙m-3]*
[wt%]
0
10
3.6
843
5
10
3.7
844
10
9
3.8
845
15
9
3.8
846
*
calculated values

Viscosity
at 40 °C
[mm2∙s-1]

CFPP
[°C]

3.6
3.3
3.0
2.8

-6
-5
-5
-5

4rd International Conference on Chemical Technology | ICCT 2016

[158]

Addition of desulfurized heavy naphtha to the both raffinates slightly increased density and decreased sulfur
content and viscosity. Addition of 15 wt% of heavy naphtha into HS10 product resulted in increase of density of
the mixture above the upper limit for the density of diesel fuel according to EN 590. Mixtures of HW10 with
kerosene and heavy gasoline did not meet the limit for sulfur content in diesel fuel, because the HW10
raffinate contained higher amounts of sulfur than it is allowed in diesel fuels. HW10 raffinate would be
necessary to be desulfurized using severe conditions. The addition of heavy naphtha with low CFPP did not
have considerable effect on final CFPP of the mixture. This parameter would have to be solved by addition of
depressant.
Tab VII
Properties of mixtures of HW10 product with 20 wt% of kerosene enriched with heavy naphtha
Heavy naphtha
Content of
Content of
Density
Viscosity
CFPP
content in the
sulfur
PAHs
at 15 °C
at 40 °C
[°C]
mixture [wt%]
[mg∙kg-1]*
[wt%]*
[kg∙m-3]*
[mm2∙s-1]
0
19
4.0
836
2.7
-8
5
18
4.1
837
2.5
-8
10
17
4.1
839
2.4
-9
15
16
4.2
840
2.2
-10
*
calculated values

Conclusion
As an effect of hydrotreating of SRGO and LCO blends, the contents of sulfur, nitrogen and PAHs in products
from all raw materials were significantly reduced, as expected. With the increasing content of LCO in the
feedstock, density, contents of sulfur, nitrogen and PAHs increased in products from hydrotreating, while their
viscosity and cetane index decreased. To obtain a product with the maximum sulfur content of 10 mg∙kg-1 from
feedstock with higher content of the LCO, severer conditions of hydrotreating have to be used.
LCO is characterized with good cold filter plugging point (CFPP), which is important especially for diesel used in
winter season. None of the tested winter mixtures met CFPP specification for winter season according to EN
590. CFPP was not even improved by the addition of the desulfurized kerosene, which has very low CFPP.
Satisfactory CFPP was achieved via the addition of depressant in an amount of 600 mg∙kg-1. Other fraction from
FCC which can be used in small quantities for the production of diesel fuel is desulfurized heavy naphtha. But
addition of heavy naphtha slightly increases the density of the mixture prepared and thus, it can be added only
in small amounts. If the kerosene is used for production of diesel fuel, higher amounts of heavy naphtha and
LCO can be used.
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Abstract
The large amount of water has to be treated worldwide. A capacitive deionisation (CDI) is promising process
intensively studied in recent years. CDI is a very simple process for salinity reduction of treated water. The key
components of CDI are high surface electrodes. Electrodes are usually from carbon material. Electrodes have to
exhibit high specific surface area and pores suitable for ion capturing. The present work is focused to the
comparison of different carbon electrodes.
Selected commercial and in-house made electrodes were examined in the simple bath cell and in the plug flow
cell by cyclic voltammetry and potential pulse chronoamperometry. Potential range ±1.2 V was used for
maximum ions captured on surface of electrode and to avoid undesired Faradaic reactions. In the plug flow cell
concentration changes were measured in the time.
The commercial material Kynol® has shown high capacity at low potential sweep velocity. But, it was found low
capacity at high potential sweep velocity. The high capacity of this electrode can be utilized if time for ion
transport to the electrode will be sufficient during CDI operation regime. It was confirmed also in the plug flow
cell. The higher desalination level was reached at low volumetric flow of treated solution.

Introduction
Water is the most important substance for population on Earth. Because a lot of global water reserves are not
suitable for direct use, water has to be treated. The most common used processes are distillation, reverse
osmosis, electrodialysis and ion exchange1. With increasing quantities of processed water it is important to
search for new methods of water treatment. Capacitive deionisation represents one perspective solution of it
in recent years. This method has a cheap operation and a higher efficiency than other processes of water
treatment for dilute solutions1-2. For this reason it is advantageous to use two-stage water treatment where
capacitive deionisation will be the second stage.
The principle of capacitive deionisation is very simple. The potential is applied between two electrodes, ions
are forced to move in solution. Cations are drawn to the negative electrode and anions are drawn by contrast
to the positive electrode. Ions are physically adsorbed on the surface of electrodes. It results in reduced
concentration in output solution. In the second phase, electrodes are short-circuited or opposite potential is
applied between electrodes thereby ions start to desorb from the surface of electrodes to bulk solution. It
causes increase of concentration in output stream. A dilute solution and a concentrate solution alternately flow
out from the capacitive deionisation cell. Electrodes have to be made from cheap materials and have high
specific surface area. Also it needs suitable pore size for ion capturing to make this process efficient. The best
electrode material for capacitive deionisation appears to be carbon materials. The carbon material which can
be used for capacitive deionisation: i) carbon nanotubes3, ii) carbon aerogels4, iii) graphene5, iv) electrospun
fibres6, v) activated carbon cloth7 and vi) carbon black and ordered mesoporous carbons2.
For CDI process speed up it is possible for ions desorption to apply opposite potential between electrodes than
it was during adsorption instead of only short-circuiting8. However, with reverse polarity ions start to move to
the other electrode and started to adsorb themselves on its surface and thereby it significantly decreases the
efficiency. It can be solved by addition of ion selective membranes on the electrodes. Ion selective membranes
avert passing of co-ions9-11. However, membranes increase the cost of apparatus for CDI and lifetime period
can be decreased. Another option for speed up of CDI process is to operate it at constant current12. It of course
leads to gradual voltage increase and thereby increases the energy consumption. Probably its main
disadvantage is shorter operation time for one cycle because CDI cannot be operated at high electrode
potential so as to avoid undesirable Faradaic reactions.
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Experimental
Used materials
A different carbon materials were used in this work. The first material was commercial activated carbon cloth
Kynol® with very high specific surface (>1500 m2/g) provided by Spur a.s. The second material was carbon cloth
without any further modification from Advent (Patras, Greece). Another material was E-TEK® (GDL LT 140, USA)
frequently used as gas diffusion layer for PEM fuel cells. E-TEK® is carbon cloth with deposited microporous
layer (from carbon black) bonded by teflon. And the last materials were developmental electrodes (V6 and V8)
made by company Spur a.s. Prior they use all electrode materials had to be degasified to enable ions from
solution to access the pores of electrode. It was secured by electrode washing in isopropyl alcohol.

Batch cell
The batch cell was used for quick and simple measurement. The batch cell was made from plexiglass. Active
electrode area in the batch cell was 12 cm2 which it was secured by PTFE foil frame. The platinum wires served
as current connectors. Cyclic voltammetry (CV) was measured at different potential sweep velocity (2, 10 and
100 mV/s) in 1 mol/dm3 KCl solution. Potential range ±1.2 V was used for maximum ions captured on surface of
electrodes and to avoid undesired Faradaic reactions. The electrodes capacities in the form of stored charge
were calculated by integration of cyclovoltammograms. Another measurement was potential pulse
chronoamperometry (potential pulses at 1.2, 0 and -1.2 V). Electrode capacities were calculated by current
integration over time.

The plug flow cell
The plug flow cell was used for verification of electrode properties at standard CDI operation conditions. The
plug flow cell was made from polypropylene. As flow distributor was used homemade plastic grating from 3D
printer. PET film was placed between electrodes to avoid short-circuited electrodes. The platinum wires were
used for electric current inlet and outlet. The cell was constructed in spiral module configuration with
electrodes of geometric area 300 cm2. The input and output concentration were calculated from conductivity
measured by the conductometer HQ14d (Hach), the solution flow was realized by peristaltic pump (LabDos,
Germany). The model solution KCl had concentration 0.2 mg/dm3. Potential pulse chronoamperometry
(potential change 1.2 and 0 V) was measured at different flow rates in the plug flow cell.

Results and discussion
The cyclic voltammetry curves of Kynol® electrode at different potential sweep velocities were measured first
(figure 1). In ideal case all curves should have rectangular shape typical for capacitors. From voltammorgam it is
possible to find charge capacity of the electrode. The results of all tested electrodes are summarized in table I.
Capacity increases by decrease of potential sweep velocity. It causes limitation of ions transport to the surface
electrode at high potential sweep velocity. Ions do not have enough time to reach the surface inside the pores
in the electrode body. On the contrary, ions have sufficient time to utilize also inner pore surface at low
potential sweep velocity. Also the shape of cyclic voltammetry curve at the lowest potential sweep velocity is
almost like an ideal capacitor. If the electrode has larger thickness (e.g. more layers) the total surface will
increase therefore the double layer of Kynol® was used. But higher part of electrode surface is far from bulk
solution and this surface is not utilized for ions capturing at higher potential sweep velocity. Therefore the
charge capacity increase was observed only at the lowest sweep rate (see table I.).
The cyclic voltammetry exhibits significantly different behaviour for E-TEK® electrodes (carbon cloth with
microporous layer) in figure 2. Charge capacities are almost the same for all potential sweep velocities and
shape curves are similar to the capacitor curve. It means that pores are accessible very well and ions are able to
come to the whole surface electrode also at high potential sweep velocity. However, the capacities of E-TEK®
are significantly lower than the capacities of Kynol® mainly at lower potential sweep velocities. So E-TEK® has a
good pore structure for use in CDI but at the same time too low total surface of E-TEK® restrain its usage for
CDI.
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Figure 1. Cyclic voltammetry of Kynol® electrode at different potential sweep velocity, 25 °C, ambient pressure,
1 mol/dm3 KCl, batch cell, electrode geometric area 12 cm2.
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Figure 2. Cyclic voltammetry of E-TEK® electrode for different potential sweep velocity, 25 °C, ambient
pressure, 1 mol/dm3 KCl, batch cell, electrode geometric area 12 cm2.
Results from CV measurements were confirmed by potential pulse chronoamperometry as shown in figure 3. It
is possible to calculate total capacity of electrodes from this graph. The ion capturing intensity corresponds
with the current density. The area under curve is directly proportional to the charge capacity. Calculated
capacities are shown in table I. Obtained capacities almost correspond with capacities determined by CV at the
lowest potential sweep velocity. The electrodes can be divided into the two groups. The first one has fast
response and sharp decrease of current is visible. As expected the carbon cloth without microporous layer has
very low capacity at all potential sweep velocities and also from potential pulse chronoamperometry. It follows
that the carbon cloth without microporous layer is unusable for CDI process as electrode. However, the carbon
cloth has high electric conductivity and mechanical strength. It is therefore suitable support for another
material deposition with high specific surface. The second group consists of electrodes with prolonged
decreasing of current. They have high capacities but simultaneously they need sufficient time to be able to use
it.
The last materials are homemade electrodes (V6 and V8). These electrodes have slightly higher capacities like
Kynol® (determined by pulse chronoamperometry) and so they have high total surface too. However, these
electrodes show lower capacities at cyclic voltammetries than Kynol®. It indicates that electrodes V6 and V8
have worse accessible pores than Kynol®. Thus it will be necessary to use long time pulses to be able to use
their capacity. Because at the end of pulse the process is rather slow the practical usage of the whole capacity
is problematic.
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Figure 3. Potential pulse chronoamperometry for different electrode materials, 25 °C, ambient pressure,
1 mol/dm3 KCl, batch cell, electrode geometric area 12 cm2.
Table III
Summary of all charges for different materials, 25 °C, ambient pressure, 1 mol/dm3 KCl, batch cell.
Charge from CV [mC/cm2]
Pulse – charge
Electrode
[mC/cm2]
2 mV/s
10 mV/s
100 mV/s
Kynol®
1910
862
19.5
1750
Kynol® (2 layers)
3050
550
12
3150
Carbon cloth
0.75
0.24
0.07
2
E-TEK®
99
93
71
74
V6
–
255
8
1800
V8
–
390
10.3
1900

The finally experiments were conducted to simulate real conditions of CDI process in the plug flow cell. As the
best material tested the single layer Kynol® electrodes were selected for construction of CDI plug flow cell. The
figure 4 shows relation between inserted voltage pulses and concentration course at outlet from the cell. After
insertion voltage 1.2 V into the cell, ions are adsorbed on electrodes surface and concentration in solution is
gradually decreasing. In the next step the electrodes are short-circuited (cell voltage 0 V) and ions start to
desorb from electrodes surface back to the solution thus concentration gradually increases. The duration of the
pulse is connected to the concentration course. In the moment of ion capturing process is not intensive enough
(concentration start to increase) it is necessary to start regeneration pulse. Regeneration pulse should be
finished if the concentration start to decrease significantly. This pulse sequence is repeated periodically. As
visible the repeating of the pulses can lead to the improvement of the concentration change (CDI cell capacity).
It is probably connected to the removal of microbubbles from the cell. Concentration waves formed at different
volumetric flow rate of solution are shown in figure 5. When volumetric flow rate of solution decreases,
concentration difference increases. Ions have longer time to adsorb on the surface of electrodes at lower
volumetric flow rate of solution and thus more intensive desalination is possible. The maximal concentration
differences obtained in the plug flow cell at different volumetric flow rates of solution are shown in figure 6. It
is possible to increase and decrease concentration by 30 % with Kynol® electrodes but only at very low
volumetric flow rate (5 ml/min).
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Figure 4. Potential pulse chronoamperometry in the plug flow cell and course concentration at output the cell,
electrode material Kynol®, solution flow rate 50 ml/min, 0.2 mg/dm3 KCl, 25 °C, ambient pressure, electrode
geometric area 300 cm2.
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Figure 5. Course concentration at output the plug flow cell at different volumetric flow rate, electrode material
Kynol®, 0.2 mg/dm3 KCl, 25 °C, ambient pressure, electrode geometric area 300 cm2.
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Figure 6. Maximal concentration difference in the plug flow cell at different volumetric flow rate, electrode
material Kynol®, 0.2 mg/dm3 KCl, 25 °C, ambient pressure, electrode geometric area 300 cm2.

Conclusion
The total electrode surface increases with increase of electrode thickness and thus capacity of electrode too.
However, surface far from bulk solution is often unused. Carbon cloth with microporous layer has very well
accessible pores but microporous layer is too thin and total electrode surface is very low. The carbon cloth has
almost negligible capacity but it has a good electric conductivity and therefore it is suitable as an electrode
support. Electrodes for practical use are Kynol®, V6 and V8 but only at low volumetric flow rate. These
electrodes have sufficient surface but these electrodes do not have well accessible pores. Therefore for
practical application the possible duration of the pulse is dependent on electrodes capacity and pore surface
accessibility. The electrode structure and operation parameters like flow rate and pulse duration are crucial for
successful CDI process.
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Introduction
Recently a boom in renewable energy sources utilising energy of wind or sun radiation for production of
electricity could have been observed. Though especially solar devices can still be largely improved, more
serious problem represents their inherently unpredictable energy output which depends largely on the local
weather conditions. A possible solution is to store electric energy produced at the times of overproduction in a
suitable form and then utilise it at the times of increased electric energy consumption. As the electric energy
itself cannot be efficiently stored for longer periods of time, its storage is based on its conversion to different
type of energy, most often to potential energy of water or to chemical energy. The latter mentioned concept is
most flexible. The problem consists in selection of the appropriate chemicals for this purpose. Neither
conventional primary nor secondary batteries can store required amounts of energy. One of the most often
spelled solutions is offered by the concept of so called Hydrogen Economy according to which hydrogen
produced from water is used as the energy carrier/vector1. Advantages of this concept are obvious – the
inexhaustible supplies of water and no environmental problems connected with the cycle water - hydrogen
(oxygen) – water. On the other hand there are disadvantages arising from the fact that this cycle contains
molecular (di)oxygen. Many reactions involving molecular oxygen either on reactant or on product side possess
high activation energy. As a result of this fact, performing the whole cycle water - hydrogen (oxygen) – water at
reasonable rate is often connected with high energy “losses” unless highly active catalysts are used in the
processes. Certain issues are also connected with hydrogen storage2. Still the advantages connected with ecofriendly nature of hydrogen economy scheme seem to prevail3.
A potential success of Hydrogen Economy depends on whether or not will the current economical/technical
issues of hydrogen & oxygen conversion to water and electric energy in fuel cells and more importantly issues
of the reverse process (water electrolysis) performed in electrolyser be efficiently solved. Of course required
infrastructure has to be considered as well4.
Water electrolysis itself can be on the first sight seen as well industrially established process5. However, the
industrially operated water electrolysis is based on water electrolysis in alkaline environment. Though this
process is rather robust (and it can be still improved) it does not have in its current form the potential to fulfil
the main requirements of Hydrogen Economy – high process efficiency, intensity and flexibility. On the other
hand, water electrolysis in acidic environment can be operated with sufficient intensity, efficiency and the
process is very flexible. This process is actually not operated in acidic solutions and only demineralised water is
used as a reactant. The acidity is ensured by a (polymer) proton exchange membrane (PEM) which ensures
proton transport from the anode, where water is oxidised according to Eq. 1 to cathode, where these protons
are reduced, see Eq. 2. Its second purpose is to separate gaseous products and avoid formation of explosive
mixture. The process is often denoted as PEM water electrolysis. As usually, there is pay-off since rather
extreme material demands represent serious issues and substantially increase the investment cost. Firstly, the
use of expensive perfluorinated sulfonated Nafion type membrane, possessing sufficient stability and
conductivity, is required. Secondly, platinum metal based catalysts have to be present on both the cathode and
the anode. Situation is relatively simple on the cathode, where the very same gas diffusion electrode (with Pt
catalyst) as the one already established in PEM fuel cell technology can be used. What requires special
attention is situation on the anode. Due to very sluggish kinetics of oxygen evolution reaction a high
overpotential has to be applied in order to operate electrolysis at desired rate. This leads to high anode
potentials which are, in combination with low pH values due to the presence of PEM membrane, detrimental to
most of materials on this side of the cell. As a result only a handful of materials are available for the anode
catalyst (Ir), gas diffusion layer (GDL), bipolar plates and current collector (Ti, Ta, Au, Pt).
O2 + 4 e- + 4 H+ = H2O

E oO2/H2O = 1.229 V

(Eq. 1)

4 e- + 4 H+ = 2 H2

E oH + /H = 0 V

(Eq. 2)

2

What are the potential approaches to deal with these issues? First of all, the solution, at least at the moment,
does not seem to be application different and “more suitable” materials, because more advanced materials are
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simply not available. As a more likely seem optimising the operation parameters in order to prolong the cell
lifetime and lowering the loading of precious metals in the cell. The latter approach has already been
successfully applied in fuel cell technology by introduction of microporous layer which represents transition
from the GDL with characteristic opening several orders of magnitude larger than the characteristic size of the
catalyst particles. Its effect on behaviour of the system is quite complex6. In PEM water electrolyser anode the
GDL is usually made of Ti. It can be used either in a form of felt mesh or as sintered metal5. It offers acceptable
properties as a gas diffusion layer, it, however, fails to form effective microporous layer. The consequence is
absence of transition layer between the gas diffusion layer and the catalyst. Moreover, only the metallic parts
of gas diffusion layer touching the polymeric membrane provide sufficiently conductive contact to the counter
electrode. This results in insufficient utilisation of anode catalyst based on expensive IrO2 because substantial
part of catalyst ends up being useless deeper in the structure of GDL, where it has no contact with the PEM
membrane. Application of the anodic microporous layer in PEM water electrolyser represents, however,
extremely complicated task because of extreme material demands from the point of view of both the oxidation
stability and the sufficient electronic conductivity. Although their electronic conductivity is typically relatively
low the oxide-based semiconductors such as antimony doped tin dioxide (ATO), possessing reasonable stability
and electronic conductivity, represent currently the only materials of choice7-9. Expected effect of microporous
layer is schematically depicted in Figure 1.

Figure 1. Sketch of microporous layer effect on catalyst distribution in the GDE.
The purpose of this work was to test whether the ATO can be used to form microporous layer of anode GDE
and to evaluate the prospects of this approach in PEM water electrolyser.

Experimental part
Catalyst was prepared by means of modified Adams synthesis10. It is based on following procedure. H2IrCl6
solution is mixed with isopropanol and excess of NaNO3. After 1 hour of homogenisation at 50 °C the
temperature is increased to 70 °C in order to evaporate the isopropanol. Consequently the mixture is heated in
muffle furnace at 500 °C for time period of 1 hour. Received product is repeatedly washed with demineralised
water in order to remove NaCl. The obtained IrO2 catalyst was characterised by XRD. ATO was prepared by
hydrothermal synthesis11. It is based on co-precipitation of Sb and Sn oxides (molar ratio Sb:Sn was 7:93) from
their chlorides by ammonia and following calcination of the obtained mixture at 350 °C. As GDL served Ti felts
(Bekaert Toko Metal Fiber Co. Ltd., Belgium) with fibre diameter of 20 µm, porosity of 77% and thickness of
1 mm. Catalyst ink for spraying was prepared from IrO2 and isopropanol in ratio of 0.125 ml to 1 mg and
5 wt. % Nafion solution (1100 EW, Ion Power Inc., USA) in order to obtain mixture containing 15% of Nafion.
Suspension was homogenised at room temperature by ultrasonic horn (DT 102 H, 35 kHz, Bandelin, Germany)
for about 15 minutes. Microporous layer was prepared by mixing 200 mg of ATO powder with a 250 µl Nafion
solution (5 wt. %) in isopropanol. Part of this mixture was slowly pushed into the structure of Ti felt in order to
homogenously cover whole felt surface. Subsequently the electrode was left to dry out. The last step of GDE
preparation consists in deposition of the IrO2 catalyst on the GDL surface. This was performed by spraying of
the prepared catalyst ink with airbrush. During ink spraying the GDL 2 x 2 cm2 (with or without microporous
layer) was heated to 150 °C. After spraying of each layer of catalyst, the electrode was weighted in order to
control IrO2 loading (desired loading was 1.1 mg cm-2).
Nafion 117 membrane was activated according to following procedure. First, it was two times cleaned in fresh
demineralised water at 60 °C and 80 °C (each time for 60 minutes). Consequently it was treated with 3% H2O2
solution (60 °C, 30 minutes), with 0.05M H2SO4 solution (60 °C, 30 minutes) and finally with demineralised
water (60 °C, 120 minutes). The MEA was assembled using Nafion 117 (Ion Power, Inc., USA) membrane
pressed between LT-ELAT LT140EWSI GDE cathode (BASF, Germany) with Pt loading of 0.5 mg cm-2 and anode
described above. MAE was placed in the cell tightened by torque of 5 N m. Electrolysis was operated at
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constant voltage of 1.6 V, temperature of 80 °C and pressure of 300 kPa. After each 12 hours of electrolysis
current-voltage curves (voltage range between 1.4 and 1.6 V) and impedance spectra of the cell were recorded
(voltage range between 1.4 and 1.6 V in 20 mV steps). All electrochemical testing was performed with Solartron
1287 Electrochemical Interface in combination with Solartron 1250 Frequency Response Analyser (Solartron
Analytical, UK) controlled by CorWare 3.2c and Zplot3.3d.

Results and Discussion
Prepared IrO2 catalyst had average crystallite size of 2.7 nm, specific area of 147 m2 g-1 and powder electron
conductivity of 53 S cm-1. These values are similar to these presented in our previous work12. Sb content in the
obtained ATO sample as determined by XRF was 6.1 mol. %. It is somewhat less than the expected value of 7%.
Average crystallite size, specific surface and electron conductivity of ATO were 10.6 nm, 65 m2 g-1 and
1.1 S cm-1, respectively.
Surface morphology of anode GDL with and without MPL is compared in Figure 2. It can be clearly seen that
prepared ATO microporous layer homogeneously covers whole GDL surface. ATO content in this GDL is
11.8 mg cm-2.

Figure 2. SEM micrographs of anode GDL without (left) and with (right) ATO microporous layer.

Figure 3. Current-voltage curves of electrolysis cells tested. Presence of MPL is described in the figure. Inset
Figure shows the current density values in logarithmic scale.
Current-voltage curves of the two tested electrolysis cell are presented in Figure 3. At very low cell voltages
(below 1.44 V), corresponding to the current density of about 4 mA cm-2, the current density is higher for the
system with microporous layer. Since the catalyst loading is same in both cases, this result is suggesting on
more efficient utilisation of the catalyst in the presence of microporous layer. At higher cell voltages, however,
the presence of the microporous layer has strongly negative effect on the cell performance and the obtained
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current densities are substantially lowered. In order to describe in more details these results the recorded
electrochemical impedance spectra were analysed.
Suggested equivalent circuit and comparison of experimental impedance spectra (for cell voltage of 1.5 V) and
calculated fits for cell without microporous layer are shown in Figures 4 and 5 (left). Rather good agreement
between experiment and model data was obtained. The three parameters governing the cell behaviour (and
the impedance spectrum) are the cell ohmic resistance (R0), activation resistance of the anode reaction (Ra) and
constant phase element representing distributed capacitance of the 3-dimensional anode structure (CPEa). On
the right side of the Figures 4 and 5 is analogous information for the cell with microporous anode layer. While
in the absence of microporous layer the classical equivalent circuit can be used to describe the cell behaviour,
addition of the microporous layer possessing complex structure requires application of more complex
model/equivalent circuit. Microporous layer can be seen as a porous composite of semiconductor (ATO) and
ionic conductor (Nafion). In order to describe its effect on system electrochemical behaviour/impedance
spectrum was considered similar to that of a transmission line13. This approach allowed to reasonably
describe/fit the experimental results. Values of the fitted parameters clearly show that the presence of the
microporous layer leads, in the range of low cell voltages, to decrease in the anode activation resistance. This
confirms our expectation of better catalyst utilisation. At higher cell voltages the anode polarisation resistance
of anode with microporous layer does not decrease as fast as in its absence. It has also to be mentioned that
the overall ohmic resistance is higher in the case of the cell with microporous layer. Two likely reasons for the
observed microporous layer failure at high current loads are insufficient ATO electron conductivity and too
dense structure of prepared microporous layer.

Figure 4. Equivalent circuit of electrolyser cell without (left) and with (right) microporous layer. R0 – cell ohmic
resistance, Ra – anode polarisation resistance, CPEa – anode constant phase element. Subscripts meaning:
mpl - microporous layer, E – electron/hole conducting phase, I – ionic conducting phase.

Figure 5. Experimentally obtained impedance spectra (squares) and fit (stars) of electrolyser cell without (left)
and with (right) microporous layer. Data fitted in the frequency range of 825 Hz-0.1039 Hz.

Conclusions
Overall, the results obtained within a framework of the present study suggest that the application of the
microporous layer leads, in principle, to better utilisation of the catalyst. However, a thorough optimisation of
the microporous layer preparation, composition and structure has to be performed in order to minimise its
negative effects at higher current density. As a first the insufficient electronic conductivity of microporous layer
has to be mentioned. As a second inappropriate porosity preventing efficient removal of the formed gaseous
products from the anode may come into the question.
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Introduction
Titania (TiO2) and iron oxide (α-Fe2O3) hematite thin films have the potential applications as photoanodes for
hydrogen production via photoelectrochemical water splitting. Great advantages of TiO2 are its low price, high
stability and nontoxicity. However, for practical applications, there is a huge disadvantage consisting in
utilization of very small part of sunlight (4%). Iron oxide (α-Fe2O3) has favourable band gap (2.0–2.2 eV), which
allows absorbing a substantial fraction of solar spectrum, resulting in the theoretical maximal solar-to-hydrogen
(STH) conversion efficiency 15% 1. But there are also limitations, e. g. the nonideal position of hematite’s
conduction band, which is too low for spontaneous water reduction. The aim of the present work was the
comparison of TiO2 and α-Fe2O3 photoanodes and the efficiency evaluation for hydrogen evolution via water
splitting.
Efficiency of photoelectrochemical water splitting depends on the electrochemical arrangement. For real
device operated in 2-electrode arrangement (controlled potential difference between two electrodes = cell
voltage), it is possible to determine real device performance as open circuit voltage, short circuit current,
current as a function of cell voltage and solar to hydrogen (STH) efficiency. Because both electrodes affect
performance (photocurrent vs. cell voltage) 2-electrode cell arrangement does not give information about the
performance of individual electrodes. For this purpose we used 3-electrode arrangement and control either the
potential of working electrode (photoanode) with respect to reference electrode or the cell voltage.

Experimental
TiO2 and α-Fe2O3 films were prepared on FTO glass by sol–gel 2 and advanced pulsed plasma deposition method
of High Power Impulse Magnetron Sputtering (HiPIMS) 3. For both techniques, subsequent calcination was
found necessary. The films were judged on the basis of physical properties such as crystalline structure, optical
absorption and surface topography as reported previously 4. The functional properties (photocurrent, open
circuit potential) were investigated under simulated photoelectrochemical (PEC) water splitting conditions in a
three electrode arrangement. Standard solar illumination conditions (AM 1.5 G) was used as excitation light,
solution of Na2SO4 for TiO2 and NaOH for α-Fe2O3 thin films were used as the electrolytic media. Optimised
semiconductor films were applied as photoanodes in a two compartment single band gap PEC cell and
hydrogen evolution rate was evaluated.

Results
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Figure 1. Chopped light polarization curve for
thin films of TiO2 (thickness 350 nm) in 0.1 M
Na2SO4, solar simulator AM1.5, 100 mW cm−2.

From our previous work it follows that photocurrent for
sol-gel TiO2 films increases with increasing film thickness
(number of dip coating, drying and calcination cycles) in
the range from 70 to 350 nm (e. g. 1-5 cycles) 2. Our
further experiments show that with further increase in
layer thickness (6-11 cycles) photocurrent does not
increase significantly. Thus for the present work we used
5 layer (number of cycles) titania film of thickness
350 nm. The polarization curve of such TiO2 film in 0.1 M
Na2SO4 is shown in Figure 1. OCP at light conditions is
around -0.45 V, current plateau starts at 0.4 V.
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First of all we looked at the short term time
dependence of photocurrent density (see
light off
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Figure 2). The response to light is for both applied
appl. potential 1 V
potentials 0.5 and 1 V very fast but photocurrent
80
decreases gradually with time. The initial values
60
(around 100 μA/cm2) are similar to the value of
current density plateu observed in Figure 1 but it
40
decreases about 30 % in 3 min. The reason is in the
20
pH changes at the surface of electrodes (typical for
water splitting) which influences the equilibrium
0
water splitting potential.In agreement with the
0
100 Time [s] 200
300
shape of polarization curve (Figure 1) photocurrent
Figure 2. Photocurrent stability, applied potential vs.
densities for applied potentials 0.5 and 1 V are
Ag/AgCl, 5 layer TiO2 film, 0.1 M Na2SO4
very similar.
Figure 3 then shows the long term time
dependence of photocurrent together with evolved hydrogen for applied potential 0.5 and 1 V vs. Ag/AgCl
electrode. Both anodic and cathodic compartments were bubbled with argon (1 ml/min) and the outlet gas
from cathodic compartment was periodically injected to gas chromatograph with TCD detector. The
concentration of evolved hydrogen in outlet gas from cathodic compartment increases with irradiation time
and after about 2-3 hours reaches the fairly constant value. The fact that the concentration of hydrogen
increases with time can be explained by the fact that even the solution was bubbled by Ar before and during
water splitting experiments there was significant amount of dissolved oxygen which could be reduced instead
of water. Furthermore produced hydrogen is at first dissolved in electrolyte and then enter the gas phase
which is analyzed. Similarly as photocurrents, steady state concentrations of evolved hydrogen in outlet gas are
for both applied potentials almost the same (around 350 ppm). This suggests almost identical current efficiency
of produced hydrogen for both applied potentials and hydrogen evolution rate ≈ 8.6 µmol/h/cm2.
light on

appl. potential 0.5 V

current density [µA/cm2]

120

a

b

Figure 3 Photocurrent and hydrogen concentration in outlet gas, TiO2, 5 layers, 0.1M Na2SO4. a) applied
potential 0.5 V vs. Ag/AgCl, b) applied potential 1 V vs. Ag/AgCl
Table I
Steady state cathode potentials (EC), cell voltage (Ecell), photocurrent (I) and hydrogen
evolution rate (r) for applied TiO2 photoanode potentials (EPh). Electrolyte 0.1M Na2SO4
EPh (vs. Ag/AgCl)
EC(vs. Ag/AgCl)
Ecell [V]
I
r(H2)
r(H2)
[V]
[V]
[μA/cm2]
[ml/min]
[mmol/h/cm2]
0.5
-1.03
1.53
55
0.350 x 10-3
0.859 x 10-2
-3
1
-1.01
2.01
50
0.325 x 10
0.797 x 10-2
The initial values of photocurrent density were measured after 30 mins of irradiation and the observed values
(around 60 μA/cm2) were only slightly lower that values after 3 mins of irradiation (see Figure 2) This suggests
that the decrease of photocurrent is fast only at the beginning of irradiation and after about 20-30 mins
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c(H2) [ppm]

Photocurrent [µA]

c(H2) [ppm]

Photocurrent [µA]

reaches the fairly steady state value. But there is still slow decrease of photocurrent especially for potential 0.5
V (from 58 to 50 μA/cm2 in 6.5 hours (2 % per hour)) which will be discussed below.
From Table I we can see that for both applied potentials the cathode potential is around -1 V. Thus even for
rather small applied potential 0.5 V the cell voltage is around 1.5 V. Because the equilibrium cathode potential
for redox couple H+/H2 is for 0.1 M Na2SO4 (pH 6.2) ≈-0.37 V (SHE) we can expect that hydrogen will start to
evolve at potentials lower than -0.15 V (vs. Ag/AgCl). We can thus assume that applied cell voltage 0.5 V should
be sufficient to perform water splitting. Figure 4 shows
the time dependence of photocurrent and evolved
30
120
hydrogen for applied cell voltage 0.5 V. The value of
25
100
photocurrent decreases with irradiation time and also
20
80
the concentration of produced hydrogen in outlet gas
decreases after reaching maximum at around 100 ppm.
15
60
The
possible explanation can be in the change of pH in
10
40
anodic and cathodic compartments. pH of electrolyte
photocurrent
5
20
hydrogen
after 4 hours of polarization at 0 V in anode
0
0
compartment changes from 6.2 to 3.9 (due to water
0
50
100 150 200 250
oxidation) and in cathodic compartment from 6.2 to
Time [min]
10.2 (due to water reduction). The change of pH in the
Figure 4. Photocurrent and hydrogen
vicinity of electrodes can be even higher. This change of
concentration in outlet gas, TiO2, 5 layers, 0.1 M
pH means that there is a significant change in
Na2SO4, applied cell voltage 0.5 V.
equilibrium anode potentials for redox couple O2/H2O
(from ≈0.86 V to ≈1.0 V (SHE)) and in equilibrium
cathode potential for redox couple H+/H2 from ≈-0.37 V
60
600
to ≈-0.60 V (SHE). Equilibrium potential for water
50
500
splitting thus increases from 1.23 V at the start of
polarization to approximately 1.6 V after 4 hours of
40
400
polarization. Because the applied cell voltage is constant
30
300
this inevitably results in the decrease of photocurrent
20
200
with time.
photocurrent
10
100
The situation is completely different when we change
hydrogen
the electrolyte to H2SO4 (see Figure 5). The change of pH
0
0
in both compartments is now much slower (during
0
50
100
150
200
Time [min]
3 hours almost negligible) and also more acidic
Figure 5. Photocurrent and hydrogen
electrolyte better compensate the pH changes at the
concentration in outlet gas, TiO2, 5 layers, 0.1 M
surface of electrodes. Photocurrent is thus stable and
H2SO4, applied cell voltage 0.5 V.
hydrogen can be evolved with rate ≈ 1 µmol/h/cm2
already at applied cell voltage 0.5 V.
Table II
Steady state TiO2 photoanode potentials (EPh), cathode potentials (EC), photocurrent (I) and hydrogen
evolution rate (r) for applied cell voltage 0.5 V
r(H2)
Electrolyte
EPh (vs. Ag/AgCl)
EC(vs. Ag/AgCl)
I
r(H2)
[V]
[V]
[μA/cm2]
[ml/min]
[mmol/h/cm2]
0.1M Na2SO4
-0.16
-0.66
0.1 M H2SO4
0.16
-0.34
54
0.40 x 10-3
0.98 x 10-2

α-Fe2O3 films
Polarization curve for thin films of Fe2O3 prepared by HIPIMS 3 is shown in Figure 6. Fe2O3 film exhibits a
photocurrent onset at 0.1 V (more positive than for TiO2) then there is almost linear increase of photocurrent
with applied potential. Comparing photocurrent at applied potential 0.5 V, Fe2O3 films exhibits 3 times higher
photoresponse than TiO2 films even the thickness of hematite HIPIMS film is about 40 nm while thickness of
sol-gel TiO2 film is 350 nm. Generally the weakness of hematite films is a very high concentration of the surface
states acting as the recombination centres which then might be the reason for their poor activity. This
drawback for hematite application for the PEC water splitting were addressed in this study by deposition of
very dense and thin films of hematite (≈40 nm) and by doping the hematite with Sn. Figure 7 shows the time
dependence of photocurrent and evolved hydrogen for Fe2O3 photoanode at two applied potentials 0.5 V and 1
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Figure 6. Chopped light polarization curve for
thin films of Fe2O3 (thickness 40 nm) in 0.1 M
NaOH, solar simulator AM1.5, 100 mW cm−2.
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V vs. Ag/AgCl. Photocurrent for potential 0.5 V, where the dark current is zero, is stable during polarization and
the value is 305 μA. Corresponding steady state concentration of hydrogen in gas leaving the water splitting
cell was 2250 ppm which corresponds to hydrogen evolution rate equal to 67 µmol/h/cm2. For potential 1 V
the dark current represents significant part of the total current 867 μA (approximately 60-70 %) corresponds to
hydrogen evolution rate equal to 189 µmol/h/cm2.

1

2

3
4
Time [h]

5

b

Figure 7 Time dependence of photocurrent and evolved hydrogen for Fe2O3 photoanode, electrolyte 0.1 M
NaOH, a) applied potential 0.5 V vs. Ag/AgCl, b) applied potential 1 V vs. Ag/AgCl
Table III
Steady state cathode potentials (EC),cell voltage (Ecell), photocurrent (I) and hydrogen evolution rate (r) for
applied photoanode potentials (EPh)
EPh (vs. Ag/AgCl)
EC(vs. Ag/AgCl)
Ecell [V]
I
r(H2)
r(H2)
[V]
[V]
[μA/cm2]
[ml/min]
[mmol/h/cm2]
0.5
-1.1
1.57
305
0.275 x 10-2
6.75 x 10-2
-2
1
-1.15
2.175
867
0.770 x 10
18.90 x 10-2

Conclusion
It can be concluded that photocurrent and corresponding hydrogen evolution rate is significantly higher for
hematite photoanode than for the TiO2 photoanode. For hematite photoanode in 0.1 M NaOH, and applied
potential 0.5 V (Ag/AgCl) the observed photocurrent density was 305 μA/cm2, hydrogen production rate was
68 μmol/h/cm2 and faradaic efficiency for hydrogen production was around 95 %. For TiO2 photoanode in
0.1 M Na2SO4 and applied potential 0.5 V (Ag/AgCl) the hydrogen production rate was only 8.6 μmol/h/cm2.
The cell voltage for both photoanodes was around 1.5-1.6 V. The efficiency of the cell with TiO2 photoanode
can be further increased by the change of electrolyte to H2SO4 where the hydrogen production rate ≈
10 µmol/h/cm2 can be achieved already at cell voltage 0.5 V. The decrease of cell voltage for hematite
photoanode prepared in this work is not possible due to significantly positive onset of photocurrent.
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Abstract
Water stabilized plasma generator WSP® H-500, operating on the principle of Gerdien arc was used for the
photocatalytic decomposition of furazan- and picraminate-based explosives. The generator emits intensive
radiation in the range of 300-660 nm, which allows not only to activate photocatalysts based on TiO2, but also
other semiconductor oxides with a narrower band gap, such as tungsten oxide. The photocatalytic
decomposition of sewage and slurries containing the potassium salt of 4-hydroxy-4,6-dihydro-5,7dinitrobenzofurazane-3-oxide (KDNBF) or sodium picraminate (NaC6H4N3O5) was performed using the anatase
paste and newly developed photocatalyst produced by the company Precheza a.s. The photocatalytic reactor
was built using a quartz tube coil with an internal volume of 650 ml, with a nominal size of the irradiated area
of 7.5 dm2 (value reduced by the area of the gaps between coil turns) to enable the flow the processing
solution or suspension of up to 10 l / min. The centre of the coil is exposed to the plasma jet with the intensity
of 80 kW; of which 15 kW is transformed into the light radiation. 11% of the radiation output was used for the
presented experiments. The time of exposition was 45 mins and 20 l of solution were treated. In the case of
KDNBF, 90% of the compound was decomposed. Moreover, 100% of sodium picraminate were decomposed
after 15 minutes into low-molecular inorganic compounds. Advantage of the assembly is the ability to treat
highly dangerous chemical compounds in a closed cycle and test selective catalyst.

Introduction
Water stabilised plasma generator WSP® can be used for the thermal disposal of organic compounds for which
the 5-10 ms retention time in plasma jet with escape velocity of 900 m/s and temperature up to 25 000 K is
sufficient to ensure complete thermal decomposition. Apart from the high temperature, the device produces
also intensive UV radiation and radiation with wavelength between 660 nm (Hα) and 490 nm (Hβ) 1,2. Radiation
of this spectral range allows to activate not only TiO2-based photo catalysts but also other semiconductor
oxides with narrower band gap, e.g. tungsten oxides 3 - 5. Possibilities of thermal decomposition of toxic or
persistent organic compounds that require high levels of safety measures during handling 6 were earlier
verified on model compounds of PCB type 7 - 12 or nitroaromatic explosives 13 -15. A very specific task is the
decomposition (or disposal) of explosive or detonative compounds. Unusable residues of such compounds,
including waste water from the production, are in principle disposed of in the form of solution; however, the
products of primary elimination of danger of explosion may represent another problem associated with the
secondary waste material disposal 16,17.
The construction of upgraded plasma generator WSP® H-500 and the parameters of produced water-stabilised
plasma allow the utilization of another energetic product which is up to 30% of luminosity in UV-VIS range, see
Figure 1 and Figure 2. At maximal input of 160 kW and attainable output of 100 kW, the WSP® plasma
generator represents the most powerful UV lamp, the radiation of which is emitted by plasma jet of approx.
100 mm in length with aperture of 6 mm. The effectivity of irradiation depends on geometry of the
photocatalytic reactor.
The apparatus that allows both qualitative and quantitative analysis of the decomposition process (Figure 3)
was constructed to study the photocatalytic disposal of waste waters containing residues of toxic and explosive
compounds of KDHSP type (potassium salt of 4-hydroxy-4,6-dihydro-5,7-dinitrobenzofurazane-3-oxide) and of
sodium picraminate (NaC6H4N3O5).
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Figure 1. The site for water solution decontamination
by water stabilised plasma generator WSP®.

Figure 2. Spectra of water stabilised plasma
generator WSP® and Hg-lamp HQE 40.

Experiment
Figure 3 shows the scheme of lay-out of the plasma generator (1) with the additional device, composed from
quartz tube coil (5), pump suitable for aggressive liquids and suspensions pumping (7). Regulators, flow meters
and thermometers are not shown in the scheme.

1-inner cathode space of WSP® plasma
generator,
2-rotary anode
3-circulation of medium for plasma production
containing dissolved organic compound
4- plasma escape nozzle,
5-quartz tube coil,
6-coating with inner reflective layer
7-pump
8-waste solution or suspension with photo
catalyst inlet
9-reactor outlet
Figure 3. Lay-out of WSP® plasma generator used for organic compounds photochemical decomposition
Sector A is constructed of the plasma production medium (with dissolved organic pollutants) tank (3), pump
and analytical probe. The decomposition of compounds takes place in the cathode space immediately at the
beginning of the electric arc. Sector B is constructed of the quartz tube coil (5) that can be placed in a
protective cylinder with aluminium inner reflective coating (6) that reflects the UV radiation back to the quartz
tube coil.
The design of the quartz tube coil (5) with the inner diameter 150 mm and length of 200 mm allows to use up
to 14 % of the total plasma generator input for photochemical and photocatalytic reaction without influencing
the generator operation or without risking the damage of the structural parts of the apparatus (especially
pump seals and membranes) caused by the organic compounds. The flow of the liquid through the quartz tube
coil was progressively increased to prevent the evaporation of organic compounds that are decomposed by the
water-stabilised plasma irradiation. Plasma parameters shown in Table I were measured at current of 400 A
and 600 A. In the experiments described in this paper, the luminosity that represents 11% of the total input at
400 A and 260 V was used. The nominal irradiated surface area reduced by the gaps between coil turns is
approx. 7.5 dm2.
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Table I
WSP® plasma generator parameters
Current, A
Total imput, kW
Plasma output at plasma jet aperture, kW
Radiation loss outside the channel, kW
Output available for the thermal decomposition, kW
Efficiency, %

400
107
50
11
68
64

600
176
88
30
117
66

The experiments were realised as follows: 5-10 g of the photoactive catalyst was firstly stirred in 20 l of water
to form a suspension. At the same time, 100 g of soluble organic compounds of the KDNBF type (potassium salt
of 4-hydroxy-4,6-dihydro-5,7-dinitrobenzofurazane-3-oxide) and sodium picraminane NaC6H4N3O5. The
suspension was pumped by a sludge pump with controllable output into the quartz tube coil, to the centre of
which the water-stabilised plasma jet was aimed. During the exposition with controlled flow, the suspension
temperature and irradiation intensity was measured. In 5 - 45 minutes period, samples for the UV-VIS
spectrometry were taken. UV-VIS Cary 50 Varian spectrometer with the wavelength 200-600 nm and Color
Quest XE Hunter Lab USA at D65 (daylight) and viewing angle of 10° was used for the analysis. Furthermore, the
ratio between organic (TOC) and inorganic (TIC) carbon was analysed and in selected samples other analyses
were made (IR-spectrometry, mass spectrometry).

Results and discussion
Three photo catalysts were used: 1) Standard photo catalyst Degussa P25, 2) anatase paste – cheap industrial
sample, produced by the hydrolysis of titanyl sulfate, after filtration and washing of SO42- ions, without drying
and 3) a new product of the company Precheza a.s. based on nanometric TiO2. Microstructures of these
catalysts are shown in Figures 4-6.

Figure 4. Photocatalyst Degussa
P25

Figure 5. Anatase paste product

Figure 6. Photocatalyst product
by Precheza a.s.

In case of sodium picraminate, the analysis of the decontamination process provided results shown in Figure 7.
From the development of optical parameters of the sodium picraminate and photo catalyst suspension during
the irradiation by WSP® generated plasma under oxygen contained in air it can be deduced that anatase paste
is more effective than commercial photocatalyst Degussa P25. This may be caused by the fact that the
omission of drying after the hydrolysis probably yields microcrystalline or even partially amorphous titaniumIV
oxide. During the experimental simulation of the typical industrial disposal of dangerous explosive sodium
picraminate using anatase paste (see Figure 8), the change of optical parameters of the suspension is very
steep. During the initial 6 minutes of exposition, 75% of sodium picraminate decomposed; after 15 minutes of
exposition, the decomposition was total. However, during the suspension irradiation in quartz coil, the
temperature of the suspension increases, which may cause several problems. In our specific small-scale
experimental setting, the temperature attained critical value for picraminate explosion (approx. 70 °C) in 6
minutes. The experiment was interrupted and the suspension was cooled down. After that, the irradiation was
started up again and picraminate completely decomposed in another 10 minutes.
¨
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Figure 7. Decontamination of sodium picraminate
solution by photocatalyst:
A - Precheza
B - anatase paste
C - Degussa P25

Figure 8. Evaluation of sodium picraminate
decomposition in suspension
D - irradiation by WSP with anatase paste
E - irradiation by WSP without anatase paste
F - irradiation by daylight with anatase paste
G - without irradiation (with anatase paste)

Disposal of the KDNBF (potassium salt of 4-hydroxy-4,6-dihydro-5,7-dinitrobenzofurazane-3-oxide) was
performed using the same experimental setting, the results of analysis are in Figure 9 and Figure 10.
Figure 9 shows UV spectra of waste water with 3% of explosive KDNBF and of product after 45 minutes of
irradiation with photo catalyst by Precheza a.s. Figure 10 shows IR spectra of initial KDNBF powder and slackdried residue of waste water with KDNBF. Complete drying cannot be performed because of safety reasons.
Another spectrum shows irradiated solution after the photo catalyst was filtered out. It is clear that major
degradation of furazan ring (absorbance of approx. 420 nm) took place, which is the most important desired
effect during disposal of compounds of this type. The product of decomposition should be sodium nitrate; its
spectrum is shown in Figure 10 as well as the absorbance at 823 cm-1, 1370 cm-1, 1763 cm-1 a 2400 cm-1 show
that this compound is present in the solution after decontamination.

Figure 9. Changing the absorption maximum
of the substituted aromatic ring KDNBF
after 45 min irradiation
1 – original 3 % solution KDNBF
2 – after 45 min irradiation by WSP®

Figure 10. IR spectra of KDNBF residues
a - IR spectrum waste water with KDNBF residue
b - IR spectrum of powder KDNBF
c - IR spectrum of KNO3 solution
d - IR spectrum of KDNBF solution after 45 min
of irradiation
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Conclusion
Being given the flow of 10 l/min, the quartz coil inner volume of 650 ml and the total coil tube length of 425
cm, the irradiation time of the given volume was 4 s. During further flow through the device, the solution was
in shielded area (not irradiated). That means 166 ml of the suspension was irradiated during one second.
However, this very short exposition time was sufficient to decompose by photocatalysis up to 90% of KDNBF
and 100% of picraminate. Thus, it is possible to use the intensive plasma generated irradiation to treat up to
600 litres of the suspension in an hour. It was further ascertained that reflective layers of polished aluminium
placed around the tube almost double the effectivity of the photocatalytical decomposition (according to the
precise setting – planar or parabolic). This study does not mention the effectivity of the reflective layer, as the
reflectivity of plasma radiation of aluminium materials from different suppliers was not quantified yet. Other
changes of quartz device set-up are significantly easier. It is possible to change the ratio between the quartz
glass thickness (UV permeable) and diameter of water column (not permeable for UV). High flow capacity and
simple construction allow the irradiation of suspension with higher concentration of photo catalysts that can be
separated at the output by sedimentation (coarse particles) and by filtration (fine particles) with the possibility
of reintroduction to the process. From the obtained data and from the analysis of total carbon content in
solutions (TIC, TOC), the maximal allowable concentration of contaminants as well as other exposition
parameters needed to achieve the total decomposition of contaminants were determined. Mass spectroscopy
was used to determine the degree of degradation of aromatic ring, the analysis of total inorganic carbon was
used to estimate the stoichiometric and economic efficiency of the decomposition.
Obtained results that prioritise the use of anatase paste before the use of anatase processed at 300 °C -500 °C
suggest performing of a new series of experiments with similar paste-like products. This may lead to easier
commercial method of titanium precursors processing for this purpose. The new photocatalyst by Precheza
a.s., which is approx. twice as efficient as the other types, is at the moment extensively tested and the results
may be discussed in following papers.
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Abstract
The main focus of this contribution is on unusual approach to the synthesis of Na9Co3(PO4)5 and the benefits
which it brings regarding the colouring properties and thermal stability of this phosphate. The studied
compound represents a very rare phosphate – it was obtained before only twice using solid state reaction
between Na3PO4 and Co3(PO4)2 or NaNO3/Co2P4O12 melt. In our study, for the synthesis of Na9Co3(PO4)5 we
have used a conventional solid state reaction between Na2CO3, CoCO3 and (NH4)2HPO4, however, the initial
stoichiometry of the reaction mixture was calculated in order to obtain not pure phase product of
Na9Co3(PO4)5, but its mixture with Na3PO4, Na4P2O7 or NaPO3. The shift of molar ratio between the initial
reagents promoted low temperature melting of the system which increased reactivity and accelerated chemical
transformations in the mixture. After the calcination, sodium phosphate impurity was easily removed from the
mixture by washing. Such synthesis approach, which may be referred as “internal mineralising”, has not been
reported before and is approved for the first time at our department. The result exceeded any expectations:
the obtained pure phase product of Na9Co3(PO4)5 has a brilliant blue colour and improved thermal stability. The
both effects may be explained with the formation of structural defects, the most probably Na-inclusions.

Introduction
Na9Co3(PO4)5 is an extremely rare phosphate, which has been synthesised before only twice and is mentioned
only in three relevant publications 1-3. For the first time, Na9Co3(PO4)5 was obtained in 1978 during the study on
phase diagram of Na3PO4-Co3(PO4)2 system (Fig. 1, adapted from the reference 1). The author reported that
Na9Co3(PO4)5 is a product of solid state reaction between Na3PO4 and Co3(PO4)2 in molar ratio 3:1 and the
thermal stability of this phosphate is limited to 338 oC where it decomposes with the formation of Na3PO4 and
NaCoPO4.

Figure 1. Phase diagram of Na3PO4-Co3(PO4)2 system (adapted from ref 1).
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Since then, Na9Co3(PO4)5 was obtained again only recently, in 2014, using a completely different synthesis
approach 2, 3. The researchers from the Kyiv University employed NaNO3 melts containing Co2P4O12 in molar
ratio 7:1. Na9Co3(PO4)5 formed at 400 oC under isothermal exposure of 2 h. The authors also reported intensive
dark purple colour of this compound that is very untypical for double cobalt phosphates which are usually light
coloured.
The bright colouration of this phosphate has attracted our attention in view of its possible application as a
pigment. The main focus of this contribution is on unusual approach to the synthesis of Na9Co3(PO4)5
phosphate using solid state reaction and the benefits which it brings regarding its colouring properties and
thermal stability.

Experimental
For the synthesis of Na9Co3(PO4)5 we used solid state reaction between Na2CO3, CoCO3 and (NH4)2HPO4.
However, the initial stoichiometry of the reaction mixture was calculated in order to obtain not only pure
phase product of Na9Co3(PO4)5, but also its mixture with Na3PO4, Na4P2O7 or NaPO3. The final ratio of
Na9Co3(PO4)5 to Na3PO4/Na4P2O7/NaPO3 was taken as 1:0; 1:0.5; 1:1 and 1:2. ). In our opinion, the shift of molar
ratio between the initial reagents may decrease the melting temperature in the system and accelerate the
main transformation of the reaction mixture into Na9Co3(PO4)5. After the calcination in the temperature range
300-600oC, co-products (Na3PO4, Na4P2O7 or NaPO3) were easily removed from the mixture by washing (boiling
water, 5 min).
The obtained products were studied using XRD, heating microscopy, and particle size distribution. Colouring
properties of the powders were characterised using VIS spectrophotometer; the application of the powder as a
pigment into a solvent-borne paint has been studied as well. The results were compared with the
characteristics of commercially available ceramic pigment “Cobalt blue” (CoAl2O4) as well as with other sodium
cobalt phosphates (NaCoPO4, NaCoP2O7 and NaCo4(PO4)3).

Results
At the first step of our study, the stoichiometric mixture of Na2CO3, CoCO3 and (NH4)2HPO4 for the formation of
Na9Co3(PO4)5 was calcinated at 300 oC and the progress of the reaction was monitored every 24 h. The reaction
temperature was limited to 300 oC because of the low thermal stability of this compound (Td(Na9Co3(PO4)5) =
338 oC, Fig. 1, ref. 1). The total calcination time constituted 168 h. The phase composition analysis of the
obtained powder revealed that even after such long calcination time the only crystalline products formed were
Na4P2O7 and Na3PO4 (Table I). At the same time, the colour of the mixture remained brown during all
calcination process indicating that initial CoCO3 has not been involved in the reaction.
At the next step, the reaction temperature was increased to 600 oC and the reaction time limited to 6 h. The
result of XRD analysis (Table I, Fig. 3) showed that the obtained mixture constituted of 25% of Na9Co3(PO4)5 in
mixture with NaCoPO4 and Na4P2O7. Longer calcination time (24 h) at this temperature led to decrease of
content of the desired product. The result indicates that Na9Co3(PO4)5 can be obtained at 600 oC, however its
decomposition starts immediately, dramatically decreasing the yield of Na9Co3(PO4)5 with time. The
decomposition path may be similar to that described in ref.1, i.e. with the formation of Na3PO4 and NaCoPO4. At
the same time, shorter calcination time or decrease of the calcination temperature did not bring any significant
positive result and the maximum content of Na9Co3(PO4)5 achieved using this stoichiometry in the reaction
mixture was 30%.
Due to unsuccessful attempts to obtain Na9Co3(PO4)5 using a conventional solid state reaction, we decided to
try a completely new approach. In particular, we decided to change the initial stoichiometry in the reaction
mixture whether by increasing or decreasing Na/P ratio. We came to this idea by analysis of the known
compounds in Na2O-P2O5 system and their melting points. These data are presented in Fig 2. The Na2O:P2O5
ratio in Na9Co3(PO4)5 is 9:5, which is between two solid compounds in the Na2O-P2O5 system – Na4P2O7 and
Na5P3O10 with the melting points of 988 (congruent) and 622 oC (incongruent), respectively. A low temperature
eutectic (546oC) in this part of Na2O-P2O5 system corresponds to 43 % of P2O5. Therefore, in our opinion, a shift
of Na/P ratio in the initial mixture may help to decrease the melting point of the Na-P-part and in such way
promote its reaction with CoCO3. To achieve it, the initial stoichiometry of the reaction mixture was calculated
in order to obtain a mixture of Na9Co3(PO4)5 with Na3PO4/Na4P2O7 (to increase of Na/P ratio) or with NaPO3 (to
decrease of Na/P ratio). The final ratio of Na9Co3(PO4)5 to Na3PO4/Na4P2O7/NaPO3 is 1:0; 1:0.5; 1:1 and 1:2. ).
The co-products of the reaction, i.e. simple phosphates, may be easily removed from the mixture after
calcination by washing. The results of XRD analysis of the reaction mixtures after thermal processing is
summarised in Table I, some XRD patterns are shown in Fig. 3.
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Table I
Initial stoichiometry, expected composition and the phase composition according to XRD analysis of the
samples after thermal processing (sample # 1: 300 oC/168 h; samples # 2-12: 600 oC/6 h.
#

Initial composition of the reaction
mixture [molar ratio]

Expected composition

Phase composition according
to XRD analysis

Na2CO3

CoCO3

(NH4)2HPO4

1

4.5

3

5

Na9Co3(PO4)5

Na4P2O7, Na3PO4

2

4.5

3

5

Na9Co3(PO4)5

Na9Co3(PO4)5, NaCoPO4,
Na4P2O7

3

5.25

3

5.5

Na9Co3(PO4)5 + Na3PO4
1:0.5

Na9Co3(PO4)5, NaCoPO4,
Na4P2O7

4

6

3

6

Na9Co3(PO4)5 + Na3PO4
1:1

Na9Co3(PO4)5, Na4P2O7

5

7.5

3

7

Na9Co3(PO4)5 + Na3PO4
1:2

Na9Co3(PO4)5, Na4P2O7

6

5.5

3

6

Na9Co3(PO4)5 + Na4P2O7
1:0.5

Na9Co3(PO4)5, NaCoPO4,
Na4P2O7

7

6.5

3

7

Na9Co3(PO4)5 + Na4P2O7
1:1

Na9Co3(PO4)5, NaCoPO4,
Na4P2O7

8

8.5

3

9

Na9Co3(PO4)5 + Na4P2O7
1:2

Na9Co3(PO4)5, NaCoPO4,
Na4P2O7

9

4.75

3

5.5

Na9Co3(PO4)5 + NaPO3
1:0.5

NaCoPO4, Na4P2O7

10

5

3

6

Na9Co3(PO4)5 + NaPO3
1:1

NaCoPO4, Na4P2O7

11

5.5

3

7

Na9Co3(PO4)5 + NaPO3
1:2

Na2CoP2O7, Na4Co3(PO4)2P2O7,
Na4P2O7

12

5

3

5

Na9Co3(PO4)5:Na2O

Na9Co3(PO4)5, Co3-xO4

According to the XRD analysis (Table I, Fig. 3), the most successful result was obtained for for the samples # 4
and 5 which composition was calculated in order to obtain a mixture of Na9Co3(PO4)5 with Na3PO4, surprisingly
in opposite direction form eutectic. At the same time, as a co-product in these samples, instead of expected
Na3PO4, we have detected Na4P2O7. The difference between these two compounds is in condensation degree of
phosphate group, which in Na4P2O7 is in a form of dimer (two PO4 groups are linked via POP bonds to form
P2O7), and in Na3PO4 it can be described as individual PO4. Thus, Na4P2O7 contains less Na2O as it is illustrated
shown below (Eq. 1):
2Na3PO4 → Na4P2O7 + Na2O

(1)

Therefore, in our opinion, the excessive Na2O which should be present in the mixture due to initial
stoichiometry, may be involved in the formation of a defective structure of Na9Co3(PO4)5 containing Nainclusions. This suggestion is supported by XRD results, where the reflections of Na9Co3(PO4)5 below 20o 2theta
(ICDD 00-032-1072), which correspond to longer-distance order in the structure, are absent. Another
possibility, that Na2O is not involved in chemical transformations and remains in amorphous form in the
mixture, can be excluded due to high reactivity of Na2O.
The proposed equation of the transformation in the mixture for the initial stoichiometry of Na9Co3(PO4)5 to
Na3PO4 equal to 1:2 is presented below (Eq. 2).
7.5Na2CO3 + 3CoCO3 + 7(NH4)2HPO4 → Na9Co3(PO4)5:Na2O + Na4P2O7 + 10.5CO2 + 14NH3 +10.5H2O (2)
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Figure 2. Known compounds in Na2O-P2O5 system
and their melting points; the Na2O:P2O5 ration in
Na9Co3(PO4)5 corresponds to 9:5.

Figure 3. Results of XRD analysis of some of the
samples (the detailed composition related to
sample # is specified in Table I).
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The co-product of the reactions – Na4P2O7 - was easily removed after the synthesis by washing remaining wellcrystalline ceramic powder of Na9Co3(PO4)5 (Fig. 3). Interesting to note, that if to add to the initial mixture some
excess of Na2CO3 (sample # 12) - mixed cobalt oxide, Co3-xO4, is formed as an additional product. This oxide is of
high chemical stability and a very low solubility, which makes difficult to remove it by washing.
In order to find out how the melting character of the initial mixtures is affected by Na/P ratio, we employed
heating microscopy. Basically this method provides information about the change of the sample area during
heating. Accordingly, when the sample melts, even partially, – a sharp decrease of the surface area should
appear. The obtained results are presented in Fig. 4. As it follows from the presented data, the stoichiometry of
the initial mixtures affects dramatically their melting behaviour (samples 1,2 and 5, Fig. 4). In particular, with a
shift of the initial Na/P ratio from 9/5 (samples 1,2) to 2/1 (sample 5), the melting point is decreased with more
than 100 oC. The melting of the initial mixture of sample # 5 started already at 530 oC and progressed
intensively until heating to 700 oC. In this temperature interval, the formed melt may react with CoCO3 with the
formation of Na9Co3(PO4)5 contributing to the solidification of the mixture. Intense release of CO2 may
accompany the reaction. It may explain that in result of the heating of bulk sample we observed the formation
of porous solid foam of dark blue colouration. Thermal behaviour of the initial mixture of sample # 1,2 is very
similar, but the thermal intervals of the described processes are shifted to higher temperatures. At the same
time, the melting at these temperatures progressed much quicker.
Thus, the shift of Na/P to higher values has a certain mineralising effect which promotes melting and aids the
reaction between the mixture components. In other words, the reaction mixture mineralises itself increasing
the kinetic of the formation of Na9Co3(PO4)5 dramatically. Such synthesis approach, which may be referred as
“internal mineralising”, has not been reported before and is approved in the phosphate synthesis for the first
time at our department.
Considering the thermal stability of the obtained product, some positive trends may be also noted. Similar to
the reaction mixtures, the sharp decrease of the sample area after 765 oC (sample #5, before washing, Fig. 4)
may be attributed to partial melting of Na9Co3(PO4)5/ Na4P2O7 solid and the next decomposition of
Na9Co3(PO4)5. Thus, with our synthesis approach the calcination temperature as high as 600 oC did not
destroyed the Na9Co3(PO4)5 phase, although, according to the literature data, decomposition temperature of
Na9Co3(PO4)5 is as low as 338 oC, ref.1. The enhanced thermal stability may be attributed to the presence of
structural defects (sodium inclusions) which stabilise the structure and do not allow its thermal destruction.
After the washing and removal of Na3PO4, the melting point of the sample is shifted up to 1200 oC, while only
slow sintering is observed below this temperature. It is worth to note, that after removal of Na4P2O7, the
sample undergoes partial destruction which was confirmed by XRD analysis. Deterioration of sample area in a
temperature interval 330-530 oC is probably connected with the destruction process.

Figure 4. Results of heating microscopy analysis of the samples.
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At the next step of the study, colour properties of the samples with the most interesting colouration were
characterised by measuring spectral reflectance in the visible region of light. The colour of the samples is
described in terms of CIELAB and CIELCh systems. In these systems, the values of a* (the green (-) → red (+)
axis) and b* (the blue (-) → yellow (+) axis) indicate the colour hue (h°), the value of L* represents the lightness
or darkness of colour as related to a neutral grey scale (which is described by numbers from 0 (black) to 100
(white); the parameter C* (chroma) represents saturation of the colour (C* = (a*2 + b*2)0.5); the parameter h°
represents the hue angle which characterises the colour shade (h° = arctangent(b*∙a*-1∙360o∙(2∙3.14)-1). The
calculated colour parameters are summarised in Table II and the reflectance spectra are presented in Fig. 6.
Table II
Colour parameters of the obtained sample (after calcination at 600 oC, before/after washing) and some other
sodium cobalt phosphates and the most common commercial blue pigment (CoAl2O4).
Co content
Colour parameters
Colour
Sample
shade
o
% at.
% wt.
L*
a*
b*
C*
h
#2

8.1

6.9

58.1

5.2

-24.6

25.2

281.8

blue

#2 after washing

>8.1

>6.9

60.0

4.07

-11.2

12.0

289.9

light blue

#3

7.3

6.2

56.8

6.5

-29.0

29.7

282.6

blue

#3 after washing

>8.1

>6.9

58.7

4.6

-16.2

16.8

285.9

light blue

#4

6.7

5.8

50.0

15.8

-44.7

47.4

289.4

blue

#4 after washing

<8.1

<6.9

49.8

15.3

-43.4

46.0

289.4

blue

#5

5.7

5.0

51.8

15.7

-45.0

47.7

289.2

blue

#5 after washing

<8.1

<6.9

51.7

15.3

-44.6

47.2

288.9

blue

#12

7.8

6.6

42.8

-0.4

-6.5

6.5

266.3

indigo

NaCoPO4

14.3

33.3

71.7

5.3

-2.1

5.7

338.2

light pink

NaCoP2O7

9.1

23.0

62.0

4.24

-24.2

24.5

279.9

blue

NaCo4(PO4)3

20.0

43.3

53.9

16.3

-23.6

28.7

304.5

purple

CoAl2O4

14.3

33.3

55.3

-2.7

-29.8

29.9

264.8

blue

Figure 5. VIS reflectance study: obtained samples before and after washing (a); comparison of the synthesised
samples with other sodium cobalt phosphates.
The analysed samples have brilliant blue colouration of high intensity. After washing, colour of the samples
containing NaCoPO4 and Na4P2O7 as additional phases (#2 and 3) reduced significantly, while the colour of the
samples containing only Na9Co3(PO4)5 and Na4P2O7 (#4 and 5) almost did not change. At the same time, the
adsorption minimum of sample #5 in green-yellow-orange-red part of the spectrum is very deep, while
reflectance in blue region is very high (fig. 5), which determines its intensive colouration. Colour of the sample
#12 is very dark of a pure blue shade; it may be explained with presence of which is black. Colour of other
4rd International Conference on Chemical Technology | ICCT 2016

[186]

samples was light blue or light pink, which do not represent much interest for pigment application, and
therefore these samples have not been analysed in detail.
In general, the most attractive and deep colouration was achieved for the samples #4 and 5: it is much more
saturated and also darker than colouration of any other cobalt phosphate or even of commercially available
pigments such as Cobalt blue, although the content of Co in Na9Co3(PO4)5 is much lower (Table II). Although it is
well known that application of mineralisers in pigment synthesis usually helps to reinforce the colour of the
product at low temperatures, the effect of such “internal mineralising” on the colour properties of Na9Co3(PO4)5
is incredible. Such colour reinforcement of Na9Co3(PO4)5 samples may be connected with the formation of
structure defects, which has been discussed above.

Conclusions
In conclusion, we have succeeded to obtain pure phase product of Na9Co3(PO4)5 using a new synthesis
approach which can be referred as “internal mineralising”. The effect of such “internal mineralising” on the
colour properties of Na9Co3(PO4)5 surpassed all expectations: the obtained products have a brilliant blue colour
which is more intensive than of any other cobalt phosphate or even of commercially available pigments such as
Cobalt blue, although the content of Co in Na9Co3(PO4)5 is much lower. Such colour reinforcement may be
connected with the formation of structure defects, in particular Na-inclusions. At the same time, employed
synthesis approach also prevented decomposition of Na9Co3(PO4)5: the samples were calcined at the
temperature as high as 600 oC which also reinforced the colour significantly. The enhanced thermal stability
may be also attributed to the presence of structural defects which stabilise the structure and prevent its
thermal destruction.
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Introduction
Production of calcium nitrate (CN) in company Lovochemie started in the year 1967 together with production
of different types of NPK fertilizer. In this time CN was an unwanted byproduct of the NPK production. This fact
changed during a few years and CN became to be equivalently demanded by the market as a product for field
application. In the last few years rose mainly demand for CN which is fully soluble – the insoluble content is less
than 0.1%wt. This product is mainly used for greenhouse application. Therefore is this quality nowadays called
as CN GG – greenhouse grade quality. Above mentioned fact led Lovochemie and VUCHT (research institute of
chemical technology Bratislava) to research and develop technology for CN GG production. Process of
technology development was greatly influenced by long gathered experience with producing CN in Lovochemie
and also in Hnojivá Duslo (sister company in Agrofert group situated in eastern Slovakia). The main part of this
project was creating almost Basic design of this technology and this task was successfully finished in the year
2012. In the next year was made large portion of the Detail design engineering. Startup of the production plant
was after a few delays in 8/2015. The whole project was supported by subsidy from Ministry of local
development. Production capacity of CN unit is 90 000 t/y which is, with a comparison to the old production
plant, rise with additional 35 000 t/y.

3 different product types
Next economical aspect is that the CN production plant is able to produce 3 different qualities of CN. The
quality differs in the amount of the insoluble content. CN of quality GG has insoluble content as mentioned
before up to 0.1%wt, CN quality FG (ferti grade) has insoluble content up to 0.3% (this quality was the only
quality which was produced at the old production plant) and finaly CN quality AG (agricultural grade) with
insolubilities up to 3%. Thanks to the possibility to produce different qualities we are able to maintain
production without any waste. CN FG is produced directly from the decomposition of lime in nitric acid without
any special additional technological steps. CN GG needs to be purified in the slurry phase thanks to the press
filter installation and the removed insolubilities in this process are imported to the slurry by production of CN
AG. Colour of the CN fertilizer is in the range from white (in case of CN GG) up to orange-brown (in case of CN
AG) depending on the amount of insolubilities included in the fertilizer. Granulometry of the fertilizer is in the
range from 2 to 5 mm and the hardness of the granules (3 mm) is min. 25N. The product is dispatched in 50kg
bags or in 1t big-bags and also as bulk material. Main component of CN is double salt 5Ca(NO3)2.NH4NO3.10H2O
with small amount of dewatered Ca(NO3)2. Chemical composition of CN GG and CN AG is in the following table
1, CN FG is quite similar to CN GG therefore is not mentioned:

4rd International Conference on Chemical Technology | ICCT 2016

[188]

Picture 1. – Granules of mineral fertilizer CN GG (left) and CN AG.

Soluble impurities

Table I
Chemical composition of CN GG and CN AG.
LV GG
Ntotal, wt.%
min. 15.5
Nammonia, wt.%
1.1 – 1.3
Nnitrate, wt.%
min. 14.5
Ca, wt.%
min. 18.8
CaO, wt.%
min. 26.3
Insolubilities,
max. 0.1
wt.%
Mg, ppm
˂ 2500
Fe, ppm
˂ 10
Cu, ppm
˂ 10
Pb, ppm
˂1
Mn, ppm
˂ 10
Al, ppm
˂ 50
Na, ppm
˂ 30
K, ppm
˂ 50
Cl-, ppm
˂ 10
SO42-, ppm
˂ 100

LV AG
min. 15.0
min. 18.6
min. 26.0
max. 3.0
-

Description of the production process
Basic production process is described in picture 2. In the case of CN AN no separation step is included in the
production process, but the insolubilities are dissolved and added to the slurry in certain amount. This amount
is limited by final physical properties of the product. With large amount of insolubilities imported into the
system the final product is losing hardness thanks to disturbing the structure of the particles itself.
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Picture 2. Scheme of CN AG and CN GG production.
Production process starts with feeding of the decomposition reactor with limestone which is after that
decomposed by nitric acid. Slurry, which is a product overflowing from the reactor, contains specific amount of
free nitric acid. This amount is than corrected to a level that ensure the amount of ammonium nitrate in the
final product. This slurry is than neutralized with gas ammonia. Slurry is than evaporated up to density around
1850 kg/m3. These are ideal conditions of the slurry to spray into the pugmill granulator, where it mixes with
the recycled cooled material to form final product. This granulate is than cooled in the cooling drum, screened
and grinded.

Problems during start-up
Since the whole project is not driven in the most common way (buy license on the market which has many
successful installations and let the main contractor erect the plant as so called “turnkey construction”) we
expected larger portion of problems during start-up. Although is the whole technological solution based on
transfer of know-how from existing CN production plant in Hnojivá Duslo Strážske, many parts of the
production process were even laboratory checked and then modified which caused many changes in the
technological design of the plant. This article is focused on some of the main problems.

a)

Inappropriate granulometry – too much dust in the product

There are two commercially available screening technologies. First is used for example by the company
Mogensen. This screener has eccentric rotors placed directly on the body of the screener. This causes the
whole screener to shake. The second approach was chosen by Lovochemie as more suitable one. This solution
used for example by company Rhewum has 16 electromotors (8 at each sieve) that are shaking directly and
only with the sieve itself and the body of the screener is keeping still. To obtain the best quality of the product
sieves with different mesh need to be tested and also the set points of cleaning sequence for each vibration
head need to be set. So far we have tested 3 sieves on the upper position and 4 sieves on the bottom position.
This alchemy helped us to get significantly closer to desired quality of the product. Although this problem
comes up in time with each change in the technological process we are prepared to develop the solution over
time.
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b) Insufficient suction of the vapour from the granulator
Granulator is so called heart of the whole production plant. In this equipment is solid recycle combined
with the CN melt that expand during this process and therefore a large amount of vapour is released. CN is a
product with very low critical humidity, so the vapour needs to be quantitatively removed from the granulator.
Final technical solution of this problem was made by the contractor. He chose a weak ventilator, due to
inappropriate calculation and therefore we couldn´t establish under-pressure in the granulator. Solution is to
install another ventilator with proper power to obtain required conditions.

c)

Non-equal distribution of the air to mix both storage tanks

Our colleagues from Duslo are using only one storage tank for middle-product. In our design we have two. This
was underestimated and the aeration system was designed without any regulation parts. In the case when one
vessel is almost empty and the other is full the counter pressure in the area of aeration nozzles differs. Proper
solution of this problem seems to be installation of two flow-meters and four automatic valves, this system is
self regulated to equal flow of air into both vessels. Components are already at place and the system waits for
wiring and programming.

d) Insufficient water inlet to the exhaust air purifier
This is again an example of inappropriate pipe line calculation. High pressure loss due to long curly line with
small inner diameter had bad influence on the pump design. This pipeline needs to be replaced with better
designed one and also a stronger pump is already ordered.

e) Insufficient grinding equipment
In the former design only one crusher was considered. This was one of a few equipment that function was
completely up to the contractor. Investor demanded low dust creation at concrete maximal material flow-rate.
The machine that was delivered was two roller mill that perfectly fits our granulometry needs. The problem
was when we rise the capacity up to the projected capacity. The mill stopped multiple times due to electric
overload, so again this equipment wasn´t designed properly for the highest possible throughput. Proper
solution was found by the investor. We found in the company an older hammer mill and installed it as series
equipment to the roller mill. Input material was divided into two streams. Smaller particles went into the roller
mill and the larger parts went to the hammer mill. Nowadays this system is stable and working perfectly.
There were many other problems during start-up. This review includes the main ones. Despite these problems
the production plant is running and the quality parameters are fulfilled. The fact is no technology can run at the
beginning without any necessary improvements or technological changes, so we were happy to reach process
parameters 3 months after start-up.

Conclusion
Technology described in this presentation is a good example of utilization of the theoretical and practical
knowledge of all companies involved: Duslo, a.s., VUCHT, a.s. and Lovochemie, a.s. The result is fully functional
unit for the production of calcium nitrate in the demanded quality. In spite of the fact that we had to solve
many problems during the start-up (which we understand that couldn´t be avoided) and are still not running
the plant at a full capacity, we may say that company Agrofert is keeping at its disposal relatively important
know-how. This know-how involves not only production of CN from the lime stone, but also CN granulation
using simple equipment – pug mill.
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Abstract
Opening kinetic study of the reaction between dolomite and nitric acid was accomplished. Reaction
experiments were carried out in an isothermal batch reactor with special regard to the effects of acid
concentration and reaction temperature. A method “pH-stat titration” for observation of the reaction course
and calculation of the conversion degree of raw dolomite was used. For processing of experimental data a
simplified model concept the shrinking core model was applied. Strong influence of reaction temperature was
observed. The values of the apparent activation energy were in the range 48 – 51 kJ mol-1 under studied
conditions and the fractional values of the apparent reaction order can indicate a complex reaction mechanism
and strong influence of chemical reaction as a rate controlling step.

Introduction
Generally, dissolution of carbonate raw materials in water solutions of different pH is widely studied topic in
many fields. Published geological studies most often studied and simulated the influence of conditions
prevailing in the earth´s crust on the dissolution of carbonate compounds. Obtained information can be used
for better understanding and prediction of the cycle of carbon and many other elements on the planet Earth 1.
The reaction between natural dolomite and dilute nitric acid belongs to the group of the heterogeneous noncatalyzed reaction. It may play a key role for example in the magnesium fertilizers technology based on a
domestic raw material to produce the mixture of calcium and magnesium nitrate 2 and in the technology of
pure magnesium compounds 3. Possible using of secondary magnesium-bearing raw materials as a source of
magnesium compounds was also widely investigated in past two decades 4, 5.

Experimental
Experimental arrangement and materials
The reaction between dolomite and nitric acid was studied under these conditions: temperatures 293 and 313
K and nitric acid concentrations 10 and 50 mol m⁻³. All the kine¦c experiments were carried out in an open
isothermal semi-batch reactor represented by a glass beaker placed in a bath thermostat. The reaction mixture
was stirred using a 4-blade agitator shaft and the rotation speed 600 rpm. As a raw material natural dolomite
(mined out – Lánov, Czech Republic) of high purity (94 %w. of CaMg(CO₃)₂) was used and a small amount (0.5 g)
was added into the nitric acid solutions in each experiment. The reaction course was observed by pH-stat
titration method (a titration unit TitroLine alpha TA 50 plus (Schott); a combined glass pH-electrode (HC 104,
Theta ´90)). This technique is based on the maintaining of the constant pH value of the solution, while pH of the
solution is increasing during the reaction. The automatic titrator doses small volume of more concentrated
nitric acid solution (1 mol dm¯³) to keep the pH value on the initial level. The dependence of the batched
volume of nitric acid on time was used for the calculation of the conversion degree of dolomite (η) in time. For
the preparation of nitric acid solutions distilled water and nitric acid of the analytical reagent grade (65 % w.,
Lachner, Czech Republic) were used.
Experimental data processing
From the experimental η vs. time dependences an important quantity was evaluated – the change of the
conversion degree in time for the beginning of the reaction (dη/dt)η→0. The values of this quantity were
calculated from the linear part of the η vs. time dependence for each condition separately using the linear
regression and the method of least squares.

Results
The results are presented in terms of the conversion degree of dolomite η (the ratio between the amount of
dolomite dissolved in nitric acid and an initial total amount of dolomite before the reaction) plotted against
time t.
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Effect of temperature
From the measured kinetic data it was observed that reaction temperature has strong influence on the reaction
course. With increasing temperature the rate of the reaction has increased as it is shown in the Fig. 1.

293 K

0.4
0,4

313 K

η
0,2
0.2

0,0
0.0
0

500

1000

Time, s

1500

2000

2500

Figure 7. Effect of temperature on the conversion degree of dolomite.
Experimental conditions: cHNO3=10 mol m⁻³, d₀ = 0.4 – 0.5 mm and studied temperatures
The temperature dependence was characterized by the apparent activation energy EA. For the evaluation of the
values of EA (see Figure 2) from the experimental data the Equation (1) in a linear form was used (based on the
non-porous shrinking particle model (NSPM) [6]). Values of apparent activation energy EA under studied
conditions are given in Table I.

E
 dη 
= lnA ′ − A
ln D 
RT
 dτ  η →0

(1)

where: A´́ - apparent pre-exponencial factor, EA – apparent activation energy (J mol-1), R – general gas constant
(8,314 J K-1 mol-1), T – temperature (K), ηD – dolomite conversion, τ – time (s).

1/T , K⁻¹
0,0031
0.0031
-6,5
-6.5

0,0032
0.0032

0,0033
0.0033

0,0034
0.0034

0,0035
0.0035
10 mol m⁻³

-7.5
-7,5
50 mol m⁻³

-8.5
-8,5

-9,5
-9.5

-10.5
-10,5
ln(dη/dτ), s⁻¹
Figure 2. Estimation of the apparent activation energy EA for the different nitric acid concentrations
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Table I
The values of the apparent activation energy for the studied nitric acid concentrations
Concentration of nitric acid
cHNO3 [mol m⁻³]
10
50
Apparent activation
energy EA, kJ mol⁻¹

47.6

50.5

Effect of nitric acid concentration
The initial concentration of nitric acid has also positive effect on the reaction course under studied conditions
(Fig. 3).

0,4
0.4
10 mol m⁻³
50 mol m⁻³

η 0,2
0.2

0
0

400

800

1200
1600
Time, s
Figure 3. Effect of nitric acid concentration on the conversion degree of dolomite.
Experimental conditions: T = 303 K, d₀ = 0.4 – 0.5 mm and studied concentration

2000

The concentration dependence was characterized using the quantity of the apparent reaction order – n. For the
evaluation of the values of n (see Figure 4) from the experimental data the Equation (2) (based on the NSPM) in
a linear form, where k is quantity called proportionality coefficient, was used. Values of apparent activation
order n for the studied temperatures are given in Table II.

 dη 
ln D 
= lnk + n ⋅ ln(c HNO3 )
 d τ  η→ 0
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(2)

1,5
1.5

2,0
2.0

2,5
2.5

lncHNO3, mol m⁻³
3,0
3,5
3.0
3.5

4,0
4.0

4,5
4.5

5,0
5.0

-6,5
-6.5
293 K
-7,5
-7.5
313 K
-8,5
-8.5

-9.5
-9,5

-10.5
-10,5
ln(dη/dτ), s⁻¹
Figure 4. Estimation of the apparent reaction order n for the different reaction temperature
Table II
The values of the apparent reaction order under the studied temperatures
Reaction temperature [K]
293
313
Apparent reaction order n
(-)

0.49

0.54

Conclusion
An opening study of the dissolution of dolomite in dilute nitric acid solutions was accomplished. It was found
that the reaction temperature has significant influence on the reaction course under studied conditions. The
temperature dependence was characterized by the apparent activation energy giving values in the range 47.6 –
50.5 kJ mol⁻¹ and it can be assumed that the chemical reac¦on plays a strong role as a rate controlling step
under studied conditions. The influence of the nitric acid concentration was characterized by the apparent
reaction order and the values 0.49 – 0.54 indicate a complex mechanism of the studied reaction. For more
accurate description and explanation of founded dependences it will be necessary to provide kinetic
measurements in wider range of reaction conditions (higher temperature and concentration of nitric acid) and
estimate the influence of another important factors - the influence of the size of dolomite particles, the
influence of reaction products and the influence of transport phenomenon on the reaction course.
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Abstract
Pillared clay materials are very often used in catalysis which are linked to high temperature processes. And
there is exist many reports about their high adsorption charachteristics. However, the amount of information
regarding adsorption charachteristics evolution of pillared clays with changing of their temperature treatment
regime, is still miniscule. Nano-clusters Al13; Al13(75%)/Zr4(25%); Al13(50%)/Zr4(50%); Al13(25%)/Zr4(75%), Zr4
were synthesised and their NMR 1H, 27Al studies has been performed. Their intercalation within the
interlamellar montmorillonite space was performed and different regimes of thermal treatment were applied
for the samples. XRD analysis proved intercalation of mentioned nano-clusters within the interlamellar
montmorillonite space. In a such way, set of Al13-, Al13/Zr4-, Zr4- pillared clays was sucesfully synthesised. The
XRD diffractograms were used to reveal the sturture changes for each thermal treating regime. Adsorption
experiment regarding Co (II), Cr (VI) and U (VI) were carried out and concluded.

Introduction
Nowadays, inorganic adsorbents derived from natural raw materials are an object of intensive research1-3.
Special place among such materials is taken by pillared clays, which is a result of clay mineral modification by
the means of nano-metalic-clusters (polyhydroxycomplexes), intercalated into interlamellar space4,5. Pillared
clay materials are frequntly used in catalysis that links with high temperature processes. As a consequence, this
research focuses on the high temperature processes that occur under temperature treatment, in particular to
the thermal stability of “catalyst-substrate“ compositions. However, the issue of adsorption capacity dynamics
of pillared clays after heat treatment, with different regimes, is poorly covered in modern literature. Although,
the use of modified clay material heat treatment can improve the efficiency of polluted water treatment
technology, because of the improved tendency of adsorbent to be coagulated from aqueous solutions. In such
a way, the aim of the current work is to investigate adsorption value dynamics of thermally treated pillared
clays, under different conditions.
Al13, Al13/Zr4 and Zr4 were chosen as cluster-modifiers and montmorillonite was chosen as a mineral matrix due
to its good swelling properties and high negative surface charge.

Synthesis of pillared clays
Clay preparation
Na – montmorillonite (MMT) from the Cherkasy (Ukraine) with fraction from 0.2 – 0.3 mm was used for the
synthesis. This clay was prepared based on several steps:
Physical treatment: milling the air-dried mineral to the fraction of 3-5 mm. A visual cleaning of the particles of
impurities of iron, carbonates and other inclusions.
Chemical treatment: getting a 1.3% suspension of the mineral in distilled water; dispersion of particle
aggregates. Sedimentary cleaning of the suspension. A decantation method was used to get upper layer (highly
dispersed fraction) into another container. Distilled water was topped up again and mentioned procedure had
been repated 3 times.
In order to improve the clay minerals sorption characteristics and optimise the dispersion time, the mineral
was transformed to the Na-shape, by the means of additional treatment with NaCl (1 mol/dm3)5.

Al13 cluster preparation
The synthesis of alumina nano-cluster - Al13 ( [Al13 O14 ( OH ) 24 ( H 2 O )12 ]7 + ), has been performed based on hydrolysis
of AlCl3∙6H2O (chemically pure) by drops of NaOH (0,1 M), whilst stirring. The final ОН-/Al3+ ratio is equal 2 and
the solution pH was 4.2. This is matching to the existing pH range of Al13 (Figure 1a). Moreover, the presence of
[Al13 O14 ( OH ) 24 ( H 2 O )12 ]7 + was proven by the NMR 27Al method and is portrayed in Figure 2.
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Figure 1. Shows the state diagram of a) Al and b) Zr shapes distribution, depending on the pH and its
concentration (based on the Medusa software calculations).

Figure 2. NMR 27Al spectra of Al3+ solution shows the Al-shape distributions depending on the ОН-/Al3+ ratio;
Signals at 0 and 63.2 ppm are responsible for Al3+ ions in octacheral and tetrahedral oxidation alumina
surrounding. 63.2 ppm is a signature of Al13 cluster A broad signal at 68.5 ppm proved exist of an Al-containing
polymerical phase. A chemical shift at 80 ppm is a signal of free Al-tetrahedrals in solution,- Al (OH ) −4 .
Based on the 63.2 ppm chemical shift it is possible to evaluate the absence/presence of Al13 clusters.

Zr4 cluster preparation
The synthesis of zirconium nano-clusters ( [ Z r4 ( O H )1 4 ( H 2 O ) 1 0 ]2 + ) was performed using ZrOCl2 aqueous solution
which is highly acidic. Based on the state diagram of zirconium (Figure 1b), this cluster is existing in wide pH
range from 0 to 6. In a such way, the zirconium salt was dissolved in water to the desired concentration. After
the reaction, the pH of the solution was 1.8.
Mixed nano-clusters preparation
An additional aim of this work was to synhesise a solution that contained both nano-clusters in the following
ratios: Al13(75%)/Zr4(25%); Al13(50%)/Zr4(50%); Al13(25%)/Zr4(75%).
The standard method of mixed nano-clusters solution synthesis, is a simple mixing of appropriate clusters6.
However, the NMR 27Al analysis proved that this approach is incorrect in the case of the Al13/Zr4 system, when
the amount of Zr4 cluster is higher than the amount of Al13 (Figure 3).
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Figure 3. NMR 27Al of the Al-Zr system depending on the amount of added alkali to Al3+ (ОН-/Al3+ = 2/1)
Figure 3 shows that Al13 cluster signal (δ = 63.2 ppm) is almost absent in the Al13(50%)/Zr4(50%) mix, and fully
absent in the Al13(25%)/Zr4(75%) solution if the standard synthesis approach is used.
This phenomenon is linked to the high acidity of the Zr4 nano-cluster solution. Mixtures of highly acid Zr4 and
Al13 have a pH range inappropriate for Al13.
An attempt to increase the pH by adding alkali failed because precipitation occurred. Based on the NMR 1H
study of the clusters, we consider that Zr(OH) 4 is responsible. Figure 4a shows that proton shifts of Zr4 clusters
are 8.66 and 8.03, in the direction of weak field, proves high acidity in comparison with Al13 protons, δ = 3.93. It
is assumed that the alkali OH-groups reacting with the more acidic protons of Zr4, was leading to the
aforementioned precipitation.

Figure 4. a) 1Н spectra of Al13 and Zr4 clusters; chemical shift about δ = 4.97 ppm can be responsible for H2O
groups inside Zr4 cluster that cannot be exchanged with the environment; b) 27Al study of the Al-Zr system
depending on the amount of added alkali to Al3+ (ОН-/Al3+ = 3/1).
In a such way, a study of the acid-base dependency of Al13 yield was carried out for systems:
Al13(75%)/Zr4(25%); Al13(50%)/Zr4(50%); Al13(25%)/Zr4(75%).
Based on the mentioned study, a new approach to the systems synthesis was suggested.
A new Al-containing solution was obtained with an ОН-/Ме+ ratio equal to 3, whilst applying intensive magnetic
stirring. A final pH was 6.6, and then a Zr4 clusters containing solution was added. In the resulting mixture, the
final pH attained was 4 and 3.44 for the Al13(50%)/Zr4(50%) and the Al13(25%)/Zr4(75%) solutions respectively.
Figure 4b demonstrates the NMR 27Al study of the obtained solutions.
The spectra of the initial Al solution with ratio ОН-/Ме+3 = 3/1 (Figure 5b, the top curve) reveals only polymeric
Al-containing phase and absence of Al13. However, adding of 25 % of Zr4 leads to a 63.2 ppm signal, that is
responsible for Al13 nano-clusters. Increasing the amount of Zr4 up to 50 %, this signal is maintained, although
with further Zr-clusters added, the shift δ = 63.2 ppm was not detected.

Intercalation process and thermal treatment
The Intercalation process of derived nano-clusters and their combinations had been performed in a chemical
reactor, whilst applying mechanical stirring. This process took 3 hours for all except the Zr4 nano-clusters
intercalation. This took only 2 hours due to the high acidity that can cause mineral destruction 5.
The samples were washed and thermally treated with different temperatures: 100, 200, 300, 400 and 500 °С
(each for 2 hours). The fraction 0.2-0.1 mm was used for further experiments.

XRD analysis
To prove the successful intercalation, the XRD analysis (CuKα) was performed and is portrayed in Figure 5.
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Figure 5. XRD analysis of the samples
Based
on
the
diffractogram
of
the
initial
clay
materials,
a
montmorillonite
((Na,Ca)0,3(Al,Mg)2Si4O10(OH)2∙10H2O)) was identified with reflexes 15.01; 2.56; 1.49 and it was found a β-quartz
with 3.33; 4.21; 1.81; 4.46; 2.43; 2.28; 2.10; 1.52; 1.37 peaks.
Intercalation of the nano-clusters affected the basal mineral peak (d001 = 1,501 nm), that is a signature for all
sheet swelling silicates, with a 2:1 layer structure. It determines the space between the two sheets. Due to
nano-clusters attaching, the basal peak was shifted because of the changing interlammelar distance.
Increasing treatment temperature caused disorder of the materials because of structure amorphisation. In such
a way, it is shown that interlammelar space of the Na-MMT d001 = 1,501 nm was expanded to 1,686 nm at 100
°С for Al13 samples and is antibate reducing with increasing temperature. For the Zr4 samples, the basal space is
1,379 nm at 100 °С that is reduced with thermal treatment.
Abovementioned dependences of the basal space are presented at the Figure 6.

Figure 6. Dependences the basal space of the pillared clays from the treating temperature
In such a way, the basal peak 1,501 nm of the initial clay mineral is shifted as a result of nano-clusters diffusion:
• In the direction of low angles d001 = 1,686 nm (Al13);
• In the direction of large angles d001 = 1,379 nm (Zr4);
• To the value d001 = 1,411 nm for mixed Al13(50%)/Zr4(50%), that is an intermediate position relatively
pure Al13 and Zr4.
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Adsorption Experiment
For Co2+ adsorption, a CoCl2 salt was used with a metal concentration equal to 20 mg/L (pH = 6.3). A method of
the adsorption experiment was done as previously shown7.
Adsorption of Cr (VI) compounds was carried out with the chromium concentration of 20 mg/L (pH = 6.3) based
on the described method7 using a K2CrO4 as an initial salt.
Uranium compounds adsorption has been performed with starting concentration of Uranium at 100 micromol/L (pH = 6) by the means of known method7.
The pillared clays weight was 0.1 g for each experiment.
Determination of the elements residual concentration was done by using optical spectroscopy studies with
nitroso-R-salt, diphenylcarbazide and Arsenazo III as complexation agents for Co, Cr and U respectively.

Results
Co (II) adsorption value dependency on thermal treatment regime is present in the Figure 7.
(Samples on the graphs are marked simply: Al means Al13 – pillared MMT, Zr – Zr4 – pillared MMT…).

Figure 7. Results of Co (II) adsorption by synthesised pillared clays
It was shown that increasing temperature has a negligible effect on the Co (II) adsorption values in all samples.
In the result of the nano-clusters intercalation, a partial surface re-charging from negative values to positive
was occurring. Based on the state diagram for Co (II) (insertion in Figure 7), it is present in the solution as Co2+
(pH = 6.3). Consequently, the Co2+ adsorption was carried out on the basal mineral surface because of its
negative charge, but not on the intercalated positively-charged active centres such as Al13 or Zr4. Of course, the
specific area is reducing with increasing of temperature treatment, which is shown by the XRD analysis.
However, this reducing can be compensated by an increased amount of adsorbents in 0.1 g because of the
weight loss due to thermal treating.
Cr (VI) adsorption value dependency on thermal treatment regime is present in the Figure 8.
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Figure 8. Results of Cr (VI) adsorption by synthesised pillared clays
Following to the state diagram (insertion in Figure 8) Cr (VI) is existing in an anion shape under the experiment
conditions. In the result of the experiment it was demonstrated that thermal treatment of modified samples
caused reducing of the adsorption charachteristics. This phenomena is occuring due to reduced amount of the
active OH-groups of nano-clusters, with their transformation to an oxidatoin state with temperature.
The most effective samples in this case was Al13(25%)/Zr4(75%). This is possibly due to Al13, with its large size, is
expanding the interlamellar space and leading to more efficient Zr4 cluster intercalation.
U (VI) adsorption value dependency on thermal treatment regime is present in the Figure 9.

Figure 9. Results of U (VI) adsorption by Al13-pillared and Al13(50%)/Zr4(50%)-pillared clays
The unusual shapes of the adsorption curves for different experimental conditions is explained by the erratic
chemistry behaviour of uranium that is based on the state diagram (insertion in Figure 9).
In the result of the experiment it was demonstrated that U (VI) adsorption values are reducing with increased
temperature treatment. This linked to the reduced amount of active centres that are available to adsorb
uranium compounds in negatively-charged shapes with thermal treatment.

Conclusions
The systems Al13, Al13(75%)/Zr4(25%); Al13(50%)/Zr4(50%); Al13(25%)/Zr4(75%), Zr4 were synthesised. Their
diagnostic was assessed and based on these results, a new approach to synthesis is suggested.
The XRD analysis proved successful intercalation of the synthesised nano-clusters, under thermal treatment
with different regimes (100, 200, 300, 400 і 500 °С).
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Adsorption experiments regarding Co2+, Cr6+ and U6+ from aqueous solution were performed by the Al13,
Al13(75%)/Zr4(25%); Al13(50%)/Zr4(50%); Al13(25%)/Zr4(75%), Zr4 - pillared montmorillonite. The dependency of
the adsorption values from the samples treatment condition was found.
It was determined that the clay mineral – montmorillonite that is modified by iso- and heteropolyhydroxycomplexes of Al and Zr, is an effective adsorbent against dangerous toxicants such as heavy metals
and radionuclides that are in anion shapes. We provide evidence that thermal treatment of modified
montmorillonite causes reducing adsorption characteristics.
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Abstract
Advanced oxidation processes can be used at WWTP as a tertiary post-cleaning procedure and are capable of
effectively removing difficult-to-remove pollutants from wastewater. The studied procedures include
ozonation, UV irradiation, the Fenton reaction, and use of ferrate(VI). In our study, ferrate(VI) was prepared by
the anodic oxidation of iron or cast iron in the strongly concentrated potassium hydroxide solution at elevated
temperature. A 24 hour composite sample at the influent of the Petržalka WWTP was used for the elimination
study. Our results indicate that iron(VI) is able to almost totally degrade wide spectrum of compounds. The
ability of ferrate(VI) to remove such substances relates to the redox potential of the compounds to be
degraded. Compounds such as tramadol, venlafaxine, and methamphetamine were degraded with efficiency of
65 %. These types of compounds are, in aqueous solutions, oxidized at higher positive potentials than the
ferrate(VI) standard half-cell reduction potential in a neutral/basic environment (+0.72 V). Since a part of the
compounds were, despite the redox potential issues, removed by ferrate(VI) in slightly basic environment, the
degradation mechanism is based not only on the “simple electron sharing”. It is possible to increase ferrate(VI)
oxidation power by adjusting the pH value (pH~6-6.5) where total removal of all micropollutants is expected
(the standard half-cell reduction potential of ferrate(VI) has is +2.20 V in this region) and/or by increasing
ferrate(VI) concentration.

Introduction
The high oxidation potential of ferrate(VI) may result in the most effective oxidizing agent. In contrast to
chlorination, no harmful by-products are found in water after its utilization. It was confirmed that ferrate(VI)
are able to effectively degrade even very stable inorganic and organic pollutants1. The oxidation of organic
pollutants and microorganisms was accompanied by the disinfection properties of ferrate(VI).
Ferrate(VI) can be prepared by thermal, chemical, and electrochemical methods as follows2: dry oxidation of
iron at high temperature (800 °C) for several hours, wet oxidation, and electrochemical anodic oxidation of iron
or cast iron in concentrated hydroxide solutions or melts3. In a traditional wet chemical synthesis, insoluble
K2FeO4 is prepared from alkaline hypochlorite by oxidation of Fe(III), and less soluble Fe(VI) salts are prepared
by precipitation upon addition of various salts to solutions containing dissolved FeO42- ions. Despite the fact
that wet oxidation has been extensively studied, its application on a large scale has not been realized3. The
weak point in this process is the harmful environmental impact, complicated procedure, multistep synthesis
and high cost.
To eliminate disadvantages of previous methods, the electrochemical preparation of Fe(VI) in low temperature
binary hydroxide melts has been introduced. Using electrochemical methods, high purity ferrates are easily
prepared. Electrochemical method is based on anodic oxidation (dissolution) of iron or cast iron in
concentrated hydroxide solutions or melts. In the case of a melt suitable temperature for ferrate(VI) synthesis
is up to 200 °C. In water solutions the typical temperature range is from 20 to 70 °C2. Stability of ferrate(VI) in
the presence of water remains the weak point of electrochemical approach. Even a small amount of water
decomposes ferrate(VI) within hours. Electrochemical DC (direct current) and AC (alternating current)
techniques were found to be suitable for interfacial and metal dissolution studies in both aqueous and molten
systems5-8. Since the electrochemical preparation of ferrate(VI) has been known for more than 170 years9 the
dissolution of iron in the strong alkaline systems has been studied by several research groups 10-19. Although the
transpassive iron dissolution in alkaline solutions is discussed less frequently it has been found that in alkaline
environment Fe is dissolved as ferrous(II), ferric(III) and, finally, ferrate(VI) species depending on the
experimental conditions 3, 8, 15, 17-21. It has been found that the current yield increased with electrolyte
concentration, temperature, as well as with the carbon content in iron electrode 15. Grube et al. 10 used
superimposed alternating current in order to increase a current yield. Both, anode and electrolyte composition
has been shown as one of the key factor affecting ferrate(VI) preparation 8, 22-25. Pick 12 has observed the
decrease of the current density from ca. 50 % in NaOH to 37 % in KOH. This indicates that different reaction
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mechanisms must be considered in these two hydroxide media. Similar conclusions have been reported by
Bouzek et al. during iron and white cast iron electrode dissolution 26. Lapicque and Valentine 27 have suggested
the utilization of mixture NaOH:KOH instead of pure NaOH or KOH solutions in order to combine the high
efficiency of ferrate(VI) synthesis in NaOH electrolyte and low solubility of potassium ferrate(VI). Depending on
the individual experimental conditions, reaction schemes were proposed in order to describe processes that
occur at the anode surface. Several research groups have tried to elucidate the anodic dissolution mechanism
of iron or iron based electrodes in alkaline solutions 3, 7-8, 17-21, 25, 28-36.

Experimental
An oil thermostat with calibrated sensor, stainless steel box and PTFE crucible with the sample was used for our
experiments. Reference connection of thermocouple was immersed in a Dewar flask with ice-water. Measuring
connection of thermocouple was immersed into the melt at the same level as electrodes. Electrochemical
measurements were performed using AUTOLAB instrument PGSTAT 20 equipped with FRA2 module (ECO
Chemie, The Netherlands). A three electrode electrochemical cell was used for all experiments. Working
electrodes (WE) were made from: (A) pure iron (Fe) (99.95 wt% Fe, 0.005 wt% C, 0.0048 wt% Ni and
0.0003 wt% Mn), (B) silicon steel (FeSi) (3.17 wt% Si, 0.47 wt% Cu, 0.23 wt% Mn, 0.03 wt% Ni), and (C) white
cast iron (FeC) (3.17 wt% C in the form of Fe3C, 0.44 wt% Mn and 0.036 wt% Ni). The geometric area of the
working electrodes varied from 0.2 to 0.7 cm2. The same material (pure iron) was used as the reference
electrode (RE). Counter electrode (CE) was made from mild steel (steel class 11). The temperature was varied in
the range 110 °C to 160 °C for KOH system. The lower temperature was limited temperature of eutectic
KOH:KOH.H2O which is 100 °C at the composition of 86.5 wt 3, 17-19, 21. Impedance measurements were carried
out in the same systems immediately after CV measurements. Frequency range used for the impedance
measurements was from 1 Hz to 100 kHz. Perturbation signal had a sinusoidal shape with amplitude of
(5-10) mV.

Results and Discussion
Electrochemical method of ferrate(VI) preparation
Binary KOH:H2O system was initially characterized by cyclic voltammetry and electrochemical impedance
spectroscopy. Voltammetric curves are characterized by the presence of several anodic and cathodic current
peaks. The intensity of the respective peaks depends on both temperature and electrode materials used 18.
Anodic peaks at the most negative potentials correspond to the formation of Fe(II) and Fe(III), respectively. It is
probable that a part of Fe(OH)2 layer reacts with the environment formatting FeO22-. It must be noted that one
can hardly expect complete stoichiometric oxidation of the hydroxide layer. In agreement with previous
observations the formation of the layer composed of nonstochiometric species similar to the magnetite with
better protecting properties is more probable 25. At high temperatures (160 °C) for all three electrodes only one
well developed peak followed by shoulder is detected 25. After the passivity region the transpassive anodic
electrode dissolution, including ferrate(VI) formation followed by oxygen evolution occurs and new A(III)
current peak at about 1.6 V vs. RE is formed. This peak is the best developed for the pure iron electrode. In the
case of the FeC electrode, only current shoulder is detected. At higher temperatures A(III) peak potential peak
is better developed and slightly shifted to the more negative potentials 18. Similarly to NaOH:H2O system, the
linear dependences of the current density on the square root of the polarization rate in the region below
0.2 V s-1 were found for all three anodes indicating that the electrode reaction kinetic is controlled by the mass
transport under the semi-infinitive linear diffusion conditions (Figure 1) 18. Then the maximum is reached in the
case of all anode materials and at all temperatures. At scan rates higher than 0.25 V s-1 the decrease of the
current density occurred. A chemical reaction due to the electrode structure becomes the rate determining
step when scan rate reach ca. 0.25 V s-1. These observations are in good agreement with published data 34.
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Figure 1. The dependences of the anodic peak current densities (A3) on the square root of potential scan rate;
□ pure Fe electrode at 100 °C; ■ pure Fe electrode at 150°C; ○ FeSi electrode at 100 °C; • FeSi electrode at
150 °C; ▲ FeC electrode at 160 °C.
The more complex information can be extracted from the impedance measurements. Nyquist plots show two
time constants with inductive low frequency region can be also observed in the case of binary KOH:H2O
system 18. To characterize this processes the electrochemical behaviour of individual anodes in molten KOH was
represented by an equivalent circuit. (see Figure 2) The proposed model is also, as in the previous case, based
on the concept of two macrohomogeneous surface layers.

Figure 2. Equivalent circuit representing the electrochemical impedance of the system consisting of binary
KOH:H2O system and iron/iron based anode; RS, ohmic resistance; L parasitic inductance; Rin/out, resistance of
inner and outer layer, respectively; Qin/out, constant phase element that characterize inner and outer layer,
respectively.
The accuracy of the model and the consistency of measured data were checked by Bode plot and
Krammers-Kroning test, respectively. In the next Figure 3 data obtained from the nonlinear regression analysis
are plotted. Resistance (upper plot) of outer layer decreases with the increasing applied potential for both
temperatures. Either it is disintegrated by massive oxygen evolution or it is getting thinner. The same
behaviour was observed for the inner layer. Resistances of both outer and inner layer are almost equal
indicating the same thicker and/or morphology. Three regions are visible in the upper plot: short plateau at the
beginning indicating stability of the individual layers at the end of the passivity region, followed by relatively
fast decrease of the resistance meaning either reduction of the thickness or the development of the spongy or
porous structures, and, at the highest potentials second plateau that can be assigned to disrupted layer. The
capacity of the outer layer increases with increasing potential. This is in agreement with decrease of the
resistance of this layer. Capacity of outer layer is slightly dependent on the temperature meaning that it loses
its thickness and/or morphology equally at all the temperature used 18.
From the parameter, n, of the constant phase element supplementary information characterizing the surface
morphology of the respective layer can be obtained. Similarly to the resistance of outer layer, the curve can be
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divided into three regions. Bearing in mind the previous conclusions about Rout and Qout, one should think about
the disintegration of the outer layer rather than reduction in its thickness.
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Figure 3. Values of the equivalent circuit elements obtained from nonlinear regression analysis for both outer
layer dependent on the potential for white cast anode in binary KOH:H2O system; t = ○ 110 °C and t = ● 150 °C.
Contrary to previous observations, ninn changes from quasi ideal to spongy at high temperature and to ideal at
lower temperatures. Therefore, the conclusions made for Rinn and Qinn are connected to the reduction in the
thickness of the inner layer rather than its disintegration especially at low temperatures. Parameters for other
two electrodes show the similar trends as in the case of FeC anode (not shown). Rinn and Rout are the highest for
pure iron electrode and the lowest for white cast anode. The capacities of individual layers are the highest for
FeC electrode and the lowest for pure Fe electrode. Both parameters indicate that the layers are the thickest
for pure iron electrode and the thinnest for FeC electrode. This statement corresponds with CV results, where
C(III) peak was the highest for pure iron electrode meaning the highest amount of ferrate(VI) presented on the
electrode surface 18. From the static polarization curves the number of electrons involved in the respective
reaction steps was calculated, z(Fe) = 2.30 ± 0.39, z(FeSi) = 1.78 ± 0.16, and z(FeC) = 1.07 ± 0.13. Based on these
findings the next step was to optimize electrolysis parameters for KOH:H2O system. The behaviour of KOH:H2O
binary system was slightly different from that of NaOH:H2O environment. The concentration of potassium
hydroxide was 55 wt%. The mass fraction of KOH was less than 70 wt%. At higher KOH concentrations the
working temperature would be increased up to 140 °C causing the thermal decomposition of the resulting
ferrates. Based on the phase diagram, the most suitable temperature was chosen to be 40 °C for all
experiments. Foaming, which was typical for NaOH system, was almost not observed 3. The working anodic
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current density was optimized to be 20.3 mA cm-2. The anodic compartment was independently cooled with a
cooling element placed directly into the electrolyte behind the anode. The aim of this improvement compare to
NaOH:H2O system was to produce ferrate(VI) in the area between the anode and the diaphragm. Ferrate(VI)
produced at the electrode surface circulated to the colder section of the anode compartment where the
products fall down as fine crystals. At the end of 25 hours of electrolysis, all of the anolyte was collected and
centrifuged for 30 minutes at 4 000 rpm. Then the ferric compounds were separated and after the forced
evaporation of the remaining solution potassium ferrate(VI) in a stable solid form was obtained.

Wastewater treatment and disinfection
Wastewater analysis has, been widely used for the determination of various micropollutants, such as illicit
drugs, pharmaceuticals, in the individual cities, regions and countries. Wastewater treatment plants (WWTP)
are not able to effectively eliminate wide spectrum of compounds, which are then getting into the
environment. Treatment plants thus become a source of these types of micropollutants. Advanced oxidation
processes (AOPs) can be used at WWTP as a tertiary post-cleaning procedure and are capable of effectively
removing difficult-to-remove pollutants from wastewater. The studied procedures include ozonation, UV
irradiation, the Fenton reaction, and use of ferrate(VI) 1.
Firstly, the model samples of hardly degradable pharmaceutical were used in order to test the oxidation power
of ferrate(VI). The first one is amoxicillin, β-lactam antibiotic in the aminopenicillin family used to treat
susceptible Gram-positive and Gram-negative bacteria. It may also be used for strep throat, pneumonia, skin
infections, and urinary tract infections among others. The second one, carbamazepine is antiepileptic
(anticonvulsant), mood-stabilizing drug used primarily in the treatment of epilepsy and bipolar disorder.
Carbamazepine is relatively slowly but well absorbed after oral administration. Its plasma half-life is about 30
hours when it is given as single dose. However, it is a strong inducer of hepatic enzymes and the plasma halflife shortens to about 15 hours when it is given repeatedly.
In the next Table I the efficiency in degradation of these two model compounds by the Fenton reaction and
ferrate(VI) is shown.
Table I
Comparison of the degradation power of the Fenton reaction and ferrate(VI) towards model, hardly degradable
compounds amoxicillin and carbamazepine.
Amoxicillin
(0.1 mg/L)

Amoxicillin
(0.5 mg/L)

Carbamazepine
(0.1 mg/L)

Carbamazepine
(0.5 mg/L)

Fenton reaction

˂ 10 µg/L

64 µg/L

16 µg/L

128 µg/L

removal efficiency, %

˃ 90

87

84

74

Ferrate(VI) (20 mg/L)

˂ 10 µg/L

˂ 10 µg/L

˂ 10 µg/L

22 µg/L

removal efficiency, %

˃ 90

˃ 98

˃ 90

˃ 96

Ferrate(VI) (100 mg/L)

˂ 10 µg/L

˂ 10 µg/L

˂ 10 µg/L

12 µg/L

removal efficiency, %

˃ 90

˃ 98

˃ 90

˃ 99

A 24 hour composite sample at the influent of the Petržalka WWTP was used for the elimination study. Our
results indicate that iron(VI) is able to almost totally degrade wide spectrum of compounds. The ability of
ferrate(VI) to remove such substances relates to the redox potential of the compounds to be degraded. Some
of the selected compounds (Tramadol, Venlafaxine, and methamphetamine) were not degraded to below the
limit of detection (Table II) 1.
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Table II
Concentration and removal efficiency of the selected illicit drugs, pharmaceuticals, and their metabolites in
wastewater at the WWTP influent by ferrate(VI).

without Fe(VI)

with Fe(VI)

removal efficiency

[ng/L]

[ng/L]

[%]

Amphetamine

80

< 11

>86

Benzoylecgonine

101

< 8.3

92

Cocaine

37

< 13

>65

Citalopram

93

52

44

Codeine

37

< 2.5

>93

Ecstasy

30

< 5.2

>83

Methadone

26

< 9.8

62

Methamphetamine

682

212

69

Oxazepam

124

63

50

THC-COOH*

179

< 7.7

>95

Tramadol

853

293

66

Venlafaxine

371

103

73

Drugs

*THC-COOH - 11-nor-9-carboxy-delta-9-tetrahydrocannabinol (1-hydroxy-6,6-dimethyl-3-pentyl-6a,7,8,10atetrahydrobenzo[c]chromene-9-carboxylic acid)
Compounds such as tramadol, venlafaxine, and methamphetamine were degraded with efficiency of 65 %.
These types of compounds are, in aqueous solutions, oxidized at slightly more positive potentials than the
ferrate standard half-cell reduction potential in a neutral/basic environment (+0.72 V). Since a part of the
compounds were, despite the redox potential issues, removed by ferrate(VI) in slightly basic environment, the
degradation mechanism is based not only on the “simple electron sharing”. It is possible to increase ferrate(VI)
oxidation power by adjusting the pH value (pH~6-6.5) where total removal of all micropollutants is expected
(the standard half-cell reduction potential of ferrate(VI) has is +2.20 V in this region) and/or by increasing
ferrate(VI) concentration 1.
The disinfection power of ferrate(VI) was also tested. Wastewater from hospitals is a source of various
antibiotic resistant bacteria, which can spread genes encoding resistance on the susceptible strains and
contribute to the dissemination of antibiotic resistance in the environment 37-39. In our study, we have focused
on potential pathogens such coliform bacteria (CFB), especially on Escherichia coli and staphylococci, especially
on Staphylococcus aureus. CFB represents commensal microbiota of human gastrointestinal tracts. E. coli
include nonpathogenic strains and also pathogenic strains, including enterotoxigenic (ETEC), enteropathogenic
(EPEC), enteroagregative (EAggEC), enterohemorrhagic (EHEC), enteroinvasive (EIEC) and verotoxin or Shigatoxin producing (VTEC, STEC) strains responsible for different serious illnesses 40. S. aureus is a common cause
of variety of nosocomial infections, including folliculitis, endocarditis, osteomyelitis, septic arthritis, metastatic
abscess formations and postoperative septicemia 41.
Table III describes the amount of total CFB, E. coli, staphylococci, and S. aureus in the hospital wastewater and
the decrease of its concentration after the application of ferrate(VI).
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Table III
Bacterial composition of the hospital wastewater before and after the application of ferrate(VI).
without ferrate(VI)
after the application of ferrate(VI)

the number of bacteria
[log CFU/mL]

[log CFU/mL]

Coliform bacteria

5

0

Escherichia coli

1.6

0

Staphylococci

2.5

0

Staphylococcus aureus

2.2

0

It can be seen that ferrate(VI) with concentration 0.5 mg/L was able to totally remove all tested
microorganisms. The inclusion of the advanced oxidation processes, such as iron(VI) before the WWTP influent
can significantly reduce the risk of developing resistant strains of bacteria.
By restructuring the technology, adding another degree of purification either before entering WWTP or as a
tertiary post-treatment, the removal efficiency of the substances at WWTP may be significantly increased.
However, the economic aspects of wastewater treatment may also increase. Other possible ways of reducing
the burden on wastewater are, for example, increased separation of pollution sources (expired
pharmaceuticals), sludge combustion, raising the awareness of the population and a responsible approach of
doctors when prescribing pharmaceuticals 1.

Acknowledgements
This work was financially supported by the Ministry of Education, Science, Research and Sport of the Slovak
Republic project VEGA No. 1/0543/15.

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Mackulak T., Birosova L., Bodik I., Grabic R., Takacova A., Smolinska M., Hanusova A., Hives J., Gal M.: Sci.
Total Environ., 539, 420 (2016).
Macova Z., Bouzek K., Hives J., Sharma V. K., Terryn R. J., Baum J. C.: Electrochim. Acta, 54, 2673 (2009).
Kubinakova E., Kerekes K., Gal M., Hives J.: J. Appl. Electrochem., 45, 1035 (2015).
Yu X. W., Licht S.: J. Appl. Electrochem., 38, 731 (2008).
Kim T.-J.; Jeong B. O.; Lee E. H.; Ahn D.-H.; Jung Y.; Paek S.-W.: Int. J. Electrochem. Sc., 7, 11257 (2012).
Trinstancho-Reyes J. L.; Sanchez-Carrillo M.; Sandoval-Jabalera R.; Orozco-Carmona V. M.; AlmerayaCalderon F., Chacon-Nava J. G.; Gonzalez-Rodriguez J. G.; Martinez-Villafane A.: Int. J. Electrochem. Sc., 6,
419 (2011).
Bouzek K.; Lipovská M.; Schmidt M.; Roušar I.; Wragg A. A.: Electrochim. Acta, 44, 547 (1998).
Hives J., Benova M., Bouzek K., Sitek J., Sharma V. K.: Electrochim. Acta, 54, 203 (2008).
Poggendorf J. C.: Pogg. Ann. (1841) 54.
Grube G.; Gmelin H.: Zeitschrift für Elektrochemie und angewandte physikalische Chemie, 26, 153 (1920).
Haber F.: Z. Elektrochem., 7, 215 (1900).
Pick W.: Zeitschrift für Elektrochemie, 7, 713 (1901).
Armstrong R. D., Baurhoo I.: J. Electroanal. Chem., 40, 325 (1972).
MacDonald D. D., Roberts B.: Electrochim. Acta, 23, 781 (1978).
Serebrennikova I., Paramasivam I., Roy P., Wei W., Virtanen S., Schmuki P.: Electrochim. Acta, 54, 5216
(2009).
Zhang H.; Park S.-M.: J. Electrochem. Soc., 141, 718 (1994).
Hrnciarikova L.; Gal M.; Kerekes K.; Hives J.: Electrochim. Acta, 110, 581 (2013).
Hrnciarikova L.; Kerekes K.; Hives J.; Gal M.: Int. J. Electrochem. Sc., 8, 7768 (2013).
Kerekes K.; Hrnciarikova L.; Hives J.; Gal M.: J. Electrochem. Soc., 161, C62 (2014).
Hives J.; Macova Z.; Benova M.; Bouzek K.: J. Electrochem. Soc., 155, E113 (2008).
Kubinakova E.; Gal M.; Kerekes K.; Hives J.: Chem. Listy, 109, 714 (2015).
Denvir A.; Pletcher D.: J. Appl. Electrochem., 26, 823 (1996).
Macova Z.; Bouzek K.: J. Appl. Electrochem., 41, 1125 (2011).
Macova Z.; Bouzek K.: J. Appl. Electrochem., 42, 615 (2012).
Macova Z.; Bouzek K.; Sharma V. K.: J. Appl. Electrochem., 4, 1019 (2010).
Bouzek K.; Schmidt M. J.; Wragg A. A.: Electrochem. Commun., 1, 370 (1999).
4rd International Conference on Chemical Technology | ICCT 2016

[210]

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

Lapicque F.; Valentin G.: Electrochem. Commun., 4, 764 (2002).
Beck F.; Kaus R.; Oberst M.: Electrochim. Acta, 30, 173 (1985).
Bouzek K.; Flower L.; Roušar I.; Wragg A. A.: J. Appl. Electrochem., 2, 569 (1999).
Bouzek K.; Roušar I.: J. Appl. Electrochem., 23, 1317 (1993).
Bouzek K.; Roušar I.; Bergmann, H.; Hertwig, K.: J. Electroanal. Chem., 425, 125 (1997).
De Koninck M.; Bélanger D.: Electrochim. Acta, 4, 1435 (2003).
De Koninck M.; Brousse T.; Bélanger D.: Electrochim. Acta, 48, 1425 (2003).
Hives J.; Benova M.; Bouzek K.; Sharma V. K.: Electrochem. Commun., 8, 1737 (2006).
Toušek J.: Collect. Czech. Chem. Commun., 27, 914 (1962).
Venkatadri A. S.; Bauer H. H.; Wagner W. F.: J. Electrochem. Soc., 121, 249 (1974).
Badawy M. I.; Souaya E. M. R.; Gad-Allah T. A.; Abdel-Wahed M. S.; Ulbricht M.: Environ. Prog. Sustain.,
33, 886 (2014).
Beier S.; Cramer C.; Mauer C.; Koster S.; Schroder H. F.; Pinnekamp J.: Water Sci. Technol., 65, 1648
(2012).
Ferrando-Climent L.; Cruz-Morato C.; Marco-Urrea E.; Vicent T.; Sarra M.; Rodriguez-Mozaz S.; Barcelo D.:
Chemosphere, 136, 9 (2015).
Mhone T. A.; Matope G.; Saidi P. T.: Int. J. Food Microbiol., 151, 223 (2011).
Edwards A. M.; Massey R. C.: Trends Microbiol., 19, 184 (2011).

4rd International Conference on Chemical Technology | ICCT 2016

[211]

EXTRUSION SAMPLES OF HYDRATED ALUMINUM OXIDE
Bílková D.1, Dvořák B.1, Gonsiorová O.2
1

Department of Organic Technology, University of Chemistry and Technology Prague, Technická 5, 166 28,
Prague 6
2
Euro Support Manufacturing Czechia, s.r.o., Litvínov, Cech Republic
Dana.Bilkova@vscht .cz

Abstract
Hydrated metal oxide, boehmite, which allows a greater extent during the subsequent heat treatment to
modify the texture of the final product, is less substance customary for forming alumina (Al2O3). The project,
designed in cooperation with the company Euro Support, was aimed at finding possible causes problems during
extrusion of individual batches of almost identical products, boehmite. Contemplated possible causes of
differences in shaping were the following properties hydrous: particle size distribution, specific surface area,
the water content in a sample, crystallographic structure and selected surface properties. A considerable part
of the project was given to the measurement of acidity and alkalinity. Besides titrimetric analyzes were the
surface properties measured by the method of temperature programmed desorption (TPD) in a flow of helium
carrier gas. TPD spectra were measured using a commercial apparatus AutoChem II 2920, connected with the
quadrupole mass spectrometric system MKS Cirrus II. Dynamic viskosity of samples in gelatinoid form
characterized forming properties of studied samples.

Introduction
Alumina (Al2O3) is used for example in the chemical industry where it is inter alia used as a sorbent, catalyst,
often thermally stable support for wide range of catalytically active components. The powder is transferred
into a technically useful form by shaping operations, for example by tabletting1,2, pelletizing3,4, peening5 and
finally extrusion6,7. The starting material for extrusion may be different crystallographic modifications
α-, γ-, θ-, δ-, χ- or η-Al2O3. Less substances customary for forming are hydrated metal oxides, boehmite, or
bayerite, which allows a greater extent during the subsequent heat treatment to modify the texture of the final
product.
The monopoly producer of catalysts in the Czech Republic, the company Euro Support, modifies by extrusion
the properties of hydrated metal oxide, boehmite. It was found that during extrusion occur to problems in
some batches of the same materials - extrudates are breaking, crumbling, do not hold together, do not have
desired properties.
This work was aimed at finding possible causes problems during extrusion of individual batches of almost
identical products. The extruded material was crystallographic modification of hydrated alumina, boehmite.
Contemplated possible causes of differences in shaping were the following properties hydrous: particle size
distribution, specific surface area, the water content in a sample, crystallographic structure and selected
surface properties. In the literature was not found enough information about the possible causes of problems
during boehmite extrusion.
A considerable part of the project was given to the measurement of acidity and alkalinity of boehmite. Besides
titrimetric analyzes were the surface properties measured by the method of temperature programmed
desorption (TPD) in a flow of helium carrier gas. Dynamic viskosity of samples in gelatinoid form characterized
forming properties of studied samples.
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Experiment
Specific surface area
Reported values of the total specific surface areas of the measured samples are generally evaluated on the
basis of the nitrogen (77 K) physisorption data. The measurements were carried out at three different partial
pressures of nitrogen located within the range of the validity of the BET equation (relative partial pressures
in the range 0.05-0.35). In principal the dynamic GC method was utilized and the experiments were performed
by using the Pulse Chemisorb 2700 apparatus (Micromeritics, USA). The linearized form of the BET equation
was identified as very suitable for the mathematical treatment of the experimentally collected raw adsorption
data (under the assumption of σN2 = 0.162 nm2 for the cross sectional area of the nitrogen molecule). Samples
of hydrated alumina crystallographic modifications, boehmite, were dried to a constant weight and treated
at 110 °C for 2 hours in a stream of helium to obtain a clean surface.
Dynamic viscosity
A rotational rheometer Kinexus Pro by Malvern was used for characterization of dynamic viscosity.
Dependence of viscosity on a wide range of shear rates was measured at 25 °C and the shear rate of 100 s-1 was
chosen for a comparison of viscosity values.
Measurement of particle size
The Mastersizer 3000 laser diffraction particle size analyzer by Malvern was used for characterization
of particle size. No ultrasonic treatment was applied. The average particle size was evaluated as D50, which
means that 50 % of particles exceed the given size.
Measurement of Zeta potential
Zeta Nanosizer Nano ZS by Malvern was used for measurement of Zeta potential. The method using
Electrophoresis and Laser Doppler Velocimetry techniques measures velocity of particles move in a liquid when
an electrical field is applied. Every sample was measured in water dilution 1:100 (by weight) at 25 °C.
Titration method
Automatic acidimetric titration by 0.1-mol HNO3 was chosen as a measure of OH- ions activity for various
samples of highly dispersed hydrated aluminium oxide. The plotted dH+/dV ratio is inversely proportional
to the protonic sorption. The higher its values are measured, the less portion of protons is adsorbed and the
lower OH- activity is.
Basicity and acidity by temperature programmed desorption
Spectra of temperature programed desorption (TPD spectra) were measured using a commercial apparatus for
temperature programmed techniques AutoChem II 2920, which was connected in series with the quadrupole
mass spectrometric system for online analysis MKS Cirrus II. TPD analysis was composed of several
measurement steps. Firstly was weighed 80mg of boehmite sample. The catalyst was introduced into the
adsorption reactor. Than the sample was in situ rinse out by helium at 40°C. The sample was subseqently pulse
saturated with the sorbate (NH3 for acidity measuring, CO2 for basicity measuring) to equilibrium. Sample
purging was performed with a stream of pure carrier gas helium (He). TPD spectra were measured by
increasing the temperature 10 K∙min-1 up to 600°C.

Discussion and result analysis
Measurement of calibration and desorption peak
Areas of TPD and MS spectra of desorbed gases (NH3 and CO2) could be used to calculate the molar amount of
these adsorbed gases. It was necessary to measure the response dependence of TC-detector and MS-detector
on the molar amount of sorbate dosing by calibrated loop volume. The measured data were used to calculate
the molar amount of sorbate, which is bound to the surface of weight unit of the catalyst. From knowledge of
the volume of the sample loop 0.5 mL, the temperature to which the tempered sample loop 40°C and the
concentration of the saturated sorbate in the carrier gas, it is possible to calculate the amount of substance
dispensed sorbate pulse loop into the carrier gas stream. In Figure 1 is an example of time recording of course
calibration peak and TPD spectrum of CO2 measurement.
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Figure 1. Time recording of course calibration peak and TPD spectrum of CO2 measurement; TPD ramp
10 K min-1, 80mg sample B, adsorption of CO2 at 40°C, helium atmosphere.

NH3 adsorption on the boehmite surface
To determine the effect of boehmite surface acidity on the extrusion of the studied samples was conducted a
series of NH3-TPD experiments. It has been found that the desorption peak areas of compared samples are
equal, it means that the acidity of samples boehmite has no effect on the extrusion samples. In Figure 2 is a
TPD spectrum of NH3 from samples of boehmite.
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Figure 2. TPD spectra of NH3 from boehmite samples; heating ramp 10 K∙min-1, carrier gas: helium, 80mg
sample, adsorption of NH3 at 40°C.

CO2 adsorption on the boehmite surface
To determine the possible effect of basicity on the extrusion of the studied samples was conducted a series of
CO2-TPD experiments. It has been found that the desorption peaks areas from TPD and MS-detector of
boehmite samples are different. In Figure 3 is MS signal of a CO2-TPD spectrum from sample A with lowest
basicity and from sample B with highest basicity.
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Figure 3. Mass spectroscopy detection of CO2-TPD from samples A and B; heating ramp 10 K∙min-1, carrier gas:
helium, 80 mg sample, adsorption of CO2 at 40 °C
It was calculated basicity of studied samples, which was compared to the dynamic viscosity of the samples.
Table 1 shows measurement results, specific surface areas of samples, basicity measured by titration and
CO2-TPD, dynamic viscosity, basicity by Zeta potential, D(50). Forming properties and possible problems in
extrusion.
Table I
Comparing the results of studied materials measurements
Basicity
Sg
Sample
MS CO2-TPD
Titration
[m2∙g-1]
[mmol∙g-1] [μmol∙m-2] [μmol∙g-1]
[μmol∙m-2]
A
199
190.8
958.86
50
0.3
B
314
1061.8
3381.56
410
1.3
C
368
492.5
1338.26
1090
3.0
D
353
526.7
1492.19
1220
3.5
E
345
540.6
1566.92
1660
4.8
*
shear rate 100 s-1, t = 25 0C

Zeta
potential
[mV]
28.6
45.6
56.8
54.2
51.5

D(50)
[μm]
31.00
8.55
31.00
30.80
31.10

Dynamic
viscosity
[mPa∙s]*
5.5
1000.0
14.3
18.0
42.5

Forming properties of individual samples and probable problems in the extrusion are: A – very good, lowest
basicity according to TPD of CO2, B – unusable, higher basicity by titration, small particles, highest basicity by
TPD CO2, C – acceptable, similar titration basicity with D, D – acceptable, similar titration basicity with C, E –
problematic, higher titration basicity. Figures 4-6 show dependence of jelly viscosity on basicity of hydrated
alumina - crystallographic modification boehmite.
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Figure 4. Dependence of jelly dynamic viscosity on basicity relative to the sample surface area; CO2-TPD,
10 K·min-1 up to 600°C; samples A – E; 80mg; carrier gas: helium.
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Figure 5. Dependence of jelly dynamic viscosity on basicity relative to weight of sample; CO2-TPD,
K·min-1 up to 600°C; samples A – E; 80 mg; carrier gas: helium.
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Figure 6. Dependence of jelly dynamic viscosity on basicity relative to the samples surface area; CO2-TPD,
10 K·min-1 up to 600°C; samples A - C; 80 mg; carrier gas: helium.
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Linear dependence of viscosity on the basicity of the studied samples was measured in the interval 958-1493
μmolCO2∙m-2. With increasing basicity and jelly viscosity of the studied materials leads to worse sample forming.

Conclusion
No correlation was observed between the samples surfaces area and their jelly viscosity, as well as between
particle size and jelly viscosity. Parameter of dynamic jelly viscosity was used for characterizing of boehmite
forming properties. Also acidity of hydrated alumina, crystallographic modifications boehmite, does not affect
the extrusion these materials. Conversely, it was proved that the increase basicity and jelly viscosity of the
studied materials leads to worse sample forming.
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Abstract
Inorganic pigments of type YFeO3 were synthesized by mechanical activation in the liquid medium from the
starting oxides Y2O3 and Fe2O3. Starting mixture was treated in the planetary mill for 5 hours and subsequently
dried and homogenized. Prepared powders were fired in the electric furnace in two steps: for the first step
temperature 700 °C for 6 hours was used. After homogenization pigments were fired in the temperature range
900 – 1300 °C for 6; 9 or 12 hours. YFeO3 pigments were applied to the organic matrix in mass and diluted tone
and also to the ceramic glaze G 02891. The objective of the present study is to compare differences in color
properties, phase composition of pigments and particle size distribution of samples synthesized under various
preparation conditions.

Introduction
Materials with general formula RFeO3 are known as rare-earth orthoferrites where R represents trivalent rareearth ion. The YFeO3 has been studied mostly for its magneto-optical properties and catalytic activity 1. YFeO3based catalysts have been investigated for photocatalytic oxidation of organic dyes, the selective catalytic
reduction of NOx to N2 by propene. It is also used in optical switches, magneto-optical current sensors,
cathodes in solid oxide fuel cells, environmental monitoring films, data storage devices, detectors of humidity
and alcohols and material for magnetic resonance imaging (MRI) in biomedicine 2-7. Pure YFeO3 is a p-type
indirect semiconductor with a band gap of 2.58 eV that is slightly wider than a band gap of Fe2O3 3. This
compound crystallizes in either distorted orthorhombic (perovskite) or hexagonal (YAlO3-type) structures,
depending on synthesis conditions. The distortion is caused by the position of Y3+ ions while the position of Fe3+
ions remains octahedral. The investigation revealed that YFeO3 is thermodynamically unstable and usually is
partly transformed to thermodynamically more stable phase: Fe3O4 or Y3Fe5O12 (Yttrium Iron Garnet – YIG).
Therefore, preparation of this perovskite is a complex task 1, 5, 8-10. YFeO3 is often prepared using more efficient
methods of synthesis than the simple classic solid state reaction. A number of reports are available on sol-gel,
hydrothermal techniques, precipitation or microwave-assisted method usually followed by high-temperature
calcination 4, 11, 12. One of few studies that explore the possibility of using YFeO3 as an inorganic pigment is a
study of YMnxFe1-xO3 prepared by modified citrate method 20. The color of prepared samples is changing from
blue-green to dark blue. Besides the chromatic properties NIR reflectance and thermal stability was
investigated and phase composition was examined by XRD analysis.

Experiment
The pigments YFeO3±δ were prepared by mechanical activation in liquid medium (volume ratio H2O:C2H6O =
1:1). Reagents Y2O3 (99.99% purity, Alfa Aesar, Germany) and Fe2O3 (99% purity, Precheza a.s., Czech Republic)
were weighed in molar proportions and homogenized in a mortar. Prepared mixtures were milled in a
planetary mill (Pulverisette 5; FRITSCH, Germany) for 5 hours. The mass ratio of pigment and agate milling balls
was 1:8.2 and as a liquid medium mixture of deionized water and ethanol in the volume ratio 1:1 was used.
Powders were subsequently dried and re-homogenized. Reaction mixtures were fired in the electric furnace at
700 °C with the soaking time 6 hours in firs step and in the second step in the range 900 – 1300 °C for 6; 9 or 12
hours. Pigments were applied into an organic matrix (urethane-acrylate copolymer Parketol, Balacom, a.s.,
Czech Republic) in mass and diluted tone (mass ratio of pigment:TiO2 = 1:1) and also to the ceramic glaze G028
91 (Glazura, s.r.o.; Czech Republic). The mixture of pigment in amounts of 10 % w/w and the glaze was glazed
at 900 °C for 15 min. The applications of pigments into an organic matrix and ceramic glaze were evaluated by
measuring of spectral reflectance in the visible region of light (400 - 700 nm) using a ColorQuest XE (HunterLab,
USA). The color properties were described in most used color system - the CIE L*a*b*. The value a* (the redgreen axis) and b* (the yellow-blue axis) indicate the hue. The value L* represents the lightness or darkness of
the color. L* is ranging from 0 (black) to 100 (white). From previous values it is possible to calculate the C
(chroma), hue angle H° and color difference ΔE* according to the formulas:
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C = (a*2 + b*2)1/2.
H° = arc tg (b*/a*)
ΔE* = [(ΔL*)2+(Δa*)2+(Δb*)2]1/2

(1)
(2)
(3)

C value represents saturation of the color and the hue angle H° expresses color using an angular position in the
cylindrical color space. ΔE* is the color difference between standard and sample. The difference is perceptible
when ΔE* is in the range from 1.5 to 3 and if it is greater than 3 the change of the color is significant.
Particle size distribution (PSD) was measured using Mastersizer 2000/MU (Malvern Instruments, Ltd. GB) which
operates on the principle of diffraction of light on particles dispersed in liquid medium. As the source of light
He-Ne laser (wavelength 633 nm) and blue light (466 nm) were used. The samples were ultrasonically
homogenized for 90 s in a solution of Na4P2O7 (c = 0.15 g.l–3). Device evaluates the PSD based on theory of the
Fraunhofer bend.
Crystal structure was verified using diffractometer Empyrean (PANalytical; Netherlands) with a vertical
goniometer (step size 0.0001°) and 2Θ geometry (10 – 100°). Cooper cathode is used as a source of X-ray
radiation and photon counting detector is required for registration of X-ray signal.

Discussion and results
Color properties
Pigment YFeO3±δ with soaking time 6 hours was prepared at first and serves as a standard for further
comparison with the other samples. Color properties measured after application into the organics matrix in
mass and diluted tone are shown in Table I. In mass tone the color ranges from red to brownish yellow with
increasing temperature. The highest content of red has sample fired at 900 °C (a* = 20.00) because this
temperature is not sufficient for complete reaction of starting Fe2O3. After raising the temperature yellow hue
(b*) as well as lightness (L*) become more pronounced to level 1100 °C. This sample has also highest chroma C
and hue angle is the most in the yellow region. Further increase of the temperature leads to the suppression of
yellow and red colors, and also leads to darkening of the pigment. Application in diluted tone has expected
effect – lightness values increase for all samples. In addition, there was a significant decrease in values of both
color coordinates as well as chroma C. Final hue of these pigments ranges from pink to light brownish yellow.
Table I
Color properties of YFeO3±δ pigment fired for 6 hours and applied into organics matrix.
Mass Tone
Diluted Tone
Temperature
[°C]
L*
a*
b*
C
H°
L*
a*
b*
C
900
38.51
20.00
12.37
23.52
31.74
54.06
17.47
7.85
19.15
1000
41.66
17.11
18.10
24.91
46.61
59.79
12.56
10.81
16.57
1100
43.19
17.08
24.40
29.78
55.01
66.10
10.28
14.21
17.54
1200
38.64
17.25
19.63
26.13
48.69
66.01
9.20
7.33
11.76
1300
34.52
12.53
10.32
16.23
39.48
71.45
5.77
4.30
7.20

H°
24.20
40.72
54.12
38.55
36.69

Results of measurements of color properties for pigments with the soaking time 9 hours are in Table II. For the
mass tone, there are not big differences between samples and standard (YFeO3±δ; 6 hours) in the temperature
range 900 – 1100 °C. ∆E* values do not exceed the level 2.2 which means that the difference is for the human
eyes very poorly recognizable. The color change is noticeable up to temperature 1200 °C. This sample has
higher amount of red (a* = 21.77) and yellow (b* = 25.31) but it is also lighter (L* = 42.61). Total difference ∆E*
= 8.27 is very well distinguishable. This sample has the highest content of red hue. Biggest ΔE* was achieved at
1200 °C. The a* value increased to 19.20 and b* to 18.19. Due to the brighter shade, the total difference ΔE* =
11.65. Hue angle is in the red and orange-yellow region which is confirmed by shade in mass tone varying from
red to brownish yellow. In diluted tone the color of application is more saturated than standard ones. They
have the highest amount of both red and yellow shade and their difference ∆E* ranging from 2.26 to 9.48 and
samples can thus be visibly recognized from standards.
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Table II
Color properties of YFeO3±δ pigment fired for 9 hours and applied into organics matrix.
Mass Tone
Diluted Tone
Temperature
[°C]
L*
a*
b*
C
H°
∆E*
L*
a*
b*
C
900
38.49 20.81 11.76 23.90 29.47 1.01 50.48 19.47 8.97 21.44
1000
41.34 17.30 17.09 24.32 44.65 1.08 58.57 13.15 12.62 18.23
1100
44.42 18.87 24.36 30.81 52.24 2.17 61.13 14.38 21.16 25.58
1200
42.61 21.77 25.31 33.38 49.30 8.27 67.38 12.83 12.64 18.01
1300
39.93 19.20 18.19 26.45 43.45 11.65 73.73 8.86
7.34 11.51

H°
24.74
43.82
55.80
44.57
39.64

∆E*
4.25
2.26
9.48
6.58
4.90

The next step of the synthesis was firing treatment for 12 hours. All results and comparison with standard
samples are noted in Table III. Pigments applied in mass tone are very similar to previous ones fired for 9 hours.
While the sample prepared at 900 °C is nearly identical with the standard, at the highest temperature the
difference is significant and ∆E* = 11.85. The largest amount of red and yellow color has samples fired at
1200 °C. The final shade of these applications is changing from red to brownish yellow with increasing
temperature. Greater difference was measured for the diluted tone of these pigments. The powder samples
fired for the longest time have a better ability to color the achromatic environment of TiO2. These applications
are more saturated than standard ones and they have a bigger amount of red and yellow shade. The highest
difference was measured for temperature 1200 °C (∆E* = 11.33). The color is changing from pink to light
brownish yellow.
Table III
Color properties of YFeO3±δ pigment fired for 12 hours and applied into organics matrix.
Mass Tone
Diluted Tone
Temperature
[°C]
L*
a*
b*
C
H°
∆E*
L*
a*
b*
C
900
38.07 20.68 11.90 23.86 29.92 0.94 52.78 18.52 8.14 20.23
1000
39.79 17.15 17.12 24.23 44.95 2.11 56.44 14.92 13.86 20.36
1100
44.73 19.43 25.89 32.37 53.11 3.18 61.93 13.97 21.07 25.28
1200
42.24 22.25 26.72 34.77 50.22 9.39 64.71 14.72 17.14 22.59
1300
40.05 19.20 18.41 26.60 43.80 11.85 72.75 9.20
7.68 11.98

H°
23.73
42.89
56.45
49.34
39.85

∆E*
1.68
5.11
8.84
11.33
4.99

All pigments were also applied into the ceramic glaze G 028 91 and measured data are shown in Table V.
Already by examining the values of difference ∆E* it is obvious that the temperature or the firing time have a
practically no influence on the results of color coordinates after application to ceramic glaze. All samples have
dark reddish brown shade. The final hue is influenced more by type of glaze itself than the composition and
color of applied pigment. Therefore, these pigments are not suitable for applications in this type of ceramic
glaze.
Table IV
Color properties of YFeO3±δ pigment applied into the ceramic glaze G 028 91.
6 hours
9 hours
Temperature
[°C]
L*
C
H°
L*
C
H°
∆E*
L*
900
36.97 10.31 33.37 36.14 10.38 24.12
1.86
36.30
1000
36.72
9.13
30.55 36.09 9.39 24.95
1.13
36.02
1100
37.66 11.82 33.19 37.19 12.26 29.68
0.98
37.23
1200
37.77 13.06 30.67 37.47 12.62 30.57
0.53
37.83
1300
37.08 14.28 32.62 38.26 15.24 34.63
1.60
37.90

12 hours
C
H°
8.92
26.94
9.17
25.03
12.02
30.32
13.19
31.08
16.00
33.97

∆E*
1.88
1.13
0.76
0.18
1.94

Particle size distribution
The aim of the research was also to find out the effect of the firing temperature and time of treatment on the
particle size distribution (Table V). With increasing temperature the values of median size d50 rising for all
samples. The d50 of standard YFeO3 (6 hours) ranges from 1.75 to 5.92 μm. Sample fired at 1300 °C was partly
sintered which was reflected primarily on the d90 value (35.96 μm). Pigments fired for a longer time have
maximums d50 lower approximately about one micrometer: 4.64 μm (9 hours) and 4.99 μm (12 hours). The
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difference between all samples is small and have no significant consequence on further possible utilization.
Due to medium particle size the prepared samples are more suitable for application to ceramic glazes. For use
in another kind of organic binders, it will be necessary to reduce the d50 values below 2 µm by appropriate
milling treatment.
Table V
Particle size distribution of YFeO3±δ pigments.
6 hours
d
10 [°C]
Temperature
d50 [µm] d90 [µm]
[µm]

9 hours
d10 [°C]
[µm]

12 hours
d10 [°C]
[µm]

d50 [µm] d90 [µm]

900

0.58

1.75

5.16

0.55

1.66

6.40

0.45

1.47

6.06

1000

0.74

2.67

6.70

0.62

2.23

7.66

0.63

2.10

6.33

1100

0.99

3.58

8.33

0.71

2.96

7.36

0.74

3.00

7.83

1200

1.59

4.55

18.96

1.26

3.61

12.93

1.20

3.56

10.85

1300

1.80

5.92

35.96

1.65

4.64

32.04

0.86

4.99

30.02

X-ray diffraction analysis
To determine the reactions process in the system it needs to be evaluated by X-ray diffraction analysis. Phase
composition was examined for all samples. At the temperature 900 °C system of standard YFeO3±δ (6 hours) still
contains non-reacted starting oxides Y2O3 (PDF No. 00-041-1105) 14 and Fe2O3 (PDF No. 01-079-1741) and
desired product YFeO3 (PDF No. 01-086-0170) is also created. At temperature 1000 °C sample is still not fully
reacted but the amount of YFeO3 increases. Both expected products are created during calcination at 1100 °C:
YFeO3 (PDF No. 01-086-0170) and thermally more stable Y3Fe5O12 (PDF No. 00-043-0507). However, the sample
still contains a small amount of Y2O3. The system is completely reacted at temperature 1200 °C and even after
firing temperature increase to 1300 °C there are no more changes in the composition of this sample. Phase
composition of samples fired for 9 hours is quite similar to the standard. Both non-reacted starting oxides are
present in samples to the temperature 1100 °C and system is fully reacted at temperature 1200 °C when YFeO3
(PDF No. 01-086-0170) and Y3Fe5O12 (PDF No. 00-043-0507) are created. The structure does not change even
when the temperature rises at 1300 °C. In the case of 12 hours treatment there is a little change during
synthesis. At temperature 900 °C sample contains except Y2O3 and Fe2O3 product YFeO3 also semi-product
structurally adequate Y12Fe32O2 (PDF No. 01-071-1040). By increasing of firing temperature the starting oxides
and semi-product are consumed for the synthesis of products YFeO3 and Y3Fe5O12. Diffractograms of samples
fired at 1300 °C are shown in Figure 1. Differences between samples are minimal and extension of firing time
does not affect the final composition at elevated temperatures.
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Figure 1. Diffractograms of YFeO3±δ type pigments fired at 6; 9 and 12 hours – temperature 1300 °C [
(PDF No. 01-086-0170); ● Y3Fe5O12 (PDF No. 00-043-0507)].

YFeO3

Conclusions
Pigments of type YFeO3±δ were prepared by mechanical activation in a liquid medium and fired in the
temperature range 900 – 1300 °C for 6; 9 or 12 hours. The main aim of the research was to verify the effect of
preparation conditions on color properties, phase composition and particle size distribution. Pigments were
applied into the organic matrix in mass and diluted tone and also into the ceramic glaze G 028 91. Samples
synthesised for 6 hours were used as a standard. In mass tone color is changing from red to brownish yellow
and from pink to light brownish yellow in diluted tone. By extending the soaking time it was achieved the shift
of color more to the red and yellow region and these samples were more saturated in the environment of TiO2
in diluted tone. The difference between products fired at 9 or 12 hours is insignificant. The most appropriate
firing temperature is 1200 °C because of the highest content of red color in prepared samples. The pigments
proved to be not very suitable for application in the glaze G 028 91 which hue was dark reddish brown but
neither temperature nor composition had affected the final hue. The median particle size d50 of synthesized
samples ranges from 1.5 to 6 µm and with increasing temperature slightly decreases. XRD analysis confirms
that soaking time has not significant effect to phase composition. The system always contains product YFeO3
and more thermally stable compound Y3Fe5O12 (Yttrium Iron Garnet).
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Abstract
Pigment with pyrochlore structure Er2Ce2O7 was prepared by mechanical activation. Mineralizers CaCl2,
Na2B4O7, FeCl3-NaCl, CeCl3-KCl and MgCl2-MgO were added in 5 wt. % before firing at temperature 1400 °C for
3 hours (heating rate 10 °C∙min-1) in the electric furnace. Colour properties in the organic matrix in mass tone
and ceramic glaze G 070 91 in 10 wt. %, particle size distribution and phase composition were investigated.
Synthetized samples were visually pink or brown-orange in organic matrix and orange in the ceramic glaze.
Er2Ce2O7 was always created but samples were not single-phase mostly.

Introduction
Inorganic pigments are used for colouring e.g. plastics, paints or ceramics. But many of ceramic pigments
contain toxic elements (Hg, Cd, As etc.) which are big ecology problem. Substitution of these problematic
metals by lanthanides could be a solution1. Lanthanide oxides have been used in various fields of the industry
due to their excellent physical and chemical properties (e.g. good phase stability, high thermal conductivity,
excellent optical properties)2. Research is focused on the incorporation of the lanthanides into the pyrochlore
structure because these compounds have also many interesting chemical and physical properties (used as
dielectric materials, catalysts, thermal barrier coatings etc.)3,4. Pyrochlores have general formula A2B2O7 in
which cation A has charge 3+ (or 2+) and cation B has charge 4+ (or 5+)5. Many pyrochlore compounds with
lanthanides as e.g. Ln2Ce2O7, Ln2Zr2O7, Ln2Ti2O7 or Ln2Hf2O7 were investigated in a lot of studies6-10, but not for
colour properties. The main aim of this research is the evaluation of colour properties of compound Er2Ce2O7
prepared by mechanical activation with using of mineralizers. This procedure of synthesis was chosen on the
basis of the previous research11 which has been on the synthesis of single-phase pigment needed firing
temperature 1600 °C. Mechanical activation in the mill is the simply method and arouses the interest of
technologists due to mechanical and physical processes which extend during the milling12. Mineralizers are
usually low-melting compounds. They act like the catalysts, assists formation of solid solutions, which help
create more homogeneous products at the lower temperature and they can affect the colour properties13,14.

Experiment
Compound with formula Er2Ce2O7 was synthetized by mechanical activation. Stoichiometric amounts of oxides
Er2O3 (99.9 %, Alfa Aesar) and CeO2 (99.5 %, ML chemica, Czech Republic) were transferred to agate grinding
bowl with 30 agate balls (diameter 1 cm). The closed bowl was placed in the planetary mill (Pulverisette 5,
Fritsch, Germany) and the mixture was homogenized for 5 hours (200 rpm). Mineralizers were added to this
pre-prepared mixture in 5 wt. %. Two salts (CaCl2, Na2B4O7) and three salt systems (FeCl3-NaCl, CeCl3-KCl,
MgCl2-MgO) were used as mineralizers. All mixtures (including without mineralizer) were put to corundum
crucibles and were fired at temperature 1400 °C for 3 hours (heating rate 10 °C∙min-1) in the electric furnace
(Clasic, Clasic CZ s.r.o., Czech Republic). Prepared compounds were applied to the organic matrix (dispersive
acrylic paint Parketol, Balakom a.s., Czech Republic) in mass tone and into the ceramic glaze (G 070 91, Glazura
s.r.o., Czech Republic) in 10 wt. %.
Colour properties for these applications were measured by spectrophotometer ColorQuest (HunterLab, USA)
which used geometry d/8°, standardized day light with indication D65 and colour system CIEL*a*b* (Figure 1).
L* represents lightness (from black = 0 to white = 100) and a* (red - green) and b* (yellow - blue) are colour
coordinates (a* = 0 and b* = 0 → grey). Chroma C is degree of satura¦on (from grey to clear colour) and hue H°
indicates degree of colour (350-0-35° = red, 35-70° = orange, 70-105° = yellow, 105-195° = green, 195-285° =
blue, 285-350° = violet) and they are characterized by formulas C = (a*2+b*2)1/2 and H° = arctg(b*/a*). ΔE*
represents colour difference between two colours. If it not exceeds value one the difference is imperceptible
by human eye. Noticeable change can be observed when the ΔE* ≥ 1. It is calculated from equation
ΔE* = [(Δa*)2+(Δb*)2+(ΔL*)2]1/2, e.g. Δa* means value a* of sample minus value a* of selected standard15.
Particle size distribution of powder materials was measured by Mastersizer 2000/MU (Malvern Instruments,
UK), which operating on the principle of laser diffraction on particles dispersed in liquid medium (Na4P2O7 was
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used). Device contains red light (He-Ne laser, λ = 633 nm) and blue light (laser diode, λ = 466 nm). Fraunhofer
bend was used for evaluating of the signal.
Phase compositions of powder samples were verified by diffractometer D8 Advance (Bruker AXS, UK) with the
vertical goniometer. Measuring range 2θ was 10-80° and copper radiation was used.

Discussion and result analysis
Colour properties of all prepared compounds after application into the organic matrix in mass tone and into the
ceramic glaze in 10 wt. % are shown in Figure 2 and in Table I (table also contains abbreviations of samples
which are used in this paper). Sample without mineralizer E (Er2Ce2O7) was selected as the standard for
calculation of colour difference. Samples in organic matrix acquired pink shades except of EF (Er2Ce2O7 + FeCl3NaCl) which is orange-brown (the highest values of both colour coordinates) due to iron ions. Colour properties
recorded in Table I confirms this difference of EF (the lowest lightness 66.95, the highest chroma 33.60 and
great colour difference 20.13). Against that the lowest contribution of red component (low a*) has sample EN
(Er2Ce2O7 + Na2B4O7) which has the highest lightness 84.97, the lowest chroma 15.69 and the second highest
colour difference 6.36. Other samples are similar. Hues of pigments are located in the orange area (57.89 58.34) even though they appear as a pink mostly (it is due to a higher contribution of the yellow component).
Samples look almost identically in ceramic glaze except EF again (L* = 71.81, C = 32.98, ΔE*= 15.33), other five
have similar chroma, lightness and colour differences are low (very similar colour EA (Er2Ce2O7 + CaCl2), EN, EC
(Er2Ce2O7 + CeCl3-KCl) and EM (Er2Ce2O7 + MgCl2-MgO) with E). These results correspond with a*-b* diagram
which shows increase of coordinate b* and decrease of coordinate a*. It is caused by glaze, lead inside glaze
have the tendency to be yellowish themselves16.

Figure 1. CIEL*a*b* colour space.

Figure 2. The effect of mineralizers and application on values of
colour coordinates a* and b* (a*-b* diagram).
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Table I
Colour properties of compound Er2Ce2O7 without and with mineralizers applied into the organic matrix in mass
tone and into the ceramic glaze in 10 wt. %.
Organic matrix
Ceramic glaze
Sample
L*
C
H°/°
ΔE*
L*
C
H°/°
ΔE*
E (Er2Ce2O7)

81.54

21.02

58.12

---

82.44

22.79

58.52

---

EA (Er2Ce2O7 + CaCl2)

83.02

17.88

57.89

5.70

83.33

21.33

58.45

2.28

EN (Er2Ce2O7 + Na2B4O7)

84.97

15.69

58.15

6.36

81.62

25.07

58.50

2.48

EF (Er2Ce2O7 + FeCl3-NaCl)

66.95

33.60

58.34

20.13

71.81

32.98

58.36

15.33

EC (Er2Ce2O7 + CeCl3-KCl)

82.19

19.07

58.09

2.14

82.70

21.97

58.46

1.68

EM (Er2Ce2O7 + MgCl2-MgO)

82.45

19.22

57.97

3.60

83.15

20.84

58.46

2.46

Mean particle sizes (d50) of samples are shown in Figure 3. The optimal particle size of inorganic pigments for
applications into organic matrix (plastics) is about or less 2 μm and for applications into the ceramic glazes is
located in interval 5 - 15 μm17. Mean particle sizes of samples have range between 6.9 - 14.9 μm. Er2Ce2O7
without mineralizer has d50 = 9.3 μm. Samples with salt systems as mineralizers obtain larger mean particle
sizes (EF = 14.9 μm, EC = 12.0 μm, EM = 11.2 μm), samples with one salt as mineralizer have smaller d50 (EA =
6.9 μm, EN = 8.3 μm).

Figure 3. Mean particle sizes of compound Er2Ce2O7 without and with mineralizers.
Phase composition of synthetized pigments was studied as next (Figure 4, Table II). One-, two- and three-phase
compounds were prepared. All samples contain required pyrochlore structure of Er2Ce2O7. EF is single-phased,
E, EA, EC and EM include starting oxide Er2O3. EM moreover comprises MgO which remains in the compound
due to very high temperature of melting point. Pigment EN with mineralizer borax contains ErBO3.
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Figure 4. Phase composition of compound Er2Ce2O7 without and with mineralizers.
Table II
Information about crystal structure and JPDF numbers of compound Er2Ce2O7 without and with mineralizers.
Phase composition Crystal structure JPDF number18
Er2Ce2O7

cubic

04-012-6402

Er2O3

cubic

04-015-0575

Er2Ce2O7

cubic

04-012-6402

Er2O3

cubic

04-008-8242

Er2Ce2O7

cubic

04-012-6402

ErBO3

hexagonal

04-010-9114

EF

Er2Ce2O7

cubic

04-012-6402

EC

Er2Ce2O7

cubic

04-012-6402

Er2O3

cubic

04-015-0575

Er2Ce2O7

cubic

04-012-6402

Er2O3

cubic

04-008-8242

MgO

cubic

00-045-0946

E

EA

EN

EM
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Conclusion
The inorganic pigment with pyrochlore structure Er2Ce2O7 was prepared by mechanical activation, before firing
at 1400 °C for 3 hours (heating rate 10 °C∙min-1) in the electric furnace five mineralizers were added into this
pre-prepared mixture. Synthetized powders were applied to the organic matrix in mass tone and ceramic glaze
G 070 91 in 10 wt. %. Samples obtain pink and orange-brown colours in organic matrix and orange colour
shades in the ceramic glaze. Compound without mineralizer was chosen as the standard for evaluation of
colour difference. Colour properties have been most affected by mineralizer FeCl3-NaCl due to iron ions. The
lowest influence to colour difference has mineralizer CeCl3-KCl. Synthetized powder materials are suitable for
applications into the ceramic glazes according to mean particle sizes, but for applications into plastics and
coatings particle size should be modified. Er2Ce2O7 was created for all samples, but only Er2Ce2O7 with FeCl3NaCl was single-phase. Probably, some substances are below the detection limit of diffractometer due to a
small amount of added mineralizers so they were not revealed. Prepared compounds have potential to become
environmental friendly inorganic ceramic pigments.
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Abstract
Phosphate pigments on basis of LiZr2(PO4)3 with a different content of lanthanides (Y, La, Ho, Er, Nd, Sm, Eu,
Gd, Dy, Tm, Yb, Lu, Pr, Tb, Ce) were prepared by solid state reaction. The samples were calcinated at 10001200 °C and their colour properties were studied by measurement of VIS reflectance (400-700 nm). On basis of
this experiment, the compounds with the most nice colouration - Li1.5Zr1.5Ln0.5(PO4)3 (Ln(III) - Ho, Er, Nd, Sm)
and LiZr1.5Ln0.5(PO4)3 (Ln(IV) - Pr, Tb, Ce) - have been chosen for the detailed characterisation (thermal stability
and particle size) and tested for application in ceramic glaze. As a result it is shown that the doping with
lanthanides induces interesting colouration however decreases thermal stability of LiZr2(PO4)3.

Introduction
Phosphate compounds constitute an important part of coloured inorganic pigments and are considered as high
performance thermally stable pigments 1-3. The primary demands to this class of pigments include outstanding
colour and heat stability as well as resistance to dissolution and chemical agents and solvent attack. In this
view, among the outstanding characteristics of phosphate compounds can be mentioned thermal stability,
unique thermal behaviour (near zero expansion), structural flexibility, ionic conductivity and high leaching
resistance.
Our attention has been focused on NaZr2(PO4)3-related zirconium double phosphates – NASICON family
(NAtrium Super Ionic CONductor, Na1+xZr2SixP3−xO12), in particular LiZr2(PO4)3. Considering the lattice symmetry,
LiZr2(PO4)3 belongs to NZP subtype and is characterised by rhombohedral crystal system: R-3c, a = 8.847 Å, c =
22.24 Å, V = 1507.5 Å3, Z = 6 4. The structure of LiZr2(PO4)3 consists of [Zr4(PO4)6] structural fragments arranged
in 3-dimentional framework.
This phosphate has outstanding thermal stability (above 1500 oC), however its colour is white. A common
approach to induce colour in inorganic compounds is doping by 3d or 4f metals. Thus, this paper deals with
preparation of phosphate pigments on basis of LiZr2(PO4)3 doped with lanthanides and investigation of their
optical properties and thermal stability.
At the first stage of our study, Ln-doped LiZr2(PO4)3 has been prepared for the full range of lanthanides (besides
radioactive Pm) in molar concentration of 0.1 and 0.5. On basis of this experiment, the compounds with the
most nice colouration - Li1.5Zr1.5Ln0.5(PO4)3 (Ln(III) - Ho, Er, Nd, Sm) and LiZr1.5Ln0.5(PO4)3 (Ln(IV) - Pr, Tb, Ce) have been chosen for the detailed characterisation.

Experimental part
Materials and methodology
Phosphate pigments on basis of LiZr2(PO4)3 with molar content of lanthanides 0.1 and 0.5 were prepared by
solid state reaction using Li2CO3, ZrOCl2.8H2O, (NH4)2HPO4 and Ln2O3 (Ln – Y, La, Ho, Er, Nd, Sm, Eu, Gd, Dy, Tm,
Yb, Lu) or Pr6O11, Tb4O7, CeO2. Stoichiometric powders of initial reagents were thoroughly ground in an agate
mortar with a pestle and transferred into corundum crucibles. Resultant powders were calcinated in an electric
furnace at 400 oC during 6 h. Pigments were reground in a laboratory planetary mill after calcination and highdensity pellets were prepared using a stainless laboratory press form and a pressure of 200 Bar. Pellets were
calcinated in an electric furnace at 1000 – 1200 °C.
The general reactions of the formation of Li1.5Zr1.5Ln0.5(PO4)3 and LiZr1.5Ln0.5(PO4)3 solid solutions can described
with following schema:
3/4Li2CO3 + 1.5ZrOCl2.8H2O + 1/4Ln2O3 + 3(NH4)2HPO4→ Li1.5Zr1.5Ln0.5(PO4)3, (Ln = Y, La, Ho, Er, Nd, Sm, Eu, Gd,
Dy, Tm, Yb, Lu)
0.5Li2CO3 + 1.5ZrOCl2.8H2O + 1/12Pr6O11 + 3(NH4)2HPO4→ LiZr1.5Pr0.5(PO4)3
0.5Li2CO3 + 1.5ZrOCl2.8H2O + 1/8Tb4O7 + 3(NH4)2HPO4→ LiZr1.5Tb0.5(PO4)3
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0.5Li2CO3 + 1.5ZrOCl2.8H2O + 1/2CeO2 + 3(NH4)2HPO4→ LiZr1.5Ce0.5(PO4)3
It was supposed, that the mixed valence lanthanides (Tb and Pr) will be oxidised to the state +4 in the final
composition by atmospheric oxygen.
After the final calcination step, the obtained powders were ground in automatic mortar grinder during 20 min
and subjected to the next investigation.

Particle size distribution
The particle size distribution of the samples was measured using a laser scattering system based on Fraunhofer
bending (Mastersizer 2000/MU, Malvern Instruments, UK). Before the measurement, the powders were
ultrasonically dispersed in water during 5 min.

Thermal stability
Thermal stability was tested using a heating microscope with automatic image analysis (EM201-12, Hesse
Instruments, Germany) in a temperature interval 25-1500oC. The equipment has been calibrated using Sn, In,
Al, Zn and standard measurement uncertainty typically is ≤ 5 oC. For measurement of the samples, pellets of
cylindrical form with a diameter and a height of 3mm and a mass of ~50-70mg were prepared.

Colour properties
The colour properties of the powdered samples were analysed by measurement of spectral reflectance in the
visible region of light (400-700 nm) using a spectrophotometer (ColorQuest XE, HunterLab, USA). The
measurement was performed for the samples pressed into a quartz cuvette. The measurement conditions
were as follows: an illuminant D65, 10° standard observer and measuring geometry d/8°. The colour properties
are described in CIE L*a*b* system. In this system, the values of a* (the green (-) → red (+) axis) and b* (the
blue (-) → yellow (+) axis) indicate the colour hue, the value of L* represents the lightness or darkness of colour
as related to a neutral grey scale (which is described by numbers from 0 (black) to 100 (white)).
Prepared pigments were also applied into conventional ceramic glaze in the amount of 10% and ceramic
biscuits and fired with a temperature of 950 oC during 15 min with a heating rate of 10 oC/min. The colour of
the samples was tested by the measurement of spectral reflectance as it is described above.

Results and discussion
Study of Ln-doped LiZr2(PO4)3
At the first step the whole series of Ln-containing LiZr2(PO4)3 was prepared and the colour of the powders was
analysed. To this purpose, the samples with two various content of lanthanides (Ln = 0.1: compositions
Li1.1Zr1.5Ln0.1(PO4)3, where Ln is Y, La, Ho, Er, Nd, Sm, Eu, Gd, Dy, Tm, Yb, Lu, and LiZr1.5Ln0.1(PO4)3, where Ln is Pr,
Tb, Ce; Ln = 0.5: compositions Li1.5Zr1.5Ln0.5(PO4)3, where Ln is Y, La, Ho, Er, Nd, Sm, Eu, Gd, Dy, Tm, Yb, Lu, and
LiZr1.5Ln0.5(PO4)3, where Ln is Pr, Tb, Ce) were prepared by solid state reaction and the colour of the powders
was analysed.
According to the colour analysis of the powders, the values of L* (correspond to lightness of the colour) are in
interval 94,2 (Gd) – 92,1 (Ce) for content of Ln = 0.1 and in interval 95,1 (Lu) – 92,1 (Tb) for content Ln = 0.5.
The lightness values as weel as a*b* parameters representing the saturation and colour shade are shown in
Figure 1. Samples Li1.5Zr1.5Er0.5(PO4)3 and Li1.5Zr1.5Nd0.5(PO4)3 provide the most red shade, LiZr1.5Pr0.5(PO4)3
provide the most green shade, LiZr1.5Tb0.5(PO4)3 provide the most yellow shade. Colour of Li1.5Zr1.5Ho0.5(PO4)3
depends on the nature of the incident light: under the day light it is light yellow while under fluorescent light it
is pink.
Based on the colour properties of the prepared samples, the compounds with the most nice colouration Li1.5Zr1.5Ln0.5(PO4)3 (Ln(III) - Ho, Er, Nd, Sm) and LiZr1.5Ln0.5(PO4)3 (Ln(IV) - Pr, Tb, Ce) have been chosen for next
study.
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Figure 1. Colour properties of Ln-doped LiZr2(PO4)3 powders

Particle size distribution
Before the application in ceramic glaze, the particle size distribution of samples was measured. The obtained
values of d[50] are in interval 2,28 – 5,47. Lanthanide Ce provides the smallest particle size and conversely
lanthanide Tb provides the bigger particle size. The obtained values of d[50] are optimal for the glaze
application, because the optimum particle sizes of inorganic pigments for pigmentary applications are in range
of 0.01–10 µm. Particle size distribution of samples is shown in Figure 1 and values of d[50] are in Table I.

Figure 2: Particle size distribution of phosphate pigments Li1.5Zr1.5Ln0.5(PO4)3 and LiZr1.5Ln0.5(PO4)3
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Table I
Values of d[50] of samples
Sample

d[50] (µm)

Li1.5Zr1.5Er0.5(PO4)3

4.93

Li1.5Zr1.5Nd0.5(PO4)3

4.55

LiZr1.5Ce0.5(PO4)3

2.28

LiZr1.5Pr0.5(PO4)3

5.04

Li1.5Zr1.5Sm0.5(PO4)3

4.99

LiZr1.5Tb0.5(PO4)3

5.47

Li1.5Zr1.5Ho0.5(PO4)3

5.46

Thermal stability
Calcinated powders were examined using a heating microscope on the subject of their thermal stability in a
temperature range of 25-1500 oC. Obtained results are presented at Figure 2. The curves represent the change
of the sample area depending on the temperature. Accordingly, when sintering of the sample starts, a decrease
of the sample area should appear.

Figure 2. Heating microscopy results representing
decrease of the sample areas with temperature increase
A sintering of these samples started in the temperature interval between 720 and 1000 °C; the maximal
shrinkage at 1500oC reached 9-35%. The most significant value was observed for sample LiZr1.5Tb0.5(PO4)3.
Complete heating microscopy results are shown in Table II.

Sample
Li1.5Zr1.5Er0.5(PO4)3

Table II
Heating microscopy results
Sintering
Start (°C)
800

Shrinkage
(%)
15

Li1.5Zr1.5Nd0.5(PO4)3

800

18

LiZr1.5Ce0.5(PO4)3

1000

9

LiZr1.5Pr0.5(PO4)3

850

18

Li1.5Zr1.5Sm0.5(PO4)3

720

15

LiZr1.5Tb0.5(PO4)3

730

35

Li1.5Zr1.5Ho0.5(PO4)3

800

14
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Colour properties
The colour properties of the samples were analysed by measurement of VIS reflectance (400-700 nm). The
colour shades of the pigments can be characterised as follows: Er- light pink, Nd-light purple, Pr-light green, Tbyellow, Ce, Ho and Sm - light yellow; after application in the ceramic glaze, the colour of all samples became
very light. An interesting property of the Ho sample is its colour change which depends on the nature of the
incident light: under the day light it is light yellow while under fluorescent light it is pink. This phenomenon can
be explained with the luminescent properties of this compound. Lanthanide Sm provides the most light colour
and lanthanide Nd provides the most dark colour. The colour parameters (CIE L*a*b*) and colour of the
samples are shown in Table III. The Fig. 3 shows a*b* parameters of the samples.
Table III
The colour parameters (CIE(L*a*b*) and colour of the samples
Sample
L*
a*
b*
Colour
Li1.5Zr1.5Sm0.5(PO4)3
94,03
-0,26
4,74
Light yellow
Li1.5Zr1.5Ho0.5(PO4)3
92,31
0,22
6,36
Light yellow/pink
Li1.5Zr1.5Er0.5(PO4)3
92,63
4,21
0,58
Light pink
Li1.5Zr1.5Nd0.5(PO4)3
90,75
2,58
-0,05
Light purple
LiZr1.5Ce0.5(PO4)3
93,60
-1,72
4,01
Light yellow
92,79
-4,74
9,60
Light green
LiZr1.5Pr0.5(PO4)3
LiZr1.5Tb0.5(PO4)3
92,61
-0,23
9,59
Yellow

Figure 3. a*b* diagram of Li1.5Zr1.5Ln0.5(PO4)3 (Ln(III) - Ho, Er, Nd, Sm) and LiZr1.5Ln0.5(PO4)3 (Ln(IV) - Pr, Tb, Ce)

Conclusions
Samples of pigments were prepared by classical ceramic route – solid state reaction and tested for application
in ceramic glaze. The colour shades of the pigments can be characterised as follows: Er- light pink, Nd-light
purple, Pr-light green, Tb- yellow, Ce, Ho and Sm - light yellow; after application in the ceramic glaze, the colour
of all samples became very light. An interesting property of the Ho sample is its colour change which depends
on the nature of the incident light: under the day light it is light yellow while under fluorescent light it is pink.
The particle size distribution of the samples was measured. The obtained values of d[50] are in an interval 2,285,46 µm, which is optimal for the glaze application.
Thermal stability of the samples was tested. A sintering of these samples started in the temperature interval
between 720 and 1000 °C; the maximal shrinkage at 1500oC reached 9-35%.
In general, Ln-doping induces interesting colouration however decreases thermal stability of LiZr2(PO4)3.
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Abstract
In this work sphene pigments of malayaite type doped by cobalt were prepared and the mechanical activation
was used as a pre-treatment of the starting materials. CaCO3, SnO2, SiO2 and mixed Co3O4 were used for
preparation of malayaite corresponding chemical composition CaSn(Co)SiO5-δ, with the stoichiometric ratio of
Co/Sn = 0; 0.015; 0.058 and 0.093. Planetary mill Pulverisette 5 (Fritsch, Germany) was used for mechanical
activation. The mechanical treated mixtures were calcinated at various temperatures (1150-1400 °C/4 hours
with step 50°C) with aim to assess the effect of mechanical activation as first stage of pigment preparation with
respect to their colour and optical properties. The colour properties, the particle size and the phase
composition of the malayaite pigments have been investigated. Products of calcination were subjected to
milling to the required particle size in order to improve optical and application properties.

Introduction
Malayaite, in the old way Tin Sphene, is nesosilicate mineral with monoclinic symmetry. Perfect chemical
formulation of Malayaite can be described by the formula CaSnSiO5, respectively CaSnO(SiO4). Nesosilicates
belong to the group of silicates and are formed by separate SiO4 tetrahedrons, whose connection is effected by
means of cations of small dimensions. High specific density, high refractive index and high hardness are
characteristic properties of nesosilicates. Minerals are stable, chemically and mechanically resistant1.
Sphene compounds can be prepared by various methods, e.g. sol-gel2, precipitation3, the combustion4, spray
pyrolysis5, freeze drying6, hydrothermal synthesis7 and mechanical activation8. Mechanical activation could be
one of the possible methods that would help to improve the reactivity of the starting materials. The mechanical
activation is associated with the use of external mechanical energy, usually by means of a very intensive
grinding.
Mechanical treatment is possible included into as one of the first experiences of humanity, when prehistoric
people found that a spark can be created by blow of suitable stones for themselves and so it can be used to
start a fire. From our point of view, some chemical reactions can be triggered or accelerated already by using
mechanical energy (friction and impact) which was transferred to a solid through the mill.
Normally, grinding is used to create the maximum active surface of a powder at the minimum energy
consumption, whereas the aim of the activation is to accumulate energy in the form of defects or other
structural modifications of a solid, which makes it possible to decrease the activation energy or improve steric
conditions for its subsequent chemical transformations9.
Definition of mechanical activation is not precisely determined. V.V. Boldyrev proposed two distinct cases of
the chemical activation. In the first case, the duration of the mechanical treatment involving the formation of a
stress field and its relaxation is longer than the chemical reaction time and these processes are commonly
referred to as mechanochemical. In the second case, the duration of the chemical treatment involving the
formation of a stress field is shorter than the chemical reaction time or these processes take place separately.
This case is associated with the chemical activation9.
According to P. Yu. Butyagin a classification of all mechanochemically activated solid-state reactions are divided
into two groups, depending on the rate-limiting step of the overall process: either the development of contacts
(where the reaction proceeds in the near-surface regions) or the mass-transfer into the bulk10.
Mechanochemistry is generally defined as the branch of chemistry dealing with chemical and physico-chemical
changes of substances of latent conditions that were caused by the application of mechanical energy.
Mechanical impact plays an important role especially in chemical reactions, where one of the reactants is in the
solid state. The most effective the reactions are taking place during milling and friction 10.
Due to the effect of mechanical energy are changed structures and these changes are most often associated
with the formation of a high concentration of defects in the crystal lattice. Physical, physico-chemical and
chemical properties of mechanically processed substances often are changing11.
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In this work sphene pigments of malayaite type doped by cobalt were prepared. Mechanical activation
consisting in very intense dry milling of precursors and then their firing at the desired temperature was used
for the synthesis of these compounds. Structure thus prepared pigments, their colour and optical properties
were investigated.

Experimental Part
The reactants used for the preparation of malayaite corresponding chemical composition CaSn(Co)SiO5-δ (the
symbol -δ represents charge oxygen non-stoichiometry) were commercially available powders: precipitated
CaCO3 (Merck Group KGaA, Germany), SnO2 (Alfa Aesar GmgH&KG, Germany), natural micronized SiO2
(Sklopísek Střeleč, a.s. CZ) and mixed Co3O4 (The Shepherd Colour Company, USA). The purity of the starting
materials ranged between 94-99%. The quantity of starting materials were weighed so as to correspond to the
stoichiometric ratio of Co/Sn = 0; 0.015; 0.058 and 0.093. Subsequently, all the raw materials were thoroughly
homogenized in a agate mortar.
Planetary mill Pulverisette 5 (Fritsch, Germany) was used for mechanical activation. Actual process was
conducted in the agate containers using agate balls of 10 mm diameter. Initiatory mixture was dosed into the
grinding container in such an amount as to maintain one of the fundamental conditions of mechanical
activation and that is many times greater weight of the grinding balls with compared of the weight initiatory
mixture12. In this case the mass ratio of balls to the initial mixture 10/1 was used. The mechanical activation
was performed at 200 rpm for 5 hours. After that, the mechanical treated mixtures after separation of agate
balls were transferred into corundum crucibles and subjected to calcination at various temperatures (11501400 °C/4 hours with step 50°C) with aim to assess the effect of mechanical activation as first stage of pigment
preparation with respect to their colour and optical properties. After firing the calcination products were hand
grinded in an agate mortar and prepared for further research.
The colour properties of the malayaite pigments have been studied as after the application of two bonding
systems, namely into the transparent leadless glaze P 07410 in the weight ratio 10% (Glazura Roudnice, a.s.,
Czech Republic); and into the organic acrylate matrix (Parketol, Akzo Nobel Coatings CZ, a.s., Opava, Czech
Republic) in the mass tone. The colour properties were measured in the visible region of the light (400-700 nm)
using the spectrophotometer ColourQuest XE (HunterLab, USA). The colour was evaluated in the system CIE
L*a*b* (1976), where the value L* represents lightness or darkness of the pigment. The value a* (red-green
axis) and b* (yellow-blue axis) indicate colour hue. Other colour characteristics have been calculated for better
defining of the colour: the chroma C, the hue angle H° and for observing of colour changes the total colour
difference ∆E*CIE. The total colour difference can be found out from formula: ∆E*CIE=[(∆L*)2+(∆a*)2+(∆b*)2]1/2,
where ∆L* - brightness difference between the standard and given sample, ∆a*, ∆b* - difference of the colour
coordinates a* and b* between the standard and the given sample. The standard sample (without the presence
of chromophore, i.e. x=0) and the samples with the ratio Co/Sn = 0.015; 0.058 and 0.093) have been compared.
The chroma represents saturation of the colour, ranges from 0 (gray) to 100 (pure colour) and it is possible to
calculate using the formula: C=(a*2+b*2)1/2. The hue angle H° is expressed in degrees and moves in the range
within 0°- 360°C. The value of the hue angle can be found out from the formula: H°=arctg(b*/a*). The interval
H° for this studied system of malayaite pigments with cobalt is following: 195°-285° blue hue, 285°-350° violet
hue13.
The particle size of prepared compounds was measured by the device Mastersizer 2000/MU (Malvern Instr.,
GB), which enables evaluation based on Frauenhofer bending or based on the Mie theory. In this case the
evaluation has been examined based on Frauenhofer bending.
Products of calcination were subjected to milling to the required particle size in order to improve optical and
application properties. Fine grinding was realized again in the planetary mill Pulverisette 5 (Fritsch, Germany).
Because for mechanical activation the agate material was used, the same material (agate) was chosen for
grinding due to minimize contamination of pigments. Grinding process was conducted in the agate containers
and with the help of 10 the agate balls of 10 mm diameter. In this case the milling operation was carried out in
environment of ethanol not only to protect the pigment particles before high shear and friction, but also for
better subsequent manipulation with fine powder. The speed of rotation was 200 rpm and the grinding time 2
hours. Finally the pigment suspension was dried in a dryer and colour and application properties of milled
powders were verified again via Colourquest XE and Mastersizer 2000/MU.
The phase composition was observed too. The tested powder samples were studied by the X-ray diffraction
analysis using the device D8 Advance (Bruker, GB), working with radiation CuKα and the scintillation detector
(the range 2Θ from 10° to 80°).
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The results and discussion
Compounds of CaSn(Co)SiO5-δ type with the ratio of Cu/Sn = 0; 0.015; 0.058 and 0.093 via mechanical activation
and solid state reaction at the various temperatures of calcination were prepared. Calcination products were
pulverized by hand in an agate mortar and applied to two bonding environment. Figure 1 shows the effect of
the doped cobalt element on the colour properties of malayaites depending on firing temperature. Figure 1a
demonstrates these properties after application into ceramic leadless glaze P 07410 where the pigment was
added in 10 wt. %. Gradual shift to bluer shades is visible on the picture, depending on both the increasing
cobalt content as well as on increasing firing temperature. From the figure it is also evident that the colour
properties of pigments for adequate composition Co/Sn = 0.058 and Co/Sn = 0.093 particular for the higher
firing temperatures are very similar. Therefore, it can be noted that the amount of cobalt corresponding to the
ratio Co/Sn = 0.058 is sufficient for colouring ceramic glazes. Further increases of the cobalt would increase the
cost of pigment production due to high prices of the cobalt raw material. The colour appearance of ceramic
tiles was moved from white (Co/Sn = 0) through a gray-blue and blue-gray (Co/Sn = 0.015) up to blue-violet
(Co/Sn = 0.058 and 0.093). But the tiles showed a lower covering power, which could be caused by unsuitable
particle size or insufficient layout of the pigment particles in the glaze.

a)

b)

Figure 1. The effects of doped chromophore and the temperatures of calcination on the colour properties of
the pigment CaSn(Co)SiO5-δ prepared with using mechanical activation and applied into: a) leadless glaze
P 07410 (10 wt.%); b) organic matrix (mass tone)
Figure 1b is devoted to colour properties of the mechanically activated pigments calcined at different
temperatures and applied into the organic binder. In this case, the trend obtained for glaze was different.
Conversely, it seems from the first look on the colour coordinates plotted in graph, that the colour
characteristics of individual samples are random. But during more careful study of this graphic presentation, it
is evident that the colour properties after application show certain dependence. This trend is marked (firing
temperature 1150 °C) for easier understanding. The colour coordinates are moved from the first quadrant of
the colour cross (Co/Sn = 0) across IV. to III. quadrant with increasing of cobalt content. The U-shaped character
is retained for other temperatures. However, it is necessary noted, that the paints with the dispersed pigments
exhibited some transparency, i.e. lower hiding power, which was probably caused by an inappropriate particle
size of the pigments. Colour shift is thus realized out from white (Cu/Sn = 0), through light blue (Co/Sn = 0.015)
and blue (Co/Sn = 0.058) to dark blue (Co/Sn = 0.093).
The colour characteristics of the composition Co/Sn = 0.015 and 0.093 for both monitored applications are
summarized in Table 1. The hue angle is shifted from orange region (70-35°) with the values of H° = 70.91° and
43.06° over red (35-350°) H° = 0.61° to blue (285 to 195°) for the ratio of cations of Co/Sn = 0.015 and
application into organic matrix. Appropriate values of H° detected for temperatures 1300-1400°C were in the
range from 277.96° to 184.48°. According to this shift the calcination temperatures 1150-1250°C probably are
not sufficient for the suitable reaction of initial mixture even after mechanical activation treatment. This
assumption is not supported only by H° values, but also by the saturation values which were very small and the
size of brightness indicating that the compounds are after application into organic binder very light. Better
results were determined for a higher ratio of cations Co/Sn = 0.093. For acrylic dispersion chroma ranged from
16.72 to 31.54. The values of L* in particular from the temperature 1200°C gradually decreased towards to
darker hues and according to the hue, this application can possible to place into the region of the blue (195285°). Colour characteristics of mentioned ratios applied into glaze are shown in Table 1 also. The hue angle
values of both quantities of cobalt were very similar. But the influence of the quantity of cobalt is evident. The
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H° values for the ratio Co/Sn = 0.015 were moved in the blue area and the hue angle with increasing amounts
of cobalt up to Co/Sn = 0.093 shifted more to the region blue-violet. The chroma ranged from 12.34 to 14.88
for ratio Co/Sn = 0.015, but increasing content Co up to a ratio 0.093 is doubly changed.
Table I
The values of L*, C and H° for the pigment CaSn(Co)SiO5-δ applied into leadless glaze P 07410 (10 wt. %) and
organic matrix (mass tome)
Temperature
The ratio of cations Co/Sn = 0.015
calcination
Ceramic glaze
Organic matrix
[°C]
L*

C

H° [°]

L*

C

H° [°]

1150

77.72

12.94

277.50

86.38

3.58

70.91

1200

76.48

11.33

276.03

86.92

3.56

43.06

1250

74.24

13.05

278.64

88.70

3.75

0.61

1300

71.19

14.88

278.54

85.74

6.57

277.96

1350

71.34

12.48

277.41

78.32

20.40

185.17

1400

71.14

13.29

276.92

70.87

24.83

184.48

Temperature
calcination
[°C]

The ratio of cations Co/Sn = 0.093
Ceramic glaze

Organic matrix

L*

C

H° [°]

L*

C

H° [°]

1150

56.87

27.84

284.58

71.70

16.72

180.51

1200

51.47

28.76

285.57

51.59

28.42

273.55

1250

49.65

29.87

286.28

52.50

29.68

273.57

1300

45.25

29.48

287.00

48.71

21.09

190.88

1350

46.03

27.08

286.30

53.19

11.45

75.89

1400

45.67

29.75

287.27

41.93

31.54

275.57

Values of the mean particle size of mechanical activated pigments after subsequent calcination are shown in
Table 2 and it is evident, that d50 increased both with increasing firing temperature, but also with the amount
of added chromophore. Mean particle size of standard (Co/Sn = 0) by addition of the cobalt on ratio of cations
0.015 sharply changed. But the impact of the amount of cobalt for proportions of cations Co/Sn = 0.058 and
0.093 was slow. It has been found that obtained particle size was not suitable for application to the organic
binder, because for this application d50 is recommended about around 2 µm. The optimum particle size for
ceramic applications is between 5-15 µm and at respecting of this condition, pigments are usable at
temperatures until 1250 ° C. The pigments with higher values d50 were prepared via the other temperatures of
calcination (1300-1400°C). These large particles probable could worsen the dispersibility of the pigments into
both bonging systems and thereby to affect the resulting colour properties. Therefore, it is necessary to
improve the application-optical properties, in particular in that pigments will be grinded to the desired particle
size. From point of view of mechanical activation is obvious that due to intensive dry milling of the starting
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materials there reduction of the particle which is typical for milling operations was not realized, but the
formation of larger grains and larger agglomerates after subsequent firing were registered. It is suggesting that
the mechanical activation probably could promote and improve production of malayaite compounds doped
with cobalt.
Table II
The values of the mean particle size of mechanical treatment CaSn(Co)SiO5-δ pigment before grinding on the
required particle size (BG) and after grinding operation (AG)
Calcination temperature [°C]/d50 [µm]
Co/Sn
1150
1200
1250
1300
1350
1400
BG

AG

BG

AG

BG

AG

BG

AG

BG

AG

BG

AG

0

4.50

1.68

5.35

1.95

5.86

1.89

7.92

2.45

10.19

2.20

13.25

2.50

0.015

5.45

1.86

9.17

2.17

10.95

2.30

14.93

2.74

19.40

2.47

20.04

2.55

0.058

7.05

2.02

11.54

2.74

13.68

2.80

18.25

3.31

24.03

3.12

41.04

3.38

0.093

8.24

2.31

13.92

2.40

13.25

2.32

17.24

2.81

14.05

2.37

29.32

3.05

Determined particle size after grinding (marked AG) is also summarized in Table 2. From table is evident, that
plan to gain a particle about size close to 2 µm, i.e. to improve the dispersibility of pigments in an organic
binder, was fulfilled. Particles with appropriate sizes for applicability to the organic binder were obtained after
2 hours of wet grinding. Different grinding material can be used to shorten the milling time and even greater
reduction of particle size. Zirconia balls of diameter 1.6 to 1.8 mm could be another alternative for grinding of
materials, for example. This possibility was not used, due to a possible increase contamination of the pigment
by grinding material.
The applicability of grinded pigments into organic matrix was improved, but at the expense of the covering
power of studied pigments. The intensity of the blue colour fundamentally decreased after adjustment by
grinding. In terms of evaluation of application to the organic binder, the malayaite pigments are not suitable
for this application. Coatings with pigments had little intense colour which were not able to cover a whole
substrate and pigments had only a blue turbidity. This property is from the perspective of producer of paints
totally inadequate. Colour and optical properties of the ground pigments are shown in Figure 2. The first one
(2a) is dedicated to monitoring of the colour properties after the application in organic binder in mass tone
and it is apparent that the trend observed for unmilled particles is remained even after grinding.

a)

b)
Figure 2. The influence of doped chromophore and the temperatures of calcination on the colour properties of
the pigment CaSn(Co)SiO5-δ after grinding: a) application - organic matrix in mass tone; b) application - leadless
glaze P 07410 (10 wt.% of pigment)
Conversely, a radical improvement of dispersibility of pigment particles was achieved for the application of
glaze. Reducing of the particle size allowed a better spreading of the pigment particles in the molten glaze and
therefore hiding power of pigments was increased. Ceramic tiles showed very interesting blue shades that
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ranged in pastel colours. Colour properties of the malayaite pigments after grinding are illustrated in Figure 2b.
There is aparent a shift toward bluer shades depending on rising the firing temperature and the amount of
doped cobalt. In terms of assessing of the cobalt amount, the content of Co/Sn = 0.058 for coloring of
malayaite lattice is sufficient and further increasing of cobalt is unnecessary, because the difference between
the color characteristics of the sample Co/Sn 0.058 and 0.093 is negligible.
Phase composition of the mechanical treated pigments have been investigated too. The results of this analysis
are summarized in Table III.
Table II
The phase composition of studied mechanical treatment compounds based on CaSn(Co)SiO5-δ pigments
Composition/Temperature [°C]
Mass ratio Co/Sn
1300
1350
1400

0

Malayaite, Cassiterite,
Calcium Tin Oxide,
Wollastonite

Malayaite, Calcium Tin
Oxide, Cassiterite

Malayite, Cassiterite

0.015

Mayalaite, Cassiterite

Malayaite, Cassiterite

Malayaite

0.058

Malayaite, Cassiterite

Malayaite

Malayaite

0.093

Malayaite, Cassiterite

Malayaite, Cassiterite

Malayaite, Cassiterite

The powder pigments prepared at 1300-1400°C were subjected to the X-ray analysis. Malayaite sample with a
mass ratio Co/Sn = 0, which was prepared at 1300°C contained four compounds: Malayaite-CaSn(SiO4)O,
Cassiterite-SnO2, Calcium Tin Oxide-CaSnO3 and Wollastonite-CaSiO3. Based on this information it can be stated
that the temperature of 1300°C is not sufficient for complete reacting of the starting compounds in case of
standard. Phase composition changed after increasing the calcining temperature on 1350°C and three
compounds were identified, namely Malayaite, Cassiterite and Calcium Tin Oxide. A further increase of
temperature promoted the reaction so that the pigment prepared in 1400°C was diphasic (Malayaite and
Cassiterite). Considerable better results were obtained in the case of pigments doped by Co. It is possible that
the doping element cobalt has probably an effect on the better reactivity of the starting materials, if we
compare samples without and with Co. All assessed samples prepared at 1300°C were diphasic and contained
Malayait as a major phase and a Cassiterite as a minor phase. The X-ray pattern obtained for the compound
with the ratio Co/Sn = 0.058 prepared at 1350°C pointed that only one compound in this case has been
identified and corresponded to Malayaite. Single-phase compound was also founded for the same sample
prepared at 1400°C. The compound containing Co/Sn = 0.093 was two-component for all studied temperatures
and included Malayait and Cassiterit. In none of the patterns compounds related with cobalt have been
recorded, so that it can be assumed that chromophore cobalt was incorporated into the crystal lattice of
Malayaite. Better results of mechanochemical treated samples were obtained if these powders were compared
with the samples of the same proportions Co/Sn, but which were prepared by only once calcining at 1350°C14.
Improvement of the pigment composition relating to the samples Co/Sn = 0.015 and also Co/Sn = 0.058 was
detected, because in case of samples of the same ratio, but without mechanical treatment, two compounds
(Malayait and Cassiterite) for Co/Sn = 0.058 and three compounds for Co/Sn = 0.093 were indentified, namely
Malayait (CaSn(SiO4)O), Cassiterite (SnO2) and Co-akermanite (Ca2Co(Si2O7)).

Conclusion
The results of the evaluation of colour and application properties of malayaite pigments doped by cobalt which
were prepared using mechanical activation as pre-treating were summarized in this contribution. Compounds
CaSn(Co)SiO5-δ with the mass ratios of cations Co/Sn = 0; 0,015; 0.058 and 0.093 were investigated. Initiatory
mixtures were at first subjected to mechanical activation in the planetary mill and subsequently calcined in the
temperature range 1150-1400°C/4 hours. Colour and application properties of the pigments were observed
after the dispersion into ceramic leadless transparent glaze P 07410 and organic acrylic binder. Colour of
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studied pigments was ranged from white to blue-violet depending on the cobalt amount and the temperature
of calcination. Calcines, which were manually crushed, were characterized by a lower hiding power in the glaze
and organic matrix, which was caused by unsuitable particle size. The mean particle size was ranged from 4.50
to 41.04 µm. Therefore it was necessary to include grinding operation on required particle size which improved
quality of pigment product. The values d50 of milled pigments were about 2 µm. It was showed by
improvement hiding power in both of assessed applications. X-ray diffraction analysis confirmed that malayaite
compound was prepared in all investigated ratios of cations Co/Sn, but only in two cases, Co/Sn=0.058-1350
and 1400°C and Co/Sn=0.015-1400°C, the compound was monophasic. For viewpoint of the assessment of
mechanical activation it can be stated this pre-treatment brought quality improvement of preparation of
malayaite pigments with cobalt even though it is a very energy intensive process.
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Abstract
The presented work deals with the possibility of synthesis of blue-violet cassiterite pigments in which a part of
tin ions was substituted by cobalt and terbium ions. In this case, phosphorous ions are used as chargecompensating elements. The compounds of formula Sn0.752Co0.08P0.16Tb0.008O2 were prepared by solid state
reaction using the classical ceramic method and also by the method of dry mechanical activation. The goal was
to develop conditions for synthesis and the most suitable preparation method of these pigments. The
temperature range was chosen from 1,350 to 1,500 °C. The synthesised pigments were characterised in terms
of colour properties after their application into the transparent ceramic glaze P 074 91 and into the organic
binder. They were also studied with respect to their phase composition as well as the particles size distribution.

Introduction
Inorganic pigments are a fundamental part of many decorative and protective coatings. They are widely used in
ceramic industry as a colourant for glazes. Therefore, ceramic pigments must possess superior colouring force
in the molten glaze and high thermal stability1. As know, ceramic pigments are composed of metal oxide or
metal oxide compounds2. Stannic pigments with the structure of cassiterite mineral are classified as the
important ceramic pigments based on tin compounds3. Cassiterite pigments are based on tin dioxide
respectively they are mixed oxides, where tin dioxide is the main component. Tin dioxide is used as a host
lattice for important ceramic pigments, e.g. Chrome Tin Orchid Cassiterite (CPMA No. 11–23–5), Tin Vanadium
Yellow Cassiterite (CPMA No. 11–22–4) and Tin Antimony Grey Cassiterite (CPMA No. 11–24–8)4-7. By partial
substitution of Sn (IV) ions (0.069 nm) for ions of suited chromophores, a colour change in originally colourless
system is achieved8. In this research the ions of cobalt and terbium as chromophores were chosen. The colour
performance of cobalt pigment depends on their thermal stability, chemical reactivity towards the glaze
components, as well as on the coordination of Co2+ ions (tetrahedral coordination is preferred to octahedral)9.
Due to Co ions (II) have oxidation state lower than (IV), a second element with oxidation state higher than (IV)
is always added in order to fulfill the electroneutrality of the structure. In this case P (V) ions are used as
charge-compensating elements. In the presented work, the effect of preparation method on pigmentary
properties of cassiterite pigments with formula Sn0.752Co0.08P0.16Tb0.008O2 was studied. Moreover, the goal was
to develop conditions (especially calcination temperature) for the synthesis of Sn0.752Co0.08P0.16Tb0.008O2
pigments. Synthesised Sn0.752Co0.08P0.16Tb0.008O2 compounds were compared from the standpoint of their
structure, colour properties and particle size distribution.

Experimental
Synthesis of cassiterite pigments
Pigments Sn0.752Co0.08P0.16Tb0.008O2 were synthesised by two methods of preparation. The both methods of the
synthesis were based on the classical ceramic route, i.e. solid state reaction. The first of them was the classical
method (CM) which makes use of homogenization of starting raw materials presented in a form of powder
compounds: SnO2 (>99.9%, Alfa Aesar, Germany), Co(OH)2 (>99%, Shepherd Color Company, USA), NH4H2PO4
(99.5%, Lachema a.s., Czech Republic) and Tb4O7 (>99%, Indian Rare Earths Ltd., India). Above mentioned
compounds were weighed in the required stoichiometric amounts and then were homogenized in an agate
mortar. The mixtures were calcinated in corundum crucibles in an electric resistance furnace. The heating of
furnace was programmed with increasing temperature at a rate 10 °C.min-1 and the calcination temperature of
1,350 - 1,500 °C was maintained for three hours. All samples were gradually cooled to room temperature and
ground in an agate mortar. The other method of solid state reaction (MA) was innovated by the mechanochemical activation prior to calcination. The high energy milling process was carried out in a planetary mill
Pulverisette 5 (Fritsch, GmbH Idar-Oberstein, Germany). The reaction mixtures were ground with agate balls
(Ø10 mm) in a ball-to-powder weight ratio of 18:1. The milling was carried out for 5 hours at a rotational
velocity of 200 rps. The activated reaction mixtures were transferred into corundum crucibles and exposed to
the same calcining process as in the previous method.
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Application of the pigments into organic matrix and ceramic glaze
The calcinated powder samples were applied into an organic matrix (dispersive acrylic paint Parketol, Balakom
a.s., Czech Republic) in mass tone and into medium temperature ceramic glaze P 074 91 (Glazura, s.r.o., Czech
Republic), with amount of a pigment sample 10 wt%. For testing in organic binder, suspension containing 1 g of
the sample and 1.5 cm3 of binder was homogenized. This suspension was converted by a pestle to dense paste
able to flowing. Coloured coating films were prepared by application of the paste on white nonabsorbing glossy
paper. The coating layer of film was created by dragging the Bird´s applicator. Prepared coating films were kept
to dry spontaneously in the open air. Then they were ready for an evaluation of colour properties of pigments
into organic binder in mass tone. In the case of application into the ceramic glaze, an aqueous suspension
containing 10 wt% of pigment and 90 wt% of transparent ceramic glaze with an appropriate amount of distilled
water was prepared by hand-grinding. The suspension was applied by using brush on unglazed ceramic tile and
after drying in air was glazed at 1,050 °C for 15 min.

The XRD analysis
The phase analysis of the powdered materials was studied by X-ray diffraction analysis. The phase composition
was determined using diffractometer D8 Advance (Bruker AXS, UK) equipped with a vertical goniometer of 17
cm in 2Θ range of 10-80°. X–ray tube with Cu anode (U = 40 kV, I = 30 mA), secondary graphite
monochromator, scintillation NaI(Tl) counter, and X-ray of copper were used. Wavelength of the applied X-ray
is Kα1 = 0.15418 nm for angle 2Θ < 35° and Kα2 = 0.15405 nm for angle 2Θ > 35°.

Measurement of colour properties of applied cassiterite pigments
The colour properties of all final applications were objectively evaluated by measuring of spectral reflectance in
the visible region of light (400-700 nm) by using a spectrophotometer ColorQuest XE (HunterLab, USA).
Standard illuminant D65 was used as internationally recommended white daylight, measurement conditions
were as follows: 10° supplementary standard observer, measuring geometry d/8°. The colour properties are
described in terms of CIE L*a*b* system (1976). The value a* (the red-green axis) and b* (the yellow-blue axis)
indicate the colour hue. The value L* represents the lightness or darkness of the colour as related to the
natural grey scale. In the L*a*b* system, it is described by numbers from 0 (black) to 100 (white). The value C
(Chroma) represents saturation of the colour and determines colour purity. The colour hue of pigments is also
possible to express as a hue angle H°. Hue angle H° is defined as starting at the +a* axis and indicates the
position of the sample in a*, b* diagram. It is expressed in degrees; H° = 350-35° (for red), H° = 35-70° (for
orange), H° = 70-105° (for yellow), H° = 105-195° (for green), H° = 195-285° (for blue), H° = 285-350° (for violet).
Chroma C and hue angle H° of samples were calculated according to the Eqs. (1) and (2)10.
C = (a* 2 + b* 2)1/2

(1)

H° = arctg (b*/a*)

(2)

Measuring of particle size distribution
The particle size distribution of the synthesised pigments was measured using an equipment Mastersizer
2000/MU (Malvern Instruments, Ltd., UK). This device provides volumetric distribution and uses the laser
diffraction on particles dispersed in a liquid medium. The particle size distribution was analysed by two lasers –
red light (He–Ne laser with wavelength 633 nm) and blue light (laser diode with wavelength 466 nm). The
pigments were ultrasonically homogenized in solution of Na4P2O7 (c = 0.15 mol dm-3) for 120 s. The signal was
evaluated on the basis of Fraunhofer diffraction. The measurement is performed in three steps, results are
automatically calculated as average and presented as d10, d50, d90 and span values Eqs.(3).

\ o+

pqr sptr

(3)

pur

Discussion and result analysis
XRD analysis
The synthesised powder compounds were studied by XRD analysis. The diffractograms of the samples, which
were prepared by classical ceramic method, were single-phase at all synthesis temperatures. The only major
crystalline phase corresponding to tetragonal cassiterite structure of SnO2 (JCPDS No. 77-0452) with P42/mnm
symmetry was confirmed. No other phases were detected in the XRD patterns. The intensities of peaks
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increase with calcination temperature, which means that the peaks are the sharpest and the most intense at
1,450 °C. The highest calcination temperature (1,500 °C) caused a slight decrease of the peak intensity of
cassiterite phase. The contraction of lattice constants confirmed the incorporation of Co (II) and Tb (IV) ions in
SnO2 host lattice (lattice parameters of pure SnO2: a = 0.473700 nm and c = 0.318500 nm). The phase
composition was also evaluated at pigments, which were prepared by dry mechanical activation. From the
presented results follows, that second minor phase was observed. This phase corresponds to cubic SnP2O7
(JCPDS No. 29-1352) with Pa-3 symmetry was identified in the temperature range from 1,350 to 1450 °C. The
intensities of peaks increase with calcination temperature and at the temperature of 1,500 °C slightly decrease
as in the case of pigments, which were prepared by the classical ceramic method.
Table I
The effect preparation method and calcination temperature on the phase composition of powder
Sn0.752Co0.08P0.16Tb0.008O2

Method of preparation

Temperature [°C]

Structure

a [nm]

c [nm]

0.473662

0.318631

0.473674

0.318639

1,450

0.473694

0.318645

1,500

0.473700

0.318550

tetragonal SnO2

0.473595

0.318629

cubic SnP2O7

0.739601

tetragonal SnO2

0.473690

cubic SnP2O7

0.793512

tetragonal SnO2

0.473693

cubic SnP2O7

0.793180

tetragonal SnO2

0.473721

1,350
1,400
Classical ceramic method

tetragonal SnO2

1,350
1,400
Dry mechanical activation
1,450

1,500

0.318638

0.318665

0.318549

Colour properties
In this part, the effect of growing calcination temperature and the effect of preparation method on colour
properties of the cassiterite pigments were investigated. At first, the powder materials were prepared by the
classical ceramic method and they were applied into the organic matrix in mass tone. From Table II is evident
that the values of colour coordinates a*, b* and value of C (chroma) gradually increase up to 1,450 °C. On the
other hand, the values of coordinates L* (lightness) decline – pigments seem darker. All pigments produced
blue-violet hue because the value H° lay in range from 297° to 308°. After application into the organic binder,
these samples provided violet colour. The best results were obtained at calcination temperature 1,450°C. In
this case, the prepared sample disposes the highest value of colour coordinate a* (22.02), the highest value of
chroma (36.33) and the highest value of hue angle (307.31°). This sample is characterised by intensive violet
colour.
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Table II
The effect of calcination temperature on colour properties and particle size distribution of
Sn0.752Co0.08P0.16Tb0.008O2 pigments prepared by classical ceramic method and applied into organic binder

T [°C]

L*

a*

b*

C

H°

d50 [μm]

span

1,350

61.55

6.07

-11.72

13.20

297.38

6.44

5.49

1,400

58.31

8.23

-14.78

16.92

299.11

6.87

5.43

1,450

45.37

22.02

-28.83

36.33

307.31

7.05

6.10

1,500

54.86

12.98

-18.22

22.37

305.47

9.04

6.48

The comparison of synthesised pigments by dry mechanical activation (Table III) in terms of acquired colour
properties showed that pigments which were synthesised by the classical ceramic method provided better
results. The pigments prepared using mechanical activation had rather a dark grey than violet colouration. It
was caused by very low values of chroma C (from 3.48 to 10.07) and very low values of both colour coordinates
a*, b*. The negative changes of colour properties were probably caused by presence of secondary phase –
cubic SnP2O7.The growth of the calcination temperature had not a positive effect on colour properties and
therefore the best results were achieved at lowest calcination temperature (1,350 °C). This compound is
characterised by grey-blue colour after application into the organic binder.
Table III
The effect of calcination temperature on colour properties and particle size distribution of
Sn0.752Co0.08P0.16Tb0.008O2 pigments prepared by dry mechanical activation and applied into organic binder

T [°C]

L*

a*

b*

C

H°

d50 [μm]

span

1,350

58.73

4.45

-9.03

10.07

296.23

6.51

5.81

1,400

56.11

1.44

-5.02

5.22

286.00

6.86

4.03

1,450

55.14

1.22

-3.26

3.48

290.50

5.38

5.50

1,500

58.28

2.47

-5,87

6.37

292.81

7.71

5.50

The prepared powder materials were applied into the transparent ceramic glaze as well. The colour properties
of the samples were different in comparison with the organic binder. First, pigments which were prepared by
the classical ceramic method. From Table IV is apparent that the values of colour coordinate b* and value C
(chroma) moderately increase up to 1,500 °C. The values of coordinate L* (lightness) started to decline
markedly in the temperature range of 1,450-1,500 °C. All pigments produced blue-violet hue with higher
contribution of blue. The best results were obtained at calcination temperature 1,500°C. In point of fact, the
sample disposes of the highest value of colour coordinate a* (9.95), the highest value of chroma (28.97) and
the highest value of hue angle (290.09°).
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Table IV
The effect of calcination temperature on colour properties and particle size distribution of
Sn0.752Co0.08P0.16Tb0.008O2 pigments prepared by classical ceramic method and applied into ceramic glaze

T [°C]

L*

a*

b*

C

H°

d50 [μm]

span

1,350

46.54

7.44

-23.44

24.59

287.61

6.44

5.49

1,400

46.61

8.01

-25.33

26.57

287.55

6.87

5.43

1,450

43.65

9.15

-26.82

28.34

288.84

7.05

6.10

1,500

40.43

9.95

-27.21

28.97

290.09

9.04

6.48

If we are talking about the application of prepared powder pigments using mechanical activation into ceramic
glaze, we can say that in comparison with pigments prepared by classical ceramic method were obtained
pigments with lower values of lightness L*(Table V). The colour coordinate a* had not the obvious trend
according to the growing temperature and colour coordinate b* did not change significantly. At prepared
pigments, decreasing values of angle H° were achieved. It means that final colour was shifted closer toward
blue shades than blue-violet. As in the case of application into the organic binder, the best results were
achieved at temperature of 1,350 °C. This sample had a higher value of coordinate a* (8.73) and chroma C.
Table V
The effect of calcination temperature on colour properties and particle size distribution of
Sn0.752Co0.08P0.16Tb0.008O2 pigments prepared by dry mechanical activation and applied into ceramic glaze.

T [°C]

L*

a*

b*

C

H°

d50 [μm]

span

1,350

47.08

8.73

-26.97

28.35

287.14

6.51

4.03

1,400

50.58

7.88

-26.34

27.49

286.66

6.86

5.50

1,450

53.13

7.15

-25.96

26.93

285.40

5.38

5.50

1,500

49.77

7.99

-26.48

27.66

286.79

7.71

5.81

Particle size distribution
The particle size distribution of pigments was also measured. It belongs to the one of the most significant
measured properties of synthesised powders and it can affect optical properties (final colour of pigments) and
opacity. The most important value, which characterises particle size, is the value of d50. The samples of
pigments which were prepared by the classic ceramic method are characterised by higher mean values d50 of
particles in the interval from approx. 6–10 μm. In the case of dry mechanical activation, where the reaction
mixture were milled for 5 hours before the calcination, was the mean of particle size in the interval approx. 5–8
μm. The increasing calcination temperature made the increase of values d50 for both ways of preparation. The
size range of 5–10 μm predicts the effective utilisation of the pigments for the colouring of ceramic glaze. For
their applications into organic binders, it would be appropriate to treat the d50 to a value of about of 2 μm.

Conclusion
The main aim of the research was to prepare blue-violet Sn0.752Co0.08P0.16Tb0.008O2 ceramic pigments. The
samples were synthesised by the classical ceramic method and by dry mechanical activation, which are based
on solid state reaction. The calcination temperatures were chosen in the range of 1,350–1,500 °C. Studies of Xray diffraction showed that single-phased samples were prepared by the classical ceramic method at all
calcination temperatures. In the case of using dry mechanical activation, the presence of secondary phase –
cubic SnP2O7, was observed at calcination temperatures 1,350, 1400 and 1,450 °C. The preferable method for
preparation of cassiterite pigment is the classical ceramic method. In this method, the positive effect of the
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increasing synthesis temperature on the colour properties of pigments was found. From the obtained results it
can be concluded, that higher calcination temperature generally stimulates the formation of darker powders
with higher values of chroma C and with higher values of hue angle H°. According to the highest values of C as a
parameter characterising colour purity, the best temperature for synthesis of these pigments is 1,450 °C for
application into the organic binder and 1,500 °C for application into the ceramic glaze. For pigments prepared
using dry mechanical activation was found to be the best calcination temperature 1,350°C in both applications.
However neither at this calcination temperature was obtained such interesting colour shades as in the case
using classical ceramic method. Cassiterite pigments doped by ions of terbium provided violet (classical ceramic
method) and grey (dry mechanical activation) shades in the organic binder and blue-violet shades in the
ceramic glaze. The mean of particle size d50 moved in range 5.38–9.04 μm in dependence on synthesis
temperature (the predominantly increasing character with increasing calcination temperature), and this
particle size is appropriate for the potential using in ceramic glazes.
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Abstract
The novel environmentally friendly inorganic yellow pigment based on bismuth oxide, Bi1.5Zn0.5CeNbO7, was
successfully synthesized. The influence of synthesis conditions on the product properties was examined.
Samples of the pigment Bi1.5Zn0.5CeNbO7 were obtained by solid˗state reaction and various homogenisation
methods of initial components were employed (hand˗milling, dry and wet ball˗milling). Focusing on
the pigmentary application, specific properties of the samples were evaluated, such as particle size distribution
and colour parameters. The homogenization by hand˗milling can be rated as the best method of preparation
for this composition, which provides saturated yellow and yellow-orange hues in an organic matrix and ceramic
glaze. The lowest value of the mean particle size was achieved by wet ball˗milling (d50 = 1.49-5.72 μm). Based
on obtained results, Bi1.5Zn0.5CeNbO7 could be considered as a perspective high˗performance pigment which
has a potential to be alternative yellow-orange colourant for paint, plastics, ceramics and building materials.

Introduction
Inorganic pigments are applied in a wide range of products such as paints, ceramics, porcelains, plastics,
enamels and glasses, due to their high thermal and ultraviolet stability compared to organic pigments1. One of
the first synthetic yellow pigments is called Naples yellow Pb2Sb2O7. This pigment represents sulphur˗yellow up
to orange˗yellow ¦nt depending on the mass ra¦o of lead and an¦mony2. Typical modern yellow inorganic
pigments include chromate compounds of lead, cadmium sulphides and bismuth vanadates3.
There is a strong incentive to develop new yellow˗coloured inorganic materials to subs¦tute for industrial
pigments that are based on toxic metals hazardous to human health and the environment. Nowadays, the
industrial utilization of lanthanides is rapidly growing because of their known low toxicity4,5. The compounds
on the base of Bi2O3 belong to pigments of oxide types and seem to be interesting, because they provide
interesting colour hues from yellow to orange. Intense colours of these pigments are based on the
incorporation of doped Ln ions into the host lattice of Bi2O36. Among several earth-based nontoxic yellow
pigments, CeO2, and related materials have come to the forefront because of their opacity, low toxicity
and high thermal stability7,8. From this point of view, the studied compound can be described by the pyrochlore
structure with the general composition A2B2O7. Composition electroneutrality can be achieved with several
combinations of different valences for cation species A and B9. The pyrochlore structure is closely related to
fluorite and can be considered as an ordered defective fluorite. It exhibits space group Fd3m with eight formula
units within the cubic unit cell10. Pyrochlore oxides display a remarkable range of physical properties, including
metallic, semiconducting or ionic electrical behaviour that can be controlled by doping. The bismuth˗based
pyrochlores can be used for applications including high-frequency multilayer capacitors, catalysts, thin film
resistors and other11.
In our research, we have employed solid˗state reac¦on in combina¦on with diﬀerent homogenisa¦on method
of initial compounds (hand˗milling, dry and wet ball˗milling) in order to reveal the best method of preparation
of pigment Bi1.5Zn0.5CeNbO7 in relation to its important characteristics for the pigmentary application.

Experimental
Bi1.5Zn0.5CeNbO7 samples were synthesized by methods which are based on classical ceramic route, i.e. solid
state reaction. For this purpose, hand-milling, dry ball˗milling and wet ball˗milling were applicated. For hand˗
and ball˗milling methods, ini¦al compounds Bi2O3 (99.9 % purity, ML-Chemica, CZ), ZnO (>99 % purity,
The Shepherd Color Company, USA), CeO2 (99.9% purity, ML˗Chemica,CZ) and Nb2O5 (99.8% purity, Bochemie,
a.s., CZ) were used. Reaction mixtures were thoroughly homogenised in an agate mortar with a pestle by hand
grinding or in an agate form by ball˗milling in a planetary mill (Pulverisette 5, Fritsch, Germany). Wet
ball˗milling of the samples was performed in ethanol˗water media (volume ratio 1:1). For dry and wet
ball˗milling, rota¦on speed of 200 rpm was employed and the homogenisa¦on ¦me was 2 h. The resulting
homogeneous liquid mixture was dried at 100 °C during 2 h. In case of hand-milling, raw materials were
blended and homogenised in a porcelain mortar for 15 min. After the hand- and ball-milling, the homogenous
mixtures were calcined in corundum crucibles in an electric furnace at temperatures from 850 °C to 1050 °C.
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The samples were maintained for 2 h with the heating rate of 10 °C/min. The synthesized samples were left to
cool at ambient temperature and subsequently ground in a porcelain mortar.
All prepared pigments were applied to an organic matrix (dispersive acrylic paint Parketol, Balakom, a.s., CZ)
in mass tone. The suspension containing 1 g of the pigment and approx. 2 cm3 of a binder were homogenised.
Colour paints were prepared by deposition of the slurries on the white nonabsorbing paper. Layers of paint film
were created by a pulling of the Bird applicator slit width of 100 μm. Coating films were allowed to dry in the
air for 1˗2 h. For testing in the ceramic glaze, the pigments were also applied into medium-temperature boratesilicate ceramic glaze G 070 91 (Glazura, s.r.o., Roudnice nad Labem, CZ). The aqueous suspension containing
10 mass% of a pigment and 90 mass% of the glaze was applied by a brush to ceramic fragments, which were
dried at room temperature and then calcined in an electric furnace at 1000 °C at a heating rate of 10 °C/min
for 15 min.
Particle size distribution was measured using a laser scattering system based on Fraunhofer bending
(Mastersizer 2000/MU, Malvern Instruments, GB). Used granulometer is highly integrated laser measuring
device for analysis of particle size in the range from 2x10-5 to 2 mm. Results were automatically calculated as
average and presented as a parameters d10, d50, d90 and span.
The colour propereties of the samples were evaluated by measurement of spectral reflectance in the visible
region of light (400˗700 nm) using a ColorQuest XE (HunterLab, USA). The measurement condi¦ons for colour
change were following: an illuminant D65, 10° complementary observer and measuring geometry d/8°. The
colour properties are described in terms of CIE L*a*b* system (1976), where the values a* (the axis red˗green)
and b* (the axis yellow˗blue) indicate the colour hue, the value L* represents the lightness or darkness of the
colour in relation to a neutral grey scale. The value C (chroma) represents saturation of the colour and is
calculated according to the formula: C = (a*2 + b*2)1/2. The colour of pigment is also expressed by the hue angle
H° defined by an angular position in the cylindrical colour space (for the orange H° = 35˗70° and for the yellow
H° = 70˗105°.

Results and discussion
The colour parameters of the obtained samples that were prepared by hand˗grinded are stated in Table I.
The colour tone of studied pigments after their application in organic matrix is characterized as yellow
and orange. Increasing calcination temperature leads to a considerable shift in tones and primarily to
weakening of the yellow to yellow˗orange tone in all analysed pigments. The values of lightness L* and hue
angle H° are declining with an ascending temperature of calcination. The values H° of these samples lie approx.
from 73° to 92°. On the other hand, the colour coordinates a* and b* and chroma C are increasing. The
negative value of colour coordinate a* (-1.85) was achieved at a temperature 900 °C and therefore in the final
colour shade is small representation of green tone. Based on the investigation and evaluation of colour
properties of the samples, the temperature 1050 °C is the best for preparation of dark yellow˗orange colour,
because the coordinate L* has the lowest value (74.14) and the value of the hue angle H° (72.50) approximates
the area that is represented by an orange shade. This sample also disposes by the highest value of the colour
coordinate b* (56.32), which corresponds to the contribution of yellow. Table I also demonstrates the influence
of calcination temperature on the colour properties of pigments, which were applied into ceramic glaze.
The samples can be characterized by lighter yellow colour shades. In this case, the colour coordinate b*
and chroma C have a growing tendency. The colour coordinate a* achieves low values, which lie in narrow
interval approx. 1˗4. An increasing calcination temperature decreases values of lightness L* and hue angle H°.
For this application is the best highest calcination temperature, which was achieved darkest yellow shade.
Generally, both types of application provide a dark yellow and yellow˗orange shades, which correspond to the
high values of chroma C.
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Table I
An effect of calcination temperature on colour properties of pigment Bi1.5Zn0.5CeNbO7 prepared by solid state
reaction (hand˗milling) and applied into organic matrix in mass tone and into ceramic glaze

Organic matrix

Ceramic glaze

T [°C]

L*

a*

b*

C

H°

L*

a*

b*

C

H°

850

86.49

1.87

41.50

41.54

87.42

86.11

1.47

41.91

41.94

87.99

900

89.28

-1.85

45.07

45.11

92.35

85.87

1.80

46.49

46.52

87.78

950

87.37

3.14

51.35

51.45

86.50

84.80

3.08

48.91

49.01

86.40

1000

78.08

12.54

50.21

51.75

75.98

84.76

2.84

50.41

50.49

86.78

1050

74.14

17.76

56.32

59.05

72.50

82.54

4.35

53.45

53.63

85.35

Results from samples which were homogenised by dry ball˗milling are no¦ced in Table II. The pigments applied
into organic matrix provided higher values of colour coordinates a*, which correspond to the contribution
of red colour. The growing temperature of calcination leads to a decrease of lightness L* and hue angle H°.
The opposite trend with increasing calcination temperature records the colour coordinate b* and chroma C.
These values increase up to 1000 °C and then come to the decline. Based on the lowest value of the lightness
L* (72.09) and hue angle H° (71.63) was evaluated as the most interesting yellow-orange the temperature 1050
°C. The second system for application was transparent glaze with glazing temperature 1000 °C. The pigments
applied to ceramic glaze provided lower values of colour coordinates a*and b* and chroma C in comparison
with the previous manner of homogenisation of the pigment. For these pigments, an application in ceramic
glaze caused the small increase in the lightness L*, which is in range approx. from 84 to 87. The samples are
characterized by lighter yellow shade. This fact is confirmed by the values of angle H° that are located in the
interval 86.61˗88.95. The temperature 1050 °C is the most suitable for the application of the pigment into
ceramic glaze, because the maximum values of the colour coordinate b* (49.68) and chroma C (49.77) were
obtained. Finally, this type of homogenisation provides lighter yellow and yellow˗orange shades.
Table II
An effect of calcination temperature on colour properties of pigment Bi1.5Zn0.5CeNbO7 prepared by solid state
reaction (dry ball˗milling) and applied into organic matrix in mass tone and into ceramic glaze

Organic matrix

Ceramic glaze

T [°C]

L*

a*

b*

C

H°

L*

a*

b*

C

H°

850

84.17

7.32

43.28

43.89

80.40

87.36

0.78

42.76

42.77

88.95

900

83.70

8.01

44.40

45.12

79.77

87.14

1.00

43.44

43.45

88.68

950

80.82

10.59

46.72

47.91

77.23

86.53

1.12

44.52

44.53

88.56

1000

78.19

14.03

50.58

52.49

74.50

85.97

1.52

47.21

47.23

88.16

1050

72.09

15.17

45.67

48.12

71.63

83.78

2.94

49.68

49.77

86.61

The last process for preparing of pigment Bi1.5Zn0.5CeNbO7 (wet ball˗milling) provided yellow and orange shades
after the application of samples into the organic binder (Table III). From the table it follows that increasing
calcination temperature decreases values of L* and H°. Dark orange shade was achieved at the temperature
1050 °C based on the lowest value of lightness L* (71.79) and angle H° (69.90). On the other hand values
of colour coordinates are growing. The negative colour coordinate a* (at 850 °C) is in final colour shade in a
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small representation of green tone. The highest saturation C was obtained by temperature 1000 °C. The colour
properties of pigments applied into ceramic glaze are very similar as at the previous method of preparation.
These applications are characterized by low values of colour coordinate a* and narrow interval of hue H°
(86.29˗89.37). While calcination temperature grows, the colour coordinate b* and chroma C increase.
The lightness L* lies in the very narrow interval at the calcination temperature from 850 to 1000 °C. The sample
calcinated at 1050 °C provides the darkest yellow shade in ceramic glaze.
Table III
An effect of calcination temperature on colour properties of pigment Bi1.5Zn0.5CeNbO7 prepared by solid state
reaction (wet ball˗milling) and applied into organic matrix in mass tone and into ceramic glaze

Organic matrix

Ceramic glaze

T [°C]

L*

a*

b*

C

H°

L*

a*

b*

C

H°

850

89.86

-0.33

40.43

40.43

90.47

86.72

0.59

43.32

43.32

89.22

900

86.61

3.57

44.16

44.30

85.38

86.84

0.48

43.62

43.62

89.37

950

82.67

8.47

47.73

48.48

79.94

86.53

1.55

45.39

45.42

88.04

1000

78.66

11.64

50.18

51.51

76.94

86.04

1.10

48.85

48.86

88.71

1050

71.79

17.60

48.10

51.22

69.90

83.97

3.24

49.94

50.04

86.29

The particle size distribution of the samples depending on the method of preparation and calcination
temperature was analysed using a laser scattering technique. Obtained results are presented in Table IV.
The particle size values d10, d50 and d90 correspond to the volume size limits of 10, 50 (median value) and 90% of
the particles. The parameter span is the width of the distribution [span = (d90 - d10)/d50]. Important to note, that
particle size influences many properties of the pigments and is a valuable indicator of quality and performance.
As it follows from the Table IV, the samples prepared by hand˗milling can be characterized as very uniform with
a narrow width of size distribution. Mean particle size d50 of samples calcinated at temperature 850˗1000 °C
lies in range from 3.08 to 4.64 μm. At the highest temperature, this value increases to 9.15 μm. The lowest
value of parameter span was achieved at calcination temperature 1000 °C. Results from samples prepared by
ball-milling are noticed in Table IV. The mean particle size d50 decreased at the whole temperature range
(2.04˗6.81 μm). From the values presented in Table IV it is visible that the mean particle size of prepared
samples homogenised by ball˗milling is rising with an ascending temperature of calcination. Specifically,
the value d50 is in interval from 1.49 to 5.72 μm. In this case, the lowest value of span was achieved at 850 °C.
Table IV
An effect of calcination temperature on particle size distribution of pigment Bi1.5Zn0.5CeNbO7

Hand-milling

d10

d50

Dry ball-milling

d10

d90

T [°C]

d50

Wet ball-milling

d90

span
[μm]

[μm]

[μm]

850

0.51

3.08

9.92

900

0.60

3.48

950

0.66

1000
1050

d10

d50

d90

[μm]

[μm]

[μm]

span

span

[μm]

[μm]

[μm]

3.06

0.47

2.04

15.10

7.17

0.38

1.49

3.88

2.36

11.73

3.20

0.47

2.08

14.61

6.79

0.42

1.89

5.07

2.46

3.75

12.33

3.11

0.51

2.36

15.86

6.50

0.44

2.11

5.83

2.55

1.00

4.64

15.11

3.04

0.62

3.83

20.03

5.07

0.53

3.01

10.22

3.22

1.99

9.15

29.85

3.05

0.77

6.81

27.75

3.96

0.65

5.72

31.83

5.45
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Conclusion
In our research, the influence of synthesis conditions on the formation of pigment Bi1.5Zn0.5CeNbO7 was
examined. Obtained results indicate that the different ways of homogenisation of initial compounds are
possible to employ for the synthesis of dark yellow and orange shades in an organic binder and ceramic glaze.
The most important properties of prepared samples were evaluated in relation to its application
in the pigmentary field. Homogenisation via hand-milling can be rated as the best method of preparation
for the composition Bi1.5Zn0.5CeNbO7. This way of homogenisation in terms of colour properties provides
the satisfactory dark yellow-orange shade (1050 °C) in an organic binder in mass tone. This pigment exhibits
the highest value of saturation C (59.05) and yellowness value b* (56.32). The colour shade of sample
approximates orange area due to the measured value of hue H° (72.50). The formation of dark yellow hue
in the ceramic glaze is the most appropriate homogenisation by hand˗grinded. On this case, it was achieved
dark yellow shade at temperature 1050 °C (H° = 85.35° and C = 53.63). The shift of hue into the pure orange
area in organic matrix caused the method of wet ball-milling at the highest temperature (H° = 69.90°). The dry
ball˗milling process provided less saturated yellow and yellow-orange shades. It could be summarised that
hand-milling homogenisation is more suitable for the development of yellow-orange pigment Bi1.5Zn0.5CeNbO7.
In case of particle size distribution, the value of d50 grows with increasing temperature in all cases. The mean
size of particles (at 1050 °C) is consistent with the requirements for use of pigment for ceramic purposes.
The lowest value of mean particle size was achieved by wet ball˗milling (d50 = 1.49-5.72 μm). Since the present
pigment consists of non-toxic elements, it should be an effective alternative to the commercially available
yellow and orange pigments (chromate and cadmium pigments).
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Abstract
In the presented work black chromia layers were produced on copper, zirconium and aluminium substrates.
These layers are aimed to serve as solar collectors. Efficiency of the layers during IR, UV-VIS and UV radiation is
described. The chromia layers were prepared by a new procedure, i.e. deposition of ammonium dichromate
solution using plasma torch or so called Liquid Precursor Plasma Spraying (LPPS). Solution of ammonium
dichromate is fed into plasma stream, where dissociation takes place under temperatures of 4000 K – 25000 K.
The products of thermal decomposition are chromiumIII oxide, water and nitrogen. Up to nanometric oxide
particles can be produced; the resulting size is dependent on solution concentration and feeding nozzle
diameter. The particles impact on substrate and form coating. Using 5 wt.% to 10 wt.% solution of ammonium
dichromate and feeding nozzle of 0.2 mm in diameter is the size of produced chromia particles about 6 µm
which results in formation of 2 µm to 3 µm thick coating, i.e. according to the theory an optimal thickness 2.5
µm for absorption layers, necessary condition for formation energy traps for IR radiation emitters up to 100°C.
Moreover, black chromia coating is a suitable corrosion barrier of metallic substrates.

Introduction
The basic device to transform solar energy to heat is a solar collector construction and materials are constantly
undergoing development in order to obtain the maximal rate of abs. Its orption and transformation of solar
radiation with the average intensity of 620 W/m2. The efficiency of solar hot water panels is influenced by a
wide range of physical and chemical factors 1-4. The theory is concisely described e.g. in brochures of AlmecoTinox 5,6. The basic requirements on constructional materials are, apart from the blue or black colour, the
thickness of layers of absorption coating, which must be lower than the wavelength of IR radiation emitted
below 100 °C, and good atmospheric corrosion resistance. Only a few chemical compounds meet these
requirements. In majority of existing applications, black modification of chromiumIII oxide deposited on metals
with good thermal conductivity is used 7,8. At present, coatings of this type are prepared by means of rather
complicated and expensive methods such as thermal or plasma spraying 9, CVD or PVD 10,11. These methods use
more complex chemical compounds, require the use of vacuum and the effectivity of production is limited by
the parameters of high capacity vacuum apparatus. Other production possibilities are covered by a vast
number of patents, which use galvanic chromate coating in CrO3 solutions, fluoride catalysts, acetic acid and
nickel and are performed using high current density and other specific parameters 12,13. The experimental part
of this work describes the results of preparation and studies of black chromiumIII oxide coatings on copper,
aluminium and zirconium tubes, prepared by LPPS method. The efficiency of the coating for heating of liquids
under UV, VIS and IR radiation is described as well.

Experimental
The coatings of black chromiumIII oxide were prepared by plasma spraing of ammonium dichromate on copper,
aluminium and zirconium tubes, which can be used for the construction of solar hot water panel. The
construction principle of the coating apparatus is based on the fact that the dichromateVI undergoes thermal
decomposition yielding solid chromiumIII oxide and gaseous components that originate from the decomposition
of ammonium ions. Depending on the temperature of the decomposition or on the subsequent temperature
increase, the chromiumIII oxide colour varies from green to black. Plasma generator WSP® H-500, with plasma
temperature of approx. 25 000 K and the outflow rate of 3 Mach, capable of producing 100 kW of thermal and
light output with 160 kW of input power was used for the plasma spray coating. Figures 1 and 2 show the
device that feeds the solutions into the plasma jet. With respect to the electric arc system of plasma generation
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with arc current of 300-550 A, all parts of the feeder were made from high-temperature ceramic insulator –
hexagonal boron nitride [14].

Figure 1. Scheme (front and side view) on the feeder and the
condenser dispenser solution into the plasma jet

Figure 2. Plasma generator WSP®
with dephlegmator body

Feeding device (6) includes solution reservoir from which the solution is transported by gas (air, oxygen, argon)
to the feeder nozzles. It is possible to regulate both the pressure and the flow of the feeder. Substrates for the
chromiumIII oxide deposition were prepared from copper, aluminium and zirconium tubes of 10 mm diameter.
Water solutions of ammonium dichromate with 5 wt. % and 10 wt. % were used for the deposition. The flow
rate from feeder nozzles (0.2 mm inner diameter) was constant, 2.5 ml/s (79.6 m/s). The spraying distance (SD)
between zirconium and copper substrate and plasma torch was 30 cm, in case of aluminium substrate, the
distance was 40 cm being given its lower melting point.
The lower end of the obtained Cr2O3-coated tubes (see Fig. 3) was sealed, liquids (water or antifreeze solution)
were dosed in the tubes and tubes were equipped with thermometers. The sets (see Fig. 4) were placed in
optical tunnel with black walls and were irradiated by light sources of different power and wavelength. This
work describes the results obtained for the experiments with heating of demineralised water and ethylene
glycol-based antifreeze solution SHERON STABIL.

Figure 3. Metal tubes 10 mm in diameter with

Figure 4. Scheme of optical tunnel for measuring
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various surfaces black chromia Cr2O3

the absorption of light and heat radiation

The colour of Cr2O3 coatings on tubes was measured using Color Quest XE (Hunter Lab USA) was use at D65
(daylight) and 10o viewing angle. The results are shown in Table I and in Figures 5 and 6. The coating thickness
was determined by means of metallography – see example in Figure 7 and 8. The surface roughness was
measured using confocal microscope Olympus Lext OLS 3100 (Figure 9). To determine the amount of deposited
Cr2O3 on large surface, the analysis of Cr surface concentration was performed on an area of 0.785 cm2 by
means of XRF (Table II). Samples were analysed using wavelength-dispersive XRF spectrometer AXIOS
PANALYTICAL and SUPERQ 5.0. OMNIAN software.

Figure 5. Reflectance spectrum of chromia samples

Figure 6. L*a*b* color space of chromia samples
(L* for lightness and a* and b* for the
color-opponent dimensions)

Table I
Parameters colour of chromia coatings on metallic substrates
sample
L*
1
Grey Cr2O3 coating on Zr substrate
27.64
2
Green Cr2O3 coating
38.91
3
Cr2O3 coating on Al substrate
33.06
4
Cr2O3 coating on Cu substrate
33.00
5
Cr2O3 coating on Zr substrate
44.83
6
Standard bulk graphite
29.20

Figure 7. cross section chromia
coating on Al tube

Figure 8. Surface morphology
of Cr2O3 coating on Al tube

a*
0.59
-3.73
0.31
-1.01
-0.06
0.47

b*
4.46
8.88
4.75
4.84
-0.88
-0.77

Figure 9. Surface roughtness of Cr2O3
on Al tube (analysis by XRF, see Table II)

Table II.
Analysis of Cr2O3 surface concentration, colour and roughness after plasma spray deposition on Al and Zr
substrates
XRF
XRF
L*a*b*
Ra
XRF
2
2
2
wt.% Al/cm
wt.% Zr/cm
wt.% Cr/cm
Al substrate SD 40 cm
3.55
93.4
--27.64; 0.59;4.46;
15.2 µm
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Al substrate SD 30 cm
Zr substrate SD 30 cm
Zr substrate SD 40 cm

31.3
13.1
1.5

66.1
-----

--81.8
96.5

33.06; 0.31; 4.75;
44.83;-0.06; -0.88
---

11.1 µm
7.9 µm
-------

Results and discussion
Firstly, the functioning of the plasma spray apparatus was verified by the deposition of so-called footprint
spraying (trace deposition). Fig. 10 shows the isotherms of plasma jet from the WSP® generator. The
temperature to which the input substance can be heated is influenced by the feeding distance (FD). With
discharge velocity up to 900 m/s and the distance between the plasma torch and the substrate of 40 cm, it can
be only assumed that the drops of solution escaping from the feeder nozzle with the velocity of approx. 80 m/s
are seized by the plasma, which velocity is ten times greater. However, ionised plasma gases density is much
lower. The generator generates approx. 1 mol/s of plasma from ions and radicals formed from water at the
temperature of approx. 25 000 K. The plasma is approximately 92 times less dense than surrounding air, which
means that the collision probability that influences the momentum of the particles introduced into the plasma
jet is lower at least by two orders. This means that the velocity of the solution escaping the feeder nozzle at
approx. 80 m/s will increase only slightly. Thus, it can be calculated that for the feeding distance of 30 cm the
particle retention time in the plasma jet is only a few milliseconds. From similar observation of suspensions
motion by means of thermal imaging it can be assumed/confirmed that the solid or liquid particles retention
time is in the order of milliseconds or at most of tens of milliseconds. This time is sufficient for the formation of
nanoparticle-sized products of plasma thermal dichromate decomposition.

Figure 10. Isotherms of WSP® generator plasma jet

Figure 11. Elliptical shape of the spray trace
deposition produced by the use of two horizontal
countercurrent feeders

The middle part of the plasma jet was aimed on the lower part of the substrate tubes set, as the plasma
turbulence usually heads upwards. The size of the deposition area, determined from the footprint spraying in
Figure 11, is determined by the elliptical shape with axis length of 60 and 30 mm. In the lowest plasma
temperature areas on the outline of the deposition area, red product formed on aluminium substrates. It is
probably ruby modification produced by the reaction of oxidised aluminium with chromium sesquioxide. With
increasing thickness of the of Cr2O3 coating, the colour changed from red to black. The analysis of red Al2O3Cr2O3 product is not part of this work. Towards the central part of the plasma jet, e.g. towards the area with
higher temperature of chromate decomposition, the chromium sesquioxide with typical green colour and
maximal parameters L*a*b* are 38.91; -3.73; 8.88; DE* 25.78 was formed. In places with high temperature,
black dichromiumIII trioxide with embossed, highly porous surface was formed initially (see Figure 9) and in
place with the highest temperature, black lustrous chromiumIII sesquioxide with the lowest surface roughness
of Ra = 11 µm to 15 µm were formed. The diffraction patterns of both products were the same, e.g. Cr2O3 with
D3d 6-R3c structure was formed. According to the Scherrer equation, the size of crystallites is 90 nm. The
analysis of produced Cr2O3 particles size performed by means of photon correlation spectroscopy using
Zetasizer Nano ZS Malvern apparatus yielded similar results, e.g. 90 nm - 160 nm.
Metal tubes with dichromiumIII trioxide imitating solar hot water panels were filled with water or antifreeze
liquid Sheron Stabil and irradiated by light of different wavelengths and intensity from defined distance.
Samples with Cr2O3 coating of L*a*b parameters lower than 40; 0.5; 0.5 were selected for the experiment, see
samples 3, 4 and 5 in Figure 5.
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Figure 12 and Table III show as an example the values corresponding to the ability of light absorption. At the
same time, it is an attempt to evaluate the relative efficiency of different types of plasma spray coating. The
irradiation parameters were 150 W/30 cm, infrared heat lamp Philips 4A, type 103. Similar results (with the
same order of samples according to the increasing efficiency) were obtained for 60 W tungsten bulbs.
Graphical representation of the influence of the irradiation time on the liquids temperature can be described
by a logarithmic function y = a ln(x) + b, where y is the liquid temperature and x is the irradiation time (in
minutes).

Figure 12. The influence of irradiation time on the temperature of liquids in collector tubes during irradiation
by 150 W/30 cm (see Table III)
Table III
Evaluation of graphic records of the temperature during irradiation collectors from Figure 12
tube collector
liquid
coating
a
1
Cu
Ethylene glycol
Cr2O3
6.07
2
Cu
H2O
Cr2O3
4.73
3
Al
Ethylene glycol
Cr2O3
4.24
4
Al
H2O
Cr2O3
2.81
2.83
5
Zr
Ethylene glycol
Cr2O3
6
Zr
Ethylene glycol
grey Cr2O3
2.01
7
Zr
Ethylene glycol
uncoated
0.96
Zr
H2O
uncoated
0.27
Zr
H2O
grey Cr2O3
1.27
Zr
H2O
black Cr2O3
2.10

b
19.54
19.55
19.43
19.76
19.63
19.71
19.94
19.00
19.04
19.01

Conclusions
The first series of results of black chromium sesquioxide coatings show that nanostructured Cr2O3 coating is
suitable for the absorption of VIS, UV and IR radiation. The adherence of black ceramic coatings increases with
increasing surface roughness of the metallic substrate. With increasing time of plasma spray deposition, the
thickness of the Cr2O3 coating increases together with the coating surface roughness. The shortening of the
distance between the plasma torch and the substrate hazardously increased the substrate temperature, which
influenced the coating quality on Al, Cu or Zr. On Zr, due to its highest melting point, the blackest Cr2O3 coating
was produced and the coating was lustrous and smooth at the same time. This coating was produced with the
substrate temperature of > 1 000 °C. In case of Al or Cu tubes, the tubes melted when placed at 30 cm from the
plasma torch. Thus, the duration of each single deposition was decreased to 20 s and in case of Al and Cu
tubes, the distance between the substrate and plasma torch was increased to 40 cm. Appropriate technological
parameters will be further studied during subsequent experiments.
According to the general requirements for the proper deposition of highly adhesive thermal spray or plasma
spray ceramic coatings on metallic substrates it is necessary that the substrate surface roughness is increased
to at least Ra = 1 µm – 2 µm. For these reasons, the plasma deposition of the primary ceramic coating (Cr2O3 in
our case) requires the use of powder precursors with granularity below this value. Presently, no commercially
available powder product meets the requirements, apart from nanoparticle powders which price and

4rd International Conference on Chemical Technology | ICCT 2016

[257]

processing is immensely expensive. As far as we know, the only possibility that meets the economical
requirements it to use the ceramic precursor in the form of suspension [15] or more precisely in the form of
aerosol [16, 17]. In this case, it is possible to ensure nanosized precursor feeding into the plasma stream.
The influence of the inner collector media (water or ethylene glycol) temperature on the irradiation of the
tubes can be approximately described by a logarithmic equation in case of all light sources used in the
experiment. The thermal conductivity of the substrate is critical for obtaining the maximal temperature of the
media. Thus, during the irradiation of metallic tubes coated with black dichromia trioxide coating, the heating
of the inner media is the most effective in case of copper substrates with the average thermal conductivity Cu =
350 to 385 W m-1 K-1. The lowest efficiency was achieved in case of zirconium substrate, being given its thermal
conductivity of 22.6 W m-1 K-1. On the other hand, using the same plasma spray parameters, it is more likely to
obtain suitable black coating on zirconium substrate than on copper or aluminium. However, the difference in
the effectivity of black coatings on copper and on zirconium does not correspond to the difference in thermal
conductivity of these two metals.
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Abstract
The most common magnesium alloy AZ 91 is widely used as a structural material, but its use is limited at higher
temperatures and high humidity. Plasma spraying is a technology that allows to prepare protective metallic and
non-metallic coatings on a wide variety of substrates including magnesium and its alloys. In this study, CuAl10
and CuAl50 were plasma sprayed on magnesium alloy AZ 91 with the aim to study corrosion resistance of the
plasma sprayed coatings. The corrosion resistance of layers was evaluated by the method of electrochemical
potentiodynamic measurement as well as long-term corrosion tests in a condensation chamber with 0.5 mol
NaCl at the temperature of 35 °C for 1344 hours. Layers with 1, 2, 5 passes and passes of CuAl10 with the
thickness ranging from 75 to 716 µm and CuAl50 with the thickness ranging from 64 to 566 µm were prepared.
The increased corrosion velocity was observed in the case of thin layers of 2 and 5 passes due to the
development of a galvanic corrosion couple. The CuAl10 layer prepared with ten passes has an outstanding
corrosion resistance.

Introduction
Magnesium and its alloys have excellent specific weight and strength; they are suitable for light structures in
car and airspace industries thanks to their high specific strength and stiffness. Massive application of
magnesium alloys is limited by their poor corrosion resistance 1. There exist methods of how to reduce the
reactivity of magnesium by surface layers. Magnesium and its alloys can be protected by surface protective
layers applied by plasma spraying making it possible to prepare protective metal and non-metal coatings 3-6.
In the publication 5, the authors dealt with the improvement of the AZ 91 corrosion magnesium alloy by plasma
coatings of AlSi12 where they stated 5, that corrosion velocity reduction in the solution of 5% NaCl was
doubled. It was published here that crevice corrosive attack prevails in the corrosion of plasma coatings 5. The
aluminium bronze CuAl10 is highly resistant to corrosion both in acids and in alkaline environment, but it also
withstands heat up to 800 °C. It is known from literature that connecting noble metals with non-noble ones
may result in the development of a couple and the corrosion of non-noble metal is increased. It was stated in
the publication 7 that plasma coatings of CuAl10 on magnesium and the AZ 91 magnesium alloy can be
prepared. This publication focused on adhesion strength of prepared coatings.
This paper deals with the research in corrosion behaviour of plasma coatings of CuAl10 and CuAl50 on the AZ
91 magnesium alloy, in particular by the measurement of potenciodynamic curves and long-term corrosion
tests in a salt chamber.

Experimental part
The CuAl10 and CuAl50 alloys were used as a feedstock in the research. The powder of CuAl10 with grain size
from -63 to +40 µm, and the powder of CuAl50 with the grain size from -250 to +125 µm were atmospherically
sprayed by a hybrid water-stabilised plasma torch WSP-H 500 © with power of 160 kW. The powders in the
quantity of 260 g/min for CuAl10 and 110 g/min for CuAl50 were injected by compressed air in plasma jet. It
was experimentally detected that the most suitable spraying distance is 350 mm. It was followed by spraying
on the substrates with the dimensions of 70*20*5 mm3 on the AZ 91 magnesium alloy with a surface ground by
a paper with P-700 grain and degreased in acetone. CuAl10 and CuAl50 were sprayed on the substrate preheated to 180 °C. Selected were 1, 2, 5 and 10 passes where one pass represents a pass during plasma spraying
on the substrate by a robot moving with the velocity of 300 mm/s. The coated specimens were cut. Then, the
standard metallographic preparation of the cross sections was made. The used spraying powder and the
surface of layers were scanned by an electron microscope SEM with spot element microanalysis.
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The potentiodynamic polarization measurement was performed in a standard three-electrode cell, using a
potentiostat Gamry FAS 2 coupled with corrosion measurement software Gamry Framework. Corrosive
medium was used an aqueous solution of 0.5 M NaCl. All potentials were measured with reference to a
standard calomel electrode (SCE). The exposed area of the corrosion specimen was 0.8 cm2. Measurements
were carried out directly on the plasma-sprayed surface which was not modified. The initial temperature of the
solution was room temperature (approx. 21-23 °C). The potentiodynamic polarization curves were measured
with polarization sweep rate of 2 mV/s. Anodic measurement continued on other parts of the surface and
started from -50 mV/ECORR and ended at 1 V/SCE (0.5V/SCE-CuAl50). With regard to the different geometry of
the substrate surface magnesium alloy AZ 91 and plasma spraying, the actual surface plasma spraying and laser
measurement recalculated ratio real surface/geometric surface, and results related to the polarization
resistance.
Laser Confocal Microscopy (LCM) images were taken under ambient conditions on a Olympus LEXT OLS 3100
microscope with the magnification up to 14400×. Objective lens 5x-100x with total magnification 120x-14400x
were used for the analysis (results from 10x objective are introduced in the paper). A specially developed
408nm ultraviolet optical system (GaN laser) maintained the horizontal resolution by minimizing the optical
aberrations that tend to occur with short-wavelength light rays.
Long-term corrosion tests were conducted in the MLW-WS-31 (GDR) condensation chamber according to the
modified standard STN EN ISO 9227. Magnet was stuck to the backside of the specimens with plasma-coated
layers. The surfaces without the plasma coating were covered with two-part epoxy S 1300 and transparent
silicone. The specimens with stuck magnets were vertically positioned on a support made from magnetic
corrosion-resistant steel and it was placed in the chamber. The experiments were conducted at the
temperature of 35 +/- 3 °C; the specimens were not sprayed with a solution but only exposed to 100% humidity
above the solution of distilled water with solved 0.5-mol NaCl p.a. (Lachema). The specimens were weighted
once a week for the total period of 1344 h. The results are plotted in the graph as mass gain related to the area
depending on the oxidation time.

Results and discussion
Microstructure of layers
Fig. 1 shows the microstructure of the powders used as a feedstock, aluminium bronze CuAl10 and CuAl50. The
powder of CuAl10 comprises of regularly spherical particles. Besides, the particles of irregular shape and
longitudinal particles with the length of up to 140 µm are also present here. The powder of CuAl50 has
particles of split sharp-edged shape. Fig. 2 depicts the surface of the CuAl10 plasma coating. It can be seen that
the surface is composed of splats and small particles with porosity. Similar surface can also be observed in the
case of the CuAl50 plasma coating where the splats are bigger than in the case of CuAl10.

Figure 1. On left: Feedstock powder of aluminium
Brass CuAl10 powder fraction -63 +40 m, On right:
Feedstock powder of CuAl50 powder fraction -250 to
+125 µm (SEM-BSE).

Figure 2. Microstructure of surface layer of plasmasprayed aluminium brass CuAl10 and CuAl50 powder
on AZ 91alloy (SEM-BSE).

All the plasma-coated layers on the specimens were cut and layer cut cross-sections were metallographically
prepared. In Fig. 3, there are the microstructures of the cuts of the CuAl10 plasma-prepared layers in 1, 2, 5
and 10 passes, and in Fig.4, the CuAl50 plasma-prepared layers in 1, 2, 5 and 10 passes. In Fig. 3, the CuAl10
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layer is prepared in one pass, it is not even, and it has longitudinal splats of CuAl10 and the splats of oxides. The
layer prepared in two passes (Fig. 3) is composed of splats and the splats of oxides containing porosity and the
layers do not create a good diffusion barrier. The layers prepared with 5 and 10 passes are massive with the
thickness of 315 µm and 716 µm, respectively. Table 1 lists the average thickness of all the prepared layers with
deviations.
During the CuAl50 plasma coating, the layers prepared in one and two passes are substantially uneven; they
contain splats, round particles with visible intermetallic phases, but also longitudinal cracks. The layers are
partially diffuse ones. The layers prepared with 5 and 10 passes are uneven, non-homogenous with splats and
great porosity with longitudinal cracks. The layer thicknesses are 370 µm and 566 µm and they will not be a
good corrosion barrier due to their structure.

Figure 3. Microstructure on the cross-section of CuAl10 sprayed on magnesium alloy
AZ 91, after 1, 2, 5 and 10 passes (SEM-BSE).

Figure 4. Microstructure on the cross-section of CuAl50 sprayed on magnesium alloy
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AZ 91, after 1, 2, 5 and 10 passes (SEM-BSE).
Table I
The average thickness of the CuAl10 and CuAl50 plasma coatings [µm].
Materials
CuAl10
passes
1
2
5
10
1
Average
75
111
315
716
64
thickness
Deviation
±13
±9
±19
±16
±25

CuAl50
2
114

5
371

10
566

±32

±64

±21

Potenciodynamic measurement
The results of potentiodynamic polarization tests are shown in Fig. 5 and 6. Laser scanning and recalculated the
actual ratio of the
surface / surface came
when spraying CuAl10
and 7.9 in the case of
CuAl50 180.7. These
ratios were recalculated
measured area. Though
the plasma coatings are
rather porous, it can be
seen
that
anodic
dissolution is retarded.
Besides, the graph shows
that the plasma coatings
prepared by one or two
passes have spontaneous
corrosion potential of 0.893V
(SCE)
as
compared
to
the
Figure 5. Anodic polarization curves for AZ91 base material, as-plasma sprayed
uncoated AZ 91 of -1.575
CuAl10 coatings, for 1, 2, 5 and 10 passes, 0,5mol NaCl.
V (SCE). But the layers
prepared by 5 and 10 passes are even better corrosion barriers, where the spontaneous corrosion potential is 0.4115 and -0.221 V, respectively, and their potential is similar to the one of compacted CuAl10. The
spontaneous corrosion potentials of the CuAl50 plasma coatings are more negative than the ones of the
CuAl10 plasma coatings. The CuAl50 layer with one pass has the potential of -1.358 V (SCE), the one with two
passes is of -1.195 V (SCE), and the ones with 5 and 10 passes are of -0.9811 and -0.9827 V (SCE), respectively.

Figure 6. Anodic polarization curves for AZ91 base material, as-plasma sprayed
CuAl50 coatings, for 1, 2, 5 and 10 passes, 0,5mol NaCl.
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Corrosion current densities were extrapolated from the graphs in Fig. 5 and 6, and they are summarised in
Table 2. The corrosion current density for the uncoated AZ 91 is 32.95µA/cm2 and the only plasma coating with
the value lower than the one of the uncoated AZ 91 is CuAl10 with ten passes. All the others have Icorr higher by
several orders. The worst results had the CuAl50 coatings for 2 and 10 passes. In the both cases of the CuAl10
and CuAl50 coatings, the specimens with two passes show maximum Icorr which is due to the fact that the layers
do not protect well and corrosion is increased due to the development of a galvanic couple.
Table 2
The corrosion current density Icorr of CuAl10 and CuAl50plasma coatings.
Materials
CuAl10
CuAl50
passes
1
2
5
10
1
Icorr
916nA
232.7µA
519.6µA
30.68µA
695.1µA

2
1.690mA

5
314.1µA

10
1.22mA

Long-term corrosion tests
The layers were also tested in long-term corrosion tests in the environment of 100 % humid atmosphere of
0.5mol NaCl. The results are summarised in the graphs in Fig. 7 and Fig. 8 as mass gains depending on oxidation
time.

Figure 7. The results of long-term oxidation of plasma
coatings CuAl10 for 1, 2, 5 and 10 passes in
comparison with the uncoated magnesium alloy AZ
91 in an environment of 100% humidity and 0.5 mol
NaCl.

Figure 8. The results of long-term oxidation of plasma
coatings CuAl50 for 1, 2, 5 and 10 passes in
comparison with the uncoated magnesium alloy AZ 91
in an environment of 100% humidity and 0.5 mol
NaCl.

In the case of the CuAl10 plasma coating with 1 and 2 passes (Fig .7), a part of layer was corroded. And
subsequently corrosion velocity increased due to a galvanic couple, where the substrate with 2 passes was
rapidly corroded. In the case of 5 passes, there was a local spot corrosion of the layer, and after approx. 1000
hours and subsequent increased corrosion velocity due to a galvanic couple and the retardation of corrosion
thanks to corrosion products. There was no visible corrosion on the layer with 10 passes, but slight corrosion of
the AZ 91 substrate through the protective silicone coating.
In the case of the thin CuAl50 coatings prepared with 1 and 2 passes, the layer was rapidly corroded and then
the AZ 91 substrate corroded. The worst was the CuAl50 coating with 5 passes where, after the corrosion of a
local part of the layer, the corrosion velocity increased due to a galvanic couple and part of the AZ 91 substrate
corroded. In the case of 10 passes, the pores were sealed with corrosion products and the corrosion was
retarded

Conclusion
In this research, the layers of the CuAl10 and CuAl50 plasma coatings on the AZ 91 magnesium alloy with 1, 2,
5 and 10 passes were prepared. The actual size of the surface was determined by laser scanning which was 7.9
larger in the case of CuAl10, and 180.7 times larger in the case of CuAl50. The protective corrosion efficiency of
the layers was evaluated both from rapid potentiodynamic measurements in 0.5 mol of NaCl solution and from
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the exposure tests in a salt chamber of 0.5 mol NaCl at the temperature of 35 °C and the humidity of 100 % for
a total period of 1344 hours. The potentiodynamic measurements showed that the CuAl10 and CuAl50 coatings
with 2 passes have Icorr 519.6µA and 1.690mA, respectively in comparison with the uncoated AZ 91, which was
32.95µA. The best result gave the CuAl10 coating with 10 passes, where Icorr is 916nA. The long-term exposure
tests showed that part of the layer of the CuAl10 coating with 2 passes was corroded and the corrosion is
increased due to the development of a galvanic corrosion couple. And in the case of the CuAl50 coating with 5
passes, the corrosion is considerable and part of the AZ 91 substrate was corroded. The best was the CuAl10
coating with 10 passes with no visible corrosion of the coating, which remained undamaged after the tests,
only the AZ 91 corrosion appeared under the protective silicone layer.
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Introduction
With increasing demand on energy supply, necessity of the use of an efficient renewable source of energy is
growing. One of the possibilities is conversion of solar light to electricity or fuel. Since the photocatalytic water
splitting on TiO2 was discovered by Fujishima and Honda 1, the great effort has been devoted to application of
TiO2 in solar light conversion. Although TiO2 is a suitable candidate for water splitting, some main drawbacks
have to be overcome, such as high electron-hole recombination or short excited state life time. Using 1-D
nanostructures (nanotubes, nanorods, nanowires or nanofibers) seems to be one of the possible ways how to
increase the TiO2 effectivity. However, the use of TiO2 nanostructures is limited by utilization of only UV light
irradiation, so the modification of the TiO2 with metal and/or non-metal ion doping to narrow the bandgap or
sensitization by quantum dots or plasmon enhancement is necessary.
1-D nanostructures can be prepared by many different methods. Nanorods (NR) are commonly prepared by
hydrothermal synthesis, oblique-angle deposition or metal-organic chemical vapour deposition; nanowires
(NW) or nanofibers (NF) by hydrothermal synthesis, electrospinning method and hydrothermal corrosion of Ti
metal substrate and nanotubes (NT) by anodization of Ti substrates or Ti thin layers, by template synthesis or
hydrothermal synthesis.

Results
Nanorods (NR)
The most often technique for TiO2 NRs preparation is hydrothermal synthesis2-9. Oriented, single-crystalline
rutile TiO2 NRs directly grown on transparent conductive fluorine-doped tin oxide (FTO) substrates by a facile
low-temperature hydrothermal method was first reported by Liu et al.2 They have fully examined the growth
conditions such as growth time, temperature, reactant concentration, precursors etc. Since then, TiO2 NRs
serving as building blocks of various photoelectrodes for solar photoelectrochemical (PEC) water splitting have
been widely studied3-5. Nevertheless, bare TiO2 NRs still show low photocurrents due to the wide band gap and
their restrict absorbance in UV region. Thus, numerous approaches have been exploited to enhance the optical
absorption of TiO2, such as element doping6 and/or coupling with sensitizers with small band gap
semiconductors as CdS (2.4 eV) or CdSe (1.7 eV)7.
Fang et al6 reported fluorine-doped hierarchical porous single-crystal rutile TiO2 NRs synthesized via a silica
template method. F dopant improved bulk electronic conductivity, and particularly, the porous single-crystal
TiO2 NRs exhibited higher surface area with minimum grain boundaries than the solid one.
Some researchers used Au nanoparticles (NPs) due to their plasmonic effect to decorate TiO2 NRs to enhance
the PEC water splitting performance8,9. For example, Su and co-workers9 applied a photoreduction method to
deposit Au NPs on branched TiO2 NRs, enhancing activity with photocurrent of 0.125 mA/cm2 and 2.32 mA/cm2
under visible light and AM 1.5 G illumination, respectively.
Table I
Selected TiO2 NR structures with the highest photocurrents
Structure
Preparation
Measurement
conditions

Photocurrent
density value

Ref.
[3]

branched TiO2
NR

Hydrothermal synthesis

1 M KOH, AM 1.5G
100 mW/cm2

1.0 mA/cm2 at
0.8 V vs RHE

F-TiO2 NR

Hydrothermal synthesis

Au-branched
TiO2 NR

Hydrothermal synthesis

1 M KOH, AM 1.5G
100 mW/cm2
1 M KOH, AM 1.5G
100 mW/cm2

1.01 mA/cm2 at
0.62 V vs RHE
2.32 mA/cm2 at
0.8 V vs RHE
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Nanowires (NW) and nanofibers (NF)
Hydrothermal synthesis belongs to the most commonly used method of nanowires or nanofibers preparation.
The methods differ in the used precursors. Liu et al.10 reported powder NWs prepared from mixture of titanium
butoxide, anhydrous ethylene glycol and polyvinylpyrrolidone at 175 °C and further annealed at 500°C in air for
2 h. Thin layers were prepared by sedimentation/evaporation method. Photocurrent density reached the value
of 2.8 mA/cm2 at 1.24 V vs RHE. These results indicate that the high surface area architecture afforded by the
cross-linked TiO2 NW enables both long optical path lengths and high photon-to-electron conversion efficiency.
Xu et al.11 prepared NWs from the mixture of tetrabutyl titanate (TBOT) and HCl at 150°C followed by
annealing in air. The photocurrent density of the TiO2 NW array was 0.65 mA/cm2 at 0.6 V vs RHE under
simulated sunlight AM 1.5G and 1 M KOH electrolyte. Tin used as a dopant has significant influence on
photocurrent. The highest increase was observed for addition of 12.5 mol.% of SnCl4 in reaction mixture, the
photocurrent increased from 0.65 to 1.63 mA/cm2 at 0.6 V vs RHE. With higher Sn doping, the measured
photocurrent decreased and eventually dropped to a similar or lower level of pristine TiO2 NWs. This result
confirms the hypothesis that Sn doping in a low level can effectively enhance TiO2 photocatalytic activity, while
an excess of Sn incorporation leads to a decrease of the photoconversion efficiency.
In the work of Chaguetmi et al. 12, the method of hydrothermal corrosion of Ti substrate was used and pure
TiO2 NFs or CdS quantum dots (QDs) doped TiO2 NFs were prepared. As a corrosive solution the mixture of
hydrogen peroxide and 10 M NaOH was used. CdS doped TiO2 NFs film was prepared by impregnation of CdS
on the surface of TiO2 NFs. Non doped TiO2 NFs showed relatively small photocurrent density about 30 µA/cm2
at 0.65 V vs RHE in 0.5 M Na2SO4 electrolyte and under 150 W xenon lamp as a light source. CdS doped TiO2
NFs showed two times higher photocurrent density ≈ 60 µA/cm2 at 0.65 V vs RHE (see Table II).
Another method of NW fabrication is electrospinning process. In the work of Mali et al.13, the mixture of
polyvinyl alcohol (PVA), titanium isopropoxide, acetic acid and dimethylformamide was stirred for 24 h and
then used for NW fabrication. The electrospinning deposition was performed at 8 kV for 5 to 60 minutes. The
NFs were directly collected on an indium tin oxide (ITO) conductive substrate, then subjected to
tetrahydrofuran (THF) treatment and finally annealed at 300 to 700 °C, to get anatase structure. Diameter of
pristine NF was about 100-200 nm and length varied from 0.17 to 7.53 µm according deposition time (5-60
min). Thickness of NF films plays significant role and the film with 4.67 µm thickness exhibits photocurrent
density equal to ≈150 µA/cm2 at 0.82 V vs RHE.
Table II
Selected TiO2 NF and NW structures with the highest photocurrents
Structure
Preparation
Measurement
Photocurrent
conditions
density value

Ref.

TiO2 NW

Hydrothermal
synthesis

1 M NaOH, AM 1.5,
100 mW/cm2

2.8 mA/cm2 at
1.24 V vs RHE

10

Sn-TiO2 NW

Hydrothermal
synthesis

1 M KOH, AM 1.5,
100 mW/cm2

1.63 mA/cm2 at
0.6 V vs RHE

11

CdS-TiO2 NF

Hydrothermal
corrosion

0.5 M Na2SO4,
150 W lamp

0.06 mA/cm2 at
0.65 V vs RHE

12

TiO2 NF

Electrospinning

1 M KOH, 1
mW/cm2

0.15 mA/cm2 at
0.82 V vs RHE

13

Nanotubes
The most straightforward approach to fabricate titania nanotubes, is self-organizing anodization of Ti-metal
substrate. The first self-organized anodic oxides on Ti were obtained by anodizing in chromic acid electrolytes
containing hydrofluoric acid14. Here it was recognized that small amounts of fluoride ions in electrolyte is the
key to self-organized oxide structures. Since then, there was a huge number of publications which
systematically investigated and reviewed all the parameters affecting the growth of self-organizing
nanotubes.15,16,17,18,19. Macak et al. reported the crucial role of pH to the geometry of TiO2 NTs and provided
evidence that longer tubes can be grown at neutral pH, possibly due to the extremely reduced chemical etching
of TiO2 in neutral solutions17. Water and fluoride contents of the electrolyte were shown to affect the tube
growth kinetics and in particular the glycerol-to-water ratio20. Also anodization voltage represents a key-factor
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in controlling tube diameter and depending on glycerol/water ratio diameter can vary from 15 to 300
nm19.Table III summarises the TiO2 NT structures with the best photoelectrochemical properties.
Table III
Selected TiO2 NT structures with the highest photocurrents
Structure
Preparation
Measurement
Photocurrent
conditions
density value

TiO2 NT

Anodization

Mo-TiO2 NT

Anodization

CdTe(QD)TiO2 NT

Anodization

1M KOH, AM 1.5
(100 mW/cm2)
1M KOH, AM 1.5
(100 mW/cm2)
0.1 M Na2S, AM 1.5
138.4 mW/cm2

0.90 mA/cm2 at
1.2 V vs. RHE
1.8 mA/cm2 at
1.2 V vs. RHE
6 mA/cm2 at 0.6
V vs. RHE

Ref.

20
21
22

Conclusion
Three types of 1-D TiO2 structures were compared from the point of their photocurrents in aqueous
electrolyte. So far for pristine TiO2 NRs seem to be the nanostructure exhibiting the highest usability for water
splitting showing photocurrent density of 1 mA/cm2 at 0.62 V vs RHE 9. Among the modified structures, CdTe
quantum dots modified TiO2 NT exhibit photocurrent density six times higher than pristine TiO2 - 6 mA/cm2 at
0.60 V vs RHE 22.
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Abstract
Scanning electron microscopy and focused ion beam nanotomography belong to the common tools for
investigation of microstructural features of numerous materials, e.g., porous media, ceramics, composites and
alloys. Secondary electron (SE) and back-scattered electron (BSE) images obtained using these techniques often
suffer from noise, non-uniform illumination or lack of contrast. Therefore, there is a continuous need for
advanced image processing methods that are capable of remedying these shortcomings. For the purpose of
microstructural analysis, the image processing usually includes histogram equalization, filtering in a spatial or
frequency domain, and segmentation. The later operation is crucial for unique determination individual phases
forming the material. However, without a careful preprocessing step, particularly involving filtering, results of
segmentation can be questionable, i.e., locations of phase interfaces can be ambiguous. In an extreme case,
segmentation can completely fail.
In 1990, Perona and Malik 1 introduced their famous “anisotropic” diffusion filter. Since that time, non-linear
diffusion filtering, which operates in the spatial domain, has developed into a powerful tool. In this field, the
research was focused on special numerical methods for solving related partial differential equations (PDE) and
on formulating new functional relationships between an edge detector and diffusivity. Recently, the
development has aimed at tensor-driven anisotropic methods, such as edge-enhancing or coherenceenhancing diffusion filtering 2, 3.
In this contribution, we deal with the application of PDE-based image analysis of SE and BSE images of porous
media and composite materials and its combination with other preprocessing steps, particularly histogram
equalization. Using public domain software and our parallel computer code, we evaluate the performance of
various edge-preserving diffusion filters and other classic blurring filters for porous media in two- and threedimensional spatial domains. To do so, we segment the images using Otsu’s method 4 of global thresholding
and compare resulting macroscopic measures, e.g., volume fractions or a specific surface area, with their
counterparts obtained independently of image analysis. In all cases, the edge-preserving diffusion filters beat
the classic ones.

Introduction
Visual inspection using electron microscopy belongs to standard tools for investigation of the characteristic
features of the material microstructure. The images should demonstrate some unique feature or could serve
for a statistical microstructure description like a phase volume content, specific surface area, shape and
connectivity of individual phase or microstructural descriptors 5, 6 in various materials, e.g. porous media,
ceramics, composites, alloys etc. These quantities could be computed only on mathematical representation of
the material, i.e. the phase function, where each pixel of digitized media assigns to an individual material
phase. The determination of the phase function from the microscopic images is tightly connected with digital
image processing, which enables to obtain the phase function independent of intuitive feeling of the image and
suppress the limited eye contrast sensitivity.
The digital raw images often contain noise, lack of contract and non-uniform illumination. To suppress these
problems, there is a numerous image filters in spatial domain, typically divided into linear and non-linear. One
of the most known filters based on defined mathematical operation in the surrounding of each pixel are
averaging and weighted averaging, Gauss or median filtering. Mathematical implementations of these filters
are quite easy and the performance is very good. But better performance has come with well-known diffusion
filter 1, 2. The diffusion filtration concept produce very smooth image, but the edges are conserved.

Methods
We demonstrate the performance of filtering in spatial domain of two data sets. The first image is a synthetic
image with the discs as a one phase (Figure 1). The image contains all typical problems like noise, lack of
contract and non-uniform illumination. The synthetic image contains also the characteristic position of the
discs to capture the throats of individual phases, which evokes the real situation in the materials. The
determination of contact is essential to useful estimation of transport properties. The second image shows the
ability of diffusion filtering on real FIB-SEM nanotomography data.
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Figure 8. raw images. Left: synthetic image. Right: one slide from FIB-SEM nanotomography
Quantification of filtering performance was evaluated after application of Otsu global thresholding on filtered
images by introduction of parameter number of different pixels (ndp), which is calculated as a number of pixels,
which are non-zero after subtraction of filtered and segmented image from reference image.

Results and discussion
The raw images contain too many problems with noise and non-uniform illumination and therefore are
impossible to segment the images directly. This statement is proofed by image of direct segmentation using
global thresholding [4] (Figure 2). From the first view is evident, that this binary image cannot be used for any
microstructural characterization.

Figure 2. Direct segmentation of raw image by global thresholding method.
Therefore, we applied a spatial filtering and we started with the simplest one, the averaging filter. We
evaluated an influence of the size of the averaging mask. The evaluation of the performance of the filter was
also with the value of ndp, but also by imaging of the pixels, which differ in the phase value (Figure 3). The
same evaluation procedure was used also for all segmented images. The values of ndp were summarized in
Table I.
It is evident, the higher mask produce smoother image, but edges of object are broader. Slightly better
performance has median filter, which gives smoother images for smaller mask according to averaging filter.
However, the smooth image contains disrupted edges and the thin neck between two standalone circles was
destroyed and one cluster was formed. This behavior leads to higher estimation of transport properties. Then,
this estimation is definitively wrong.
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Figure 3. Evaluation of segmented and filtered image using averaging filtration with mask 3x3, 5x5 and 9x9.
Left: mask 3x3. Middle: 5x5. Right: 9x9. The differing pixels are marked as white.
We tested also Gaussian filtering with various mask size and standard deviation σ. The higher the standard
deviation is, the smoother the image is produced. Similar, but not to significant influence is valid also for the
mask size. The produced image with quiet big mask and σ is very smooth (Figure 4), but edges couldn’t be
determined precisely. This conclusion is obvious from left image in Figure 4. Almost all pixels differed in their
values are located on the disc edges.

Figure 4. Gaussian filtering with mask 19x19 and σ=4. Left: Filtered image. Middle: segmented image. Right:
Difference between segmented and reference image.
Table I
Number of different pixels (ndp) for used filtration methods for synthetic image
synthetic image
Type of filtration
direct segmentation

average filter

median filter

Gaussian filtration

mask

σ

ndp, -

ndp, %

-

-

110 736

10.56

3x3

-

32790

3.13

5x5

-

21816

2.08

9x9

-

27810

2.65

3x3

-

30548

2.91

5x5

-

14894

1.42

9x9

-

15799

1.51

7x7

0.25

110736

10.56
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synthetic image
Type of filtration

mask

σ

ndp, -

ndp, %

7x7

1

33879

3.23

19 x 19

0.25

53968

5.15

19 x 19

1

26907

2.56

A promising way how to obtain smooth image, but preserve the edges is application of non-liner diffusion. The
filtration is described by diffusion equation

vw
v_

div9D9|w==.

∙ |w =

We discussed three approaches for calculation of diffusion coefficient in the filter application. First approach is
an anisotropic diffusion with two possible values of diffusion coefficient, zero and one and the switch between
these two values is the difference in intensity values between two adjacent pixels/voxels. The mechanism is
clarified on Figure 5 and it is obvious, that this filter could be easily implemented also for the 3D volume image.
The produces image is very smooth and the edges are preserved. Also the ndp value is very small according to
all previous filters. On the other hand, this filter often produces slightly gnawed of images.

Figure 5. Scheme for anisotropic diffusion with two values of diffusion coefficient. The threshold value of
difference in intensity is 55 and when the difference is less that threshold, there is diffusion. In other case,
there is no diffusion.

Figure 6. Anisotropic diffusion with two values of diffusion coefficient. Left: Filtered image. Middle: segmented
image. Right: Difference between segmented and reference image. ndp = 6050 (0.58 %)
Therefore, we tried another approach based on 2D regularization scheme 7, and the diffusion equation is in a
form of equation
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The filter is easily accessible in public domain software ImageJ and the performance was slightly better than
the previous diffusion filter in the respect to edge preservation. The main disadvantage of this concept is
problematic implementation in 3D. Therefore the usage of the third approach, the isotropic non-linear
diffusion, seems to be the most appropriate choice. The diffusion is based on scalar diffusivity exponentially
proportional to the gradient and the diffusion equation has this form

~

D9||w|? = ∝ 1/||w|?

The resulted image is in Figure 7. Is clearly evident, that this type of image processing gives very good
smoothed images and enable very precise segmentation of the raw images. The ndp value is also very low and
the totally black difference image on Figure 7 shows the perfect segmentation. According to not so difficult
implementation to 3D, this type of processing is the best solution for processing the image.
Therefore, we applied the last filter on real FIB-SEM data (Figure 8). The result support our assumption for the
isotropic non-linear diffusion is very useful for the composite material microstructure, where the small necks
between two phases are crucial for good estimation of transport properties.

Figure 7. Isotropic diffusion with exponentially dependent diffusivity on gradient. Left: Filtered image. Middle:
segmented image. Right: Difference between segmented and reference image. ndp = 6050 (0.58 %)

Figure 8. Isotropic diffusion with exponentially dependent diffusivity on gradient, application on real FIB-SEM
data. Left: raw image. Middle: filtered image. Right: Segmented image.

Conclusion
We presented the application of PDE-based image analysis of images acquired using scanning electron
microscope. We compare the results with other filtration methods, particularly averaging, Gaussian and
median filtering with various mask size. Using public domain software and our parallel computer code, we
evaluate the performance of various edge-preserving diffusion filters. To do so, we segment the filtered
synthetic images using Otsu’s method 4 of global thresholding and compare with the right solution. We
demonstrated the ability of non-linear filtration also for real FIB-SEM nanotomography data. In all cases, the
edge-preserving diffusion filters beat the classic ones.
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Abstract
Topological insulators and diluted magnetic semiconductors are materials interesting not only in terms of
fundamental research but for their prospective spintronic applications too. In this respect, Bi2Te3 and Bi2Se3
crystals has attracted considerable attention recently. The aim of this work is to contribute to the discussion of
doping effect of Bi2Te3 on its electric and magnetic properties. For this purpose, single crystals of FexBi2Te3
system, where x = 0, 0.02, 0.04 and 0.06 were grown. These materials were characterized by XRD, SEM EDX and
ICP OES analysis. Temperature dependence of electric conductivity, Hall coefficient, Seebeck coefficient and
magnetic susceptibility was measured.

Introduction
Tetradymite-type crystals were many years studied mostly for their significant thermoelectric properties at
ambient temperatures (300 K). After gaining some attention as Diluted Magnetic Semiconductors (DMS) they
became a subject of attention in recent years again. The reason was Bi2Se3 a Bi2Te3 bulk materials have shown
to be Topological insulators (TI).
Topological insulators are a new class of materials. They are known for their topological conductive states.
These are formed due to the electron spin-orbital coupling which leads to bands inversion and hence to a nontrivial topology of Brillouin zone. These surface states are protected by time-reversal symmetry which makes
them resistant to non-magnetic changes. Thus, these materials are interesting both for basic research and for
potential spintronic applications.
It is known that introduction of some magnetic impurities into tetradymite matrix can lead to magnetic
ordering of various types including ferromagnetic arrangement presumably due to Ruderman-Kittel-KasuyaYosida (RKKY) interaction as was proposed 1, 2. However, details of ferromagnetic arrangement in terms of
magnetic interaction, its dependence on ion concentration or influence of doping have not been explained
unambiguously. The main aim of this research is to contribute to the discussion of Fe-doping on electric and
magnetic properties of Bi2Te3 (fig. 1).

Figure 1. Structure and unit cell of Bi2Te3

Experimental
Bismuth telluride single crystals were grown in horizontal resistive furnace. Synthesis and crystal growth were
carried out in quartz ampoules. These ampoules were loaded with 5N purity Bi and Te elements with 0.0002 g
accuracy and FeTe2 as a doping agent in required stoichiometry. After, the ampules were evacuated to residual
pressure ~ 10-3 Pa and sealed. Procedure of synthesis and crystal grown can be summarized into the following
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points: (1) heating-up above melting point of Bi2Te3 by 0.5 oC/min rate; (2) annealing at temperature 650 oC for
three days; (3) slow cooling-down by 0.1 oC/min rate below melting point of Bi2Te3; (4) annealing at
temperature 550 oC; (5) quenching in air to ambient temperature.
Samples for experimental analyses (approx. dimensions 10 x 3 x 0.2 mm3) were obtained by cleaving crystal
across the crystallographic axis c, i.e. along natural cleavage planes. These samples were characterized by X-ray
diffraction (XRD), Scanning electron microscopy (SEM), Energy-dispersive X-ray analysis (EDX) and inductively
coupled plasma optical emission spectroscopy (ICP OES) analysis. Temperature dependence of electric
conductivity σ⊥c, Hall coefficient RH(Bǁc) and magnetic susceptibility χ(Bǁc) were measured.

Results and discussion
The results of XRD analysis exclude the presence of other phases, in other words all the prepared materials
FexBi2Te3 are single-phase down to detection limit. Based on lattice parameters analysis, it is not possible to tell
an unambiguous way of incorporation of Fe atoms into Bi2Te3 matrix. While a decrease of parameter a shows
substitutional incorporation (defects FeBi; Iron on the place of Bismuth), decrease of parameter c suggests
incorporation of Fe atoms to octahedral sites of Van der Waals gap (FexVdW) (fig. 2, 3). Namely, the later
process might lead to contraction of Te1-Te1 distance due to the formation of covalent bond of Fe with Te1planes. x-dependence of lattice parameters thus suggests more ways of incorporation Fe into Bi2Te3. We are
aware that the x-dependence of lattice parameters needs verification by measurement on larger number of
different samples.

Figure 2. Lattice parameters a, c as a function of x in FexBi2Te3 single crystals

Figure 3. Volume of elementary cell as a function of x in FexBi2Te3 single crystals
SEM EDX gives different concentrations of Fe for in-plane a cross-plane analysis (fig. 4). While the
concentration of iron in cross-plane analysis correspond to the nominal value (Fe0,06Bi2,03Te2,91), the
concentration of iron in in-plane analysis is significantly lower (Fe0,01Bi2,02Te2,96). Concentrations of Bi and Te can
be considered as equal to nominal values. We suppose concentrations obtained from EDX may not reflect the
real ones – EDX is rather inaccurate method for analysis of trace concentrations. Therefore, we are using
concentrations from OES analysis below. Despite inaccuracy, the EDX analysis strongly suggests „the laminar
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way of Fe incorporation“. In other words, Fe atoms are most likely incorporated preferentially to Van der Waals
gaps. This is in agreement with decrease of c parameter.

Figure 4. SEM EDX analysis of Fe0,06Bi2Te3 single crystal: 1) in plane (⊥c); 2) cross-plane (ǁc)
Electric conductivity for all doped sample lie below electric conductivity of undoped Bi2Te3 in whole
temperature range (fig. 5). Hall coefficient is positive; our materials are thus p-type semiconductors (fig. 6).
Both the electrical conductivity and the Hall coefficient gives us clear indication of increase of free holes
concentration. This is rather in contradiction with susceptibility measurement presented below. It follows from
susceptibility that Fe atoms enter the matrix in form of Fe3+ ions which produce no holes. This fact witnesses
either two types of iron incorporation or an interaction of Fe with native defects.

Figure 5. Electric conductivity σ⊥c as a function of temperature for various concentrations of iron in FexBi2Te3
single crystals
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Figure 6. Hall coefficient RH(Bǁc) as a function of temperature for various concentrations of iron in FexBi2Te3
single crystals
Temperature dependence of magnetic susceptibility shows antiferromagnetic behavior. The results were fitted
by Curie-Weiss law (fig. 6). Except the sample with lowest Fe content (x = 0.02) increase of iron concentration
leads to increase of Néel temperature (TN ~ 9-11 K).

Figure 6. Magnetic susceptibility χ(Bǁc) as a function of temperature in magnetic field B = 1 T for various
concentrations of iron in FexBi2Te3 single crystals
Although it keeps increasing tendency, ICP OES analysis gives concentrations of Fe nearly by an order of
magnitude lower compare to nominal values. Concentrations of Bi differ slightly from the nominal ones.
Magnetic moment per Fe atom derived from the measurements of susceptibility for x = 0.02 (x = 0.004 from
OES) suggests Fe3+ in low-spin state in octahedral field. For higher Fe concentrations, it suggests presence of
both Fe3+ and Fe4+. However, the formation of Fe4+ is in contradiction with the transport measurement results,
i.e. increasing holes concentration. It is necessary to note that changes of magnetic moments per atom are
negligible with respect to accuracy of the experimental techniques (µef ~ 2 µB). That is why we suppose the
major part of Fe atoms is present in form of ions Fe3+ which correspond to defects FexBi and spin S = 0.5 (tab. 1)
in case of substitutional incorporation or rather FexVdW in case of incorporation into octahedral sites of Van der
Waals gap. The changes of holes concentration should be more likely interpret as a result of Fe interactions
with native defects. The dominant defects in case of Bi2Te3 are antisites Bi-Te and vacancies V2+Te. The former
produce holes, the later produce electrons. The incorporation of Fe atoms into octahedral sites of Van der
Waals gap drive the system into low Te-vacancy state from valence reasons; Fe require to be octaherdraly
coordinated. The question of interaction of Fe with antisites remains open.
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Table I
Effective magnetic moments and spin calculated from nominal and experimental (OES) values of iron and Neél
temperatures given from Curie-Weiss fitting of temperature dependence of magnetic susceptibility of FexBi2Te3
single crystals
xFe (nominal)
S
xFe (OES)
S
TN (K)
µef (µB)
µef (µB)
0.02

0.74

0.12

0.004

1.65

0.47

11.1

0.04

0.73

0.12

0.005

2.07

0.65

9.3

0.06

0.62

0.09

0.007

1.81

0.53

11.4

The way of Fe incorporation is inspired by compound FeTe2. It is known this material is antiferromagnetic
(TN ~ 83 K) and has layered structure. [3] It was the very antiferromagnetism and structure which lead us to
idea about the way of iron incorporation into Bi2Te3. Namely, if we allow for the incorporation of Fe atoms into
octahedral sites of Van der Waals gaps of Bi2Te3, i.e. between atomic layers Te1-Te1 of two quintuplets, the
resulting pattern will be very similar to the structure of FeTe2.
We conclude with the statement that in the contrary with article 2 where ferromagnetic arrangement was
reached for 2.5 % of iron, our samples show antiferromagnetic arrangement for all concentrations of iron. The
reason for this could be low analytically detected Fe concentrations. Higher concentration thus could lead to
switch from antiferro- to ferro-magnetism (RKKY interaction). Anyhow, the paper 2 does present mere nominal
concentration of iron instead of the analytical one which makes the comparison difficult. Moreover, the
materials prepared in paper 2 cannot be considered stable from the thermodynamic point of view due to
absence of any annealing. Thus some metastable way of incorporation of iron could lead to ferromagnetism.

Conclusion
The FexBi2Te3 single crystals were prepared for x = 0, 0.02, 0.04 and 0.06. Single crystals were prepared by slow
cooling-down procedure and long annealing time. The prepared materials were characterized by composition
analysis and by measurements temperature dependence of transport and magnetic parameters. On the basis
of experimental results, we suppose Fe atoms are incorporated mostly into the octahedral sites of Van der
Waals gaps. However, the incorporation might be different for low contents of iron. In such a case the
formation of substitutional defects FexBi might dominate. We suppose Fe interact with native defects for higher
concentrations of iron which leads to changes in free hole concentration. Our samples show antiferromagnetic
behavior. Hence, we do not reach ferromagnetism in any of the exanimated samples. It is in contradiction with
article 2.
We conclude that based on these results it is not possible to tell what concentration of iron would lead to
ferromagnetic behavior if ever. Also, the state and place of iron atoms cannot be unambiguously stated in
Bi2Te3 matrix. Further research involving higher iron concentrations, broader spectra of experimental technics
and preparation methods is running.
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Abstract
The aim of this work is the characterization of selected new and traditional materials used in paint applications
using various techniques of liquid chromatography. These techniques are high performance liquid
chromatography coupled with mass spectrometry (LC-MS), gel permeation chromatography (GPC) and GPC
in combination with a multi-angle light scattering detector and an online viscometer (GPC-MALS-VIS). Analyzed
materials were polyglycidol, bisphenol A, epoxy resins based on bisphenol A and star polyesters based on
lactide and caprolactone.

Introduction
Polyglycidol is a relatively new material characteristic of high functionality and thus very good reactivity. For
this reason, we studied the structure in connection with the possible use in paint applications. A derivatization
of polyglycidol by phenylisocyanate to give urethanes was used for the analysis by GPC and comparison with
mass spectrometry1-4.
Bisphenol A is the raw material for synthesis of epoxy resins of varied molar mass and applications. Impurities
in this material can impact the composition and quality of epoxy resins based on bisphenol A. With regard to
the wide area of applications of these substances it is necessary to keep the pace with constantly evolving
instrumentation and apply it in addition to new materials on traditional ones, for their comparison. Side
reactions leading to various side products may take place during the synthesis of bisphenol A.
Various chromatographic methods, including liquid chromatography in combination with diode array detector
(LC-DAD), have been utilized in identification of these side components in bisphenol A yet. This work focuses
on the possibility of using mass spectrometry for analysis of this material, specifically using electrospray
ionization. In addition to the analysis of bisphenol A, epoxy resins based on bisphenol A were also analyzed
regarding corresponding minor components5-8.
Other interesting materials for paint applications, which were characterized, are star polyesters based
on lactide and caprolactone with different number of arms and different molar mass. Polyesters are intended
for various applications in paint industry. Corresponding linear analogues were analyzed too.
Trimethylolpropane was used as the center of star for three armed stars, pentaerythritol was used for four
armed stars and dipentaerythritol was used for six armed stars. The compound for linear analogues was 1,4butandiole9-10.

Results and discussion
First analysis of polyglycidol was performed using mass spectrometry with suitable ionization conditions. This
is shown in Figure 1.
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Figure 1. MS spectrum of polyglycidol in positive electrospray ionization mode
Individual oligomers up to a polymerization degree around twenty with a top of distribution at polymerization
degree of eight can be identified in mass spectrum. The derivatization of polyglycidol by phenylisocyanate to
give urethanes was used for analysis by GPC and comparison with mass spectrometry. The derivatization was
performed in order to make polyglycidol soluble in a common GPC solvent, i.e. tetrahydrofuran. Five
determinations was performed for five different derivatizations. Corresponding averages of molar mass, i.e.
number-average (Mn), weight-average (Mw) and z-average (Mz) were determined. Results showed that the
derivatization of polyglycidol is well reproducible. The top of the distribution around the polymerization degree
of eleven was calculated from data obtained by GPC. MS and GPC data revealed, that polyglycidol is oligomeric
compound with polymerization degree in range of several units to several tens with the top of the distribution
around the polymerization degree of ten.
Bisphenol A was another analyzed material. First analysis was performed using mass spectrometry. This is
shown in Figure 2. Suitable ionization conditions were selected. These conditions were subsequently used
for the analysis by LC-MS.

Figure 2. MS spectrum of bisphenol A
The most intense ion in the mass spectrum at m/z = 251 belongs to sodium adduct [M+Na]+ of bisphenol A.
Firstly LC-MS analysis of bisphenol A was performed. Thereafter LC-DAD analysis at 280 nm was performed also
for their comparison. Following components were detected in the sample: 4-isopropenylphenol, 2,2-bis(4hydroxyphenyl)propane (bisphenol A), 2,4-dihydroxy-2,2-difenylpropane and 2,4-bis(4-hydroxycumyl)phenol
(trisphenol). Fractions of major and minor components above-mentioned was calculated as relative areas of UV
peaks: 0.1, 94.4, 3.9 and 0.6 %, respectively. The remaining 1.0 % belongs to unidentified compound with
the molar mass 456.
Epoxy resins based on bisphenol A were also analyzed regarding corresponding minor components. First
analysis was performed using mass spectrometry to select suitable ionization conditions for LC-MS. Fig. 3 A
shows the spectrum obtained in optimum ionization conditions, when the monomer of diglycidyl ether
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of bisphenol A (DGEBA) has higher intensity and Fig. 3 B shows the spectrum in ionization conditions, when the
dimer and the trimer of DGEBA have higher intensity. Then LC-MS analysis was carried in these ionization
conditions.

Figure 3 A. MS spectrum of monomer

Figure 3 B. MS spectrum of dimer and trimer
Ratios m/z of each analyzed epoxy oligomers and the most common adducts, which can be observed in spectra
are shown in Table I.
Table I
Ratios m/z of epoxy oligomers and the most common adducts
Oligomer
m/z
[M + NH4]+
Monomer
340
358
Dimer
624
642
Trimer
908
926

[M + Na]+
363
647
931

[M + K]+
379
663
947

The minor peak, which was eluted before monomer of DGEBA in LC-MS chromatogram, showed ions [M+NH4]+,
[M+Na]+ and [M+K]+ and the corresponding molar mass was 358, i.e. 18 units more than the molar mass
of monomer of DGEBA. The peak was identified as DGEBA with one epoxy group open by addition of water.
Analogously, this was observed also at the dimer and at the trimer. Obtained data showed, that the
commercial product CHS EPOXY 530 contained very few impurities, in contrast to some papers that identified
significantly more impurities at higher concentrations. Relative areas of oligomers in chromatogram of CHS
EPOXY 530 was about 82.5, 8.0, 0.9 % for monomer, dimer and trimer, respectively. The relative area of αglycol of DGEBA was approximately 0.7 %. More than 7.0 % included peaks immediately before individual
oligomers. They arised from the dissolution of the sample in methanol. They are likely products of addition of
methanol on epoxy group. Consequently, it is better to dissolve samples in tetrahydrofuran.
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Other materials, which were characterized, are star polyesters based on lactide and caprolactone with different
number of arms and different molar mass. GPC-MALS was used for the characterization of polyesters in sense
of molar mass distribution and number of arms. This stars were theoretically containing three, four and six
arms. Corresponding linear analogues were analyzed as well in different ratio of lactide and caprolactone.
Characteristics of selected three armed stars are listed in Table II.
Table II
Resulting characteristics of selected three armed star polyesters based on lactide and caprolactone

Sample

Lactide/Caprolactone

Mn [g mol-1]

Mw [g mol-1]

Mz [g mol-1]

Mw / Mn

H 13

1/2

1300

1480

1690

1.14

H 14

1/3

1630

1900

2200

1.17

H 15

1/4

1910

2190

2470

1.15

H 16

1/5

2370

2650

2950

1.11

H 17

1/6

2680

2990

3320

1.11

H 18

2/5

2750

3140

3550

1.14

H 19

2/6

3030

3560

4180

1.18

H 20

2/8

3730

4280

4920

1.15

It can be seen from Table II that the molar mass increases with increasing content of caprolactone. The
suitability of GPC-MALS for the determination of molar mass distribution of oligomers with lower molar mass
will be verified by comparison with results of mass spectrometry. Additionally, constants of Mark-Houwink
equation for linear polyesters of different ratio lactide/caprolactone were determined in order to characterize
the degree of branching of star polyesters. The specific refractive increment of polyesters of different ratio
lactide/caprolactone was determined as an important physical quantity needed for accurate processing
MALS data.

Conclusion
GPC after the derivatization of polyglycidol allows the characterization of molar mass distribution. LC-MS can
be used for detailed identification of major and minor components of bisphenol A and epoxy resins based
on bisphenol A. GPC-MALS provides valuable information about the molar mass distribution of star polyesters
based on lactide and caprolactone.
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Abstract
Nanostructured SnO2 is widely used material in gas sensors. The aim of this study is to investigate layer
deposition technique and gas sensing properties of the structure deposited on QCM resonator. Multilayer
structure containing SnO2 nanolayers was prepared by Layer-by-Layer (LbL) technique. Colloidal SnO2
nanoparticles ( < 100 nm) and poly(diallyldimethylammonium chloride) (PDDA) were alternate deposited onto
precursor. Well-defined precursor was assembled with (PDDA) and poly(sodium-4-styrensulfonate) (PSS).
Annealing experiments were also performed by baking QCM crystal with self-assembled nanoparticles. The
resonant frequency shift of the QCM resonator was evaluated during the LbL process. Effect of ionic strength of
the solutions on the multilayer growth was investigated. The structure was studied by scanning electron
microscopy (SEM).

Introduction
As shown in the research and development of sensors in recent years, nanoparticles are playing an increasingly
important role in this field. The detection characteristics of the sensor can be improved by using nanoparticles
in their manufacture 1.
The application of tin oxide nanoparticles in a Quartz Crystal Microbalance (QCM) sensor is presented in this
study. QCM detectors are widely used for determination of various analytes. Main advantages of QCM-based
sensors are good sensitivity, stability, quick response and low cost 2. The active layer of the sensor can be
prepared in different ways e.g. by casting, spin coating, dipping, chemical or physical vapour deposition, or
using a Langmuir-Blodgett 3.
In this work, SnO2 nanoparticles layers were grown using a layer-by-layer (LbL) self-assembly technique.
Sensing properties of these LbL films were examined for the presence of ammonia vapour and nitrogen
dioxide.
QCM sensor works on the principle of changes in the oscillation frequency of the quartz crystal. This change is
due to absorption of gas molecules and can be determined from Sauerbrey equation 4:
∆f = – Cf ∆m

(1)

Where ∆f is the frequency change in Hz, ∆m is the change of mass per unit area. Coefficient Cf = 56.6 Hz µg-1 is
a sensitivity factor.

Materials and Methods
Reagents and materials
Poly(diallyldimethylammonium chloride) (PDDA) 20 % solution in water (Sigma-Aldrich, Germany), poly(sodium
4-styrenesulfonate) (PSS) 30 wt. % in H2O (Sigma-Aldrich, Germany), tin(IV) oxide nanopowder (Sigma-Aldrich,
Germany), ammona 25% wt. solution in water (Lach-Ner, Czech republic) were used as received.

Layers preparation
Before deposition, the crystal was cleaned in Piranha solution, i.e. a 3:1 mixture of sulfuric acid and hydrogen
peroxide. Using this procedure all organic impurities at the crystal surface were oxidized.
Precursor – PSS was dissolved in water at a concentration of 3 g L-1. Thereafter 4 ml of PDDA was diluted in
75 ml of deionized water and added 0.21 g of sodium chloride. Nanoparticles SnO2 were dissolved in deionized
water at a concentration of 9.9 g L-1 and required amount of NaOH was added to make pH = 10.35. Layers of
SnO2 nanoparticles were grown using a LbL technique. A quartz crystal (1 inch, 5 MHz, AT-cut) with gold
electrodes (Stanford Research Systems, U.S.A.) was placed in a crystal holder (Stanford Research Systems,
U.S.A.). Diameter of crystal circular plate was 5 mm. A QCM plate with the measuring cell was dipped PDDA in
deionized water, followed by a total of three steps PSS/PDDA as precursor. Then the QCM plate was seven
times alternately immersed in PDDA and in SnO2 deionized water colloidal dispersion (Fig. 1). Dipping time was
five minutes. The sample was implemented in flowing water for 30 s and then dried under flowing dry air
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between every two consecutive dippings. A frequency change of the QCM was measured using the QCM200
digital controller (Stanford Research Systems, U.S.A.) in each deposition step. Then the sensor was annealed
3 hours at 350 °C.

Figure 1. Experimental setup for LbL deposition

Figure 2. Frequency change ∆f of QCM vs. deposition step

In our previous study 5, it was found that sensing multilayer which contains a small number (less than 3) of
bilayers has little response to the presence of gas. The multilayer was created from 7 bilayers PDDA-SnO2. The
resonant frequency change ∆f of the QCM sensor during LbL process is shown in Fig. 2. Figure 3 shows the
porous structure of the film observed by scanning electron microscopy, multilayer thickness was about 670 nm.

Figure 3. SEM image of LbL structure. D1 and D2 are thicknesses of gold and LbL layers.

Results and discussion
Seven bilayers of SnO2/PDDA of QCM sensor were exposed to ammonia vapour and NO2. The ammonia
concentration of air was 1 µl L-1 and water vapour 0.73 µl L-1. Nitrogen dioxide concentration was 10.6 ppm.
The frequency changes ∆f of the sensor system are shown in Figure 4. The QCM resonant frequency decreases
owing to the absorption of the vapours. An aqueous ammonia solution was used in sample preparation and
therefore water sensitivity was investigated. The response of the sensor to the presence of ammonia in water
(∆fNH3= 92 Hz) is greater than to water vapour (∆fH2O= 23 Hz). The difference in the frequency response can be
caused by a greater number of adsorbed molecules, because the weight of one molecule of ammonia is lower
than the molecular weight of water. Good response (∆fNO2= 62 Hz) to the presence of nitrogen dioxide was also
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found. The sensor characteristics tend towards lower operation frequencies due to accumulation of products of
NO2, NH3 and H2O reactions on the sensor structure.

Figure 4. Frequency change of the QCM sensor with a tin oxide – PDDA seven-bilayer exposed to ammonia,
water vapour and nitrogen dioxide. Measured at room temperature (t=23 °C).
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Conclusions
QCM sensor based on tin oxide nanoparticles was investigated in this study. PDDA – PSS precursor was used
before applying multilayers to improve application. The sensing multilayer (seven bilayer) was made from
nanostructured SnO2 – PDDA using layer-by-layer (LbL) self-assembly technique. The sensor was annealed.
PDDA incineration should create a porous structure on the surface of the crystal, which increase the sensor
response. SEM image of LbL structure shows a porous structure with a multilayer thickness 670 nm. The sensor
system was able to detect nitrogen dioxide, ammonia and water vapour.
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Abstract
A theoretical model of circulating fluidized bed calciner for a Ca-looping system for 200 kW pilot scale facility is
presented in this paper. The oxy-fuel combustion of coal is proposed for the supply of heat needed
for endothermal calcination reaction. Based on the heat balance and the material properties of internals
the reactor dimensions are suggested. The input parameters such as temperature, material flows and mass
of solids are chosen in order to obtain the best calcination efficiency using the calcination reaction kinetics.
The results show that if the high purity of outlet gas is required (volumetric fraction of CO2 higher the 0.9),
the temperature will have to be at least 1170 K, which indicates a feasibility for a HRSG application. This model
is prepared for an integration in a whole Ca-looping system computation including the heat balance of HRSG.

Introduction
The effort in reducing the greenhouse gases emissions led to the development of the CCS (‘carbon capture
and storage’ or ‘carbon capture and sequestration’) technologies. These aim to capture the carbon dioxide
from the combustion flue gas, since the power industry is one of its main producers. Ca-looping is a postcombustion CCS technology which takes the advantage of the ability of calcium oxide to adsorb the carbon
dioxide forming calcium carbonate and of the reversibility of this reaction.
The Ca-looping system consists of two interconnected reactors, carbonator and calciner. A scheme of the
system is described in the Figure . The flue gas supposed to be cleaned is taken to the carbonator, where the
inherent carbon dioxide reacts with calcium oxide through an exothermal reaction forming calcium carbonate
at temperatures about 650 °C. The CaCO3 transferred to the calciner with the flow of circulated solids signed
as FR decomposes at temperatures about 900 °C. The calcination is an endothermal reaction. In the proposed
calculation model, both the carbonator and the calciner are the circulating fluidized bed (CFB) reactors
and the heat required for the calcination reaction is supplied from the oxy-fuel combustion of lignite. In oxyfuel combustion, the oxygen is used to oxidise the fuel instead of the air, which significantly increases the CO2
concentration in the flue gas, hence, the stream at the exit of the calciner is in major formed from carbon
dioxide and supposed to be stored, whereas the cleaned flue gas leaving the carbonator can be vented
in the atmosphere. The flow of fresh limestone F0 is also fed to the calciner in order to compensate the decay
of the inner solids sorption capacity with the increasing number of calcination-carbonation cycles, while the
flow FP of used particles with low active surface leaves the calciner to purge the mixture of inner solids.

4rd International Conference on Chemical Technology | ICCT 2016

[287]

Figure 1. Scheme of Ca-looping system with flows of solids and gases
The decrement of the transfer capacity of the inner particles can be caused by the particle surface sintering
at high temperatures, the abrasion of the particles and consecutive wane of the active surface, the increasing
amount of ash from the burned lignite fed to the calciner in the mixture of particles, or by the reaction of CaO
with SO2 originated from the combustion of coal in formation of CaSO4. The mathematical expression
to calculate the particles activity has been published by Rodríguez et al.1.

Calculation model
The Ca-looping system has been studied by various authors already. Shimizu et al.2 were the first who
described the interconnected reactors proposed to capture carbon dioxide. However, the major part of the
published studies is focused on the carbonator design and on the activity of the sorbent, while the calciner has
been a bit out of the scope. This paper combines the calcination efficiency evaluation method published
by Martínez et al.3 with the hydrodynamic model of circulating fluidized bed published by Kuni and Levenspiel4
and adds another accuracy in respecting of the real gaseous atmosphere in the calciner.
The scheme of the calculation proceedings is described in Figure 9. The dimensions of the calcination reactor
are chosen based on the heat needed for the endothermal calcination reaction described with eq. 1.

CaCO3 ↔ CaO + CO2

ΔHr0 = 179.2 kJ ⋅ mol -1

(1)

Therefore, the first fundamental step is to determine the molar flow of CaCO3 at the inlet of the calciner, which
includes both the CaCO3 from the carbonator and the CaCO3 fed to the calciner as a fresh limestone. Whereas
the flow of fresh sorbent can be chosen as a variable parameter, the calcium carbonate originated
from the carbonation reaction is dependent on the efficiency of the carbonator and the flow of CO2 fed
to the carbonator. Hence, it is important to know the stoichiometry of the power source and to estimate
the efficiency of the carbonator.
The power input to the calciner must be higher than the calcination reaction requires, since the stabile
combustion with temperatures above 900 °C is needed. It is advisable to verify that the adiabatic flame
temperature is high enough in the end of the heat supply calculation. When the heat input is known,
the dimensions of the reactor can be set based on the specific volumetric heat load, which is for circulating
fluidized bed reactors typically about 2 MW∙m-3.
The composition of the gaseous atmosphere in the reactor, which significantly influences the calcination
efficiency, can be obtained using stoichiometric computation of the oxy-fuel combustion considering also
the carbon dioxide originated from the calcination reaction. The stoichiometry of the oxy-fuel combustion was
described elsewere5 and therefore will not be repeated in this paper.
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POWER SOURCE STOICHIOMETRY
CARBONATOR EFFICIENCY ESTIMATION
HEAT NEEDED FOR CALCINATION REACTION
CALCINER REACTOR DIMENSIONS
CALCINER OXY-FUEL STOICHIOMETRY
CIRCULATING FLUIDIZED BED HYDRODYNAMCS

CALCINER EFFICIENCY CALCULATION

CARBONATOR EFFICIENCY
CALCULATION

Figure 9. Scheme of the calculation proceedings
Table I
Specification of the fuel – lignite coal, as received
C [-]
H [-]
N [-]
0.3905

0.0315

0.0051

S [-]

A [-]

W [-]

LHV [MJ∙kg-1]

0.0065

0.1523

0.285

16.9

Although the majority of the authors considers the molar fraction of CO2 at the exit of the calciner achieving
up to 90 %, it has to be mentioned that in the oxy-fuel combustion of lignite a significant amount of water
vapour is released. This amount depends on the composition of the fuel (which is for the lignite used in this
model described in the Table I) and influences the calcination efficiency marginally through the equilibrium
of the calcination reaction. In combustion of coal, some SO2 is released as well, which can react with the solids
through the direct sulfation (expressed with eq. 2) forming CaSO4.
(2)

CaO + SO2 + 1 O2 → CaSO4 + CO2
2

This reaction can occur either in the calciner from SO2 released in the oxy-fuel combustion FS_calc
or in the carbonator from SO2 released in the main combustor FS_carb. It decreases the CO2 capture capacity
of the sorbent, since it is not possible to decompose the calcium sulphate thermally. Therefore, the mixture
of solids consists of CaO, CaCO3, CaSO4 and ash particles. The calculation of solids composition in the bottom
of the calciner is described by equations 3-9. To achieve average composition, the calculation must be done
iteratively. It is presumed that both the calcination and the carbonation run with 100 % efficiency, since
it makes the calculation easier and its impact on the final composition is negligible.

xCaCO3 =
xCaO =

xash

FCO2 + F0

(3)

FR + Fash + F0

FCa - FCO2 - FS_carb - FS_calc
FR + Fash + F0

F +F
= ash Rash
FR + Fash + F0

(4)
(5)

xCaSO4 =

FS_carb + FS_calc + FRS
FR + Fash + F0

(6)

FRash = FR ⋅ xash

(7)

FRS = FR ⋅ xCaSO4

(8)

FR = FCa +FRash +FRS

(9)

Here, Fash is the molar flow of ash fed to the system with the fuel for the supply of heat for the calcination
reaction, FCO2 is the molar flow of carbon dioxide from the main combustor at the inlet of the carbonator, FR is
the overall molar flow of the recirculated solids, FCa is the molar flow of potentially active circulating Ca-based
particles (CaO, CaCO3) and FRS and FRash is the molar flow of CaSO4 and ash resp. circulating between the
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reactors. The average molar mass of the mixture of solids as well as its average density is described with eq. 10
and 11. Properties of solids used for the calculation according to Romano6 are in the Table II.

MS = xCaO ⋅ MCaO + xCaCO3 ⋅ MCaCO3 + xCaSO4 ⋅ MCaSO4 + xash ⋅ Mash

(10)

ρS = xCaO ⋅ ρCaO + xCaCO3 ⋅ ρCaCO3 + xCaSO4 ⋅ ρCaSO4 + xash ⋅ ρash

(11)

Table II
Properties of solids used for the calculation of the average molar mass and density of the mixture of solis. It
was assumed that the porosity of CaO is 0.5 and that the ash consists of 66.7 % of SiO2 (on weight basis) and
33.3 % of Al2O3.
Mi [kg∙mol-1]
ρi [kg∙m-3]
CaO

0.0561

1660

CaCO3

0.1001

2710

CaSO4

0.136

2964

Ash

0.0696

2860

The hydrodynamics of the fluidized bed
The calculation of the CFB hydrodynamics is based on the model described by Kuni and Levenspiel4
supplemented with the solids fractions computation published by Bai and Kato7. It enables to determine the
solids inventory Ws in the calciner in dependence on the superficial velocity u0 and the molar flow of circulating
solids FR, instead of choosing it as a variable parameter as Martínez et al.3 do. The parameters used for the
calculation are in the Table II.
Table III
Parameters used for the calculation of the CFB hydrodynamics. The density and the viscosity of the gaseous
mixture are valid for the temperature 1200 K.
μg [Pa∙s]
dp [μm]
u0 [m∙s-1]
D [m]
a∙u0 [s-1]
ρg [kg∙m-3]
45∙10-6

0.3

250

5

0.15

7

The mean diameter of the particles was set to 250 μm which means that the particles belong to the Geldart-B
group and therefore the decay constant is a = 7/u0. To check whether the calciner is in the CFB regime, it is
suitable to verify if the superficial velocity is higher than the terminal velocity ut which can be calculated using
equations 12 and 13.

Ar =

dp3 ⋅ ρg ⋅ ( ρs - ρg ) ⋅ g
μg 2

(12)

-1

ρg2
 18 0.591  
ut =  2 3 + 1 6  ⋅

Ar   μg ⋅ ( ρs - ρg ) ⋅ g 
 Ar

-1 3

(13)

The CFB reactors can be operated in various regimes which are given by the flow of solids, the superficial
velocity, the dimensions of the reactor and the particle and gas properties. The value used to decide, in which
regime the reactor is operated, is the mass velocity of solids or solids rate Gs which is given by eq. 15. For low
solids rates, the particles move co-currently upwards with the gas and the CFB is in the pneumatic transport
regime. The density of solids in the bottom zone rises with increasing of the solid rate. When the mass velocity
exceeds the saturation carrying capacity of the gas Gs*, the density of solids in the bottom zone stops
increasing, although the height of the dense zone is growing. Above the Gs*, the CFB is in the fast fluidization
regime. The riser is divided in the lower dense zone (where the solids fraction εsd is constant) and in the upper
lean zone (where the solids fraction decreases with the height to the asymptotic value εs’).

Fr =

Gs =

u0
g ⋅ dp

Ms ⋅ FR
A

(14)

(15)

*
s

G =
εs' =

μg
dp

-0.44

⋅ 0.125 ⋅ Fr

1.85

⋅ Ar

Gs
ρs ⋅ ( u0 - ut )
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0.63

ρ -ρ 
⋅ s g 
 ρ 
 g 

(16)

(17)

According to Bai a Kato7, the solids holdup in the dense zone εsd and at the exit of the riser εex are for Gs < Gs*
given by equations 18 and 19.
1.21
-0.383
-0.23


 ρs - ρg 
 u0 
-3  ρs ⋅ u0 

εsd = εs' ⋅ 1+ 6.14 ⋅ 10 ⋅ 
⋅
⋅





 g ⋅D 
 ρ 
Gs 


p








εex = 4.04 ⋅ ( εs' )

1.214

(18)

(19)

For Gs > Gs*, there are S-shaped profiles with the limiting holdups given by equations 20 and 21.
1.13

 ρs - ρg
 ρs ⋅ u0 

εsd = εs' ⋅ 1+ 0.103 ⋅ 
 ⋅ 

 Gs 
 ρg



ρ ⋅u
εex = εs' ⋅ 1+ 0.208 ⋅ s 0
Gs



ρ -ρ 
⋅ s g 
 ρ 
 g 





-0.013

-0.082











(20)

(21)

The height of the lean zone can be determined using the logarithmic approximation of the solid holdup
dependence on the height given by eq. 22. The height of the bottom dense zone is then Hd = Ht – Hl. The
average solids fraction in the upper lean zone given by eq. 23 is used to calculate the mass of solids in the riser
Ws, which is just the sum of solids mass in the dense and lean zone.

1 ε -ε' 
Hl = ⋅ ln  sd s 
a  εex - εs' 

(22)

ε -ε 
εsl = εs' +  sd ex 
 a ⋅ Hl 

(23)

Wd = A⋅ ρs ⋅ Hd ⋅ εsd

(24)

Wl = A⋅ ρs ⋅ Hl ⋅ εsl

(25)

Ns =

Ws
Ms

(26)

The calcination reaction efficiency
The shorten proceedings of the calcination reaction efficiency calculation according to Martínez et al.3 is
described with equations 27–32. It is based on the mass balance which can be expressed using a comparison
of the average residence time of solids in the calciner τ and the time needed for a full calcination of particles
tc*. According to Martínez et al.8, the value of 2050 m3∙mol-1∙s-1 and 112 kJ∙mol-1 was used as the preexponencial factor of kinetic constant and activation energy, respectively, in the expression of the kinetic
constant necessary for the tc* calculation. The expression published by Silcox et al.9 was used for the molar
fraction of CO2 in the gas phase in the equilibrium calculation.

τ=

Ns
FR + F0 + Fash

fe = 4.137 ⋅ 10 ⋅ e
7

(27)
-

20474
Tcalc

⋅

1
pcalc

(28)

-Ea

kc = kc0 ⋅ e R⋅Tcalc
t c* =

3 ⋅ xCaCO3
kc ⋅ ( C eq - CCO2 )

 t* 
fa = 1- exp  c 
τ 
Ecalc =

fa
 1 
ln 

 1- fa 

(29)
(30)

(31)
(32)
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Results and conclusion
The main aim of this paper was to implement the hydrodynamics of the fluidized bed to the calculation
of the calcination reaction efficiency. This calculation has been already very well described and hence its results
will not be repeated here. The calculation of the CFB hydrodynamics makes a dependent variable from a lot
of parameters which would be otherwise chosen and therefore it changes the overall reaction efficiency.
The solids inventory is strongly dependent on the molar flow of circulating solids and on superficial velocity.
In the Fig. 3, the dependence of the calcination efficiency on the molar flow of circulating solids
and the calcination temperature is described. The superficial velocity was in this case always 5 m∙s-1. The
impact of the calcination temperature on the equilibrium of the reaction and therefore also on the calcination
efficiency is obvious. However, it can be seen, that the calcination efficiency increases firstly with the rise of the
flow of circulating solids (in the range FR/FCO2 = 10–30) and then it slightly decreases. It is caused by the change
of the fluidization regime. When the flows of solids are lower, the CFB riser is in the pneumatic transport
regime, whereas for the ratios FR/FCO2 above 30 is the CFB in the fast fluidization regime in which the solids can
fall down in the proximity of walls.
The dependence of the calcination efficiency on the superficial velocity is described in the Fig. 4. A higher
velocity causes shorter residence time of the particles in the CFB riser and therefore also a lower calcination
efficiency, because the full calcination of particles is not possible. The change of a fluidization regime occurs
also in the range of velocities from 4.5 – 6 m∙s-1, which can be observed from the bigger difference between
these curves.

Figure 3. The dependence of the calcination efficiency on the calcination temperature and the flow
of circulating solids. (u0 = 5 m∙s-1, fCO2 = 0.71)

Figure 4. The influence of the superficial gas velocity on the calcination reaction efficiency. (FR/FCO2 = 20,
fCO2 = 0.71)
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The hydrodynamics of the CFB changes the overall calcination efficiency marginally since it influences a number
of parameters. According to the results of the calculation model, the major parameter impacting the efficiency
is the equilibrium of the calcination reaction. The temperature in the calciner has to be sufficiently high (for fCO2
of 0.71 at least 1150 K) and has to rise with increasing of CO2 fraction in the gas phase. Another important value
is the residence time of the particles in the CFB riser. Maximal efficiency of the calcination reaction can be
achieved only if the residence time is equal or higher than the time needed for a full calcination of the particles.
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Nomenclature
a
A
Ar
Ceq
CCO2
D
dp
Ea
Ecalc
fa
fCO2
fe
F0
Fash
FCa
FCO2
FP
FR
FRahs
FRS
FS_calc
FS_carb
g
Gs
Gs*
H
Ht
kc
kc0
Mi
N
pcalc
R
tc*
Tcalc
u0
ut
W
xi

decay constant for solid fraction in the lean region of CFB (m-1)
CFB riser cross-section (m2)
Archimedes number (-)
CO2 concentration in the gas phase in the equilibrium (mol∙m3)
CO2 concentration in the gas phase (mol∙m-3)
diameter of the CFB riser (m)
mean diameter of the particles (μm)
activation energy of kinetic constant for CaCO3 calcination (kJ∙mol-1)
calcination reaction efficiency
molar fraction of particles with a residence time lower than tc* (-)
average molar fraction of CO2 in the calciner (-)
molar fraction of CO2 in the equilibrium (-)
molar flow of fresh CaCO3 (mol∙s-1)
molar flow of ash entering the calciner (mol∙s-1)
molar flow of circulating potentially active solids (CaO, CaCO3) (mol∙s-1)
molar flow of CO2 from the main combustor (mol∙s-1)
molar flow of used particles leaving the system (mol∙s-1)
molar flow of circulating solids (mol∙s-1)
molar flow of ash circulating in the system (mol∙s-1)
molar flow of CaSO4 circulating in the system (mol∙s-1)
molar flow of sulphur entering the calciner (mol∙s-1)
molar flow of sulphur entering the carbonator (mol∙s-1)
acceleration of gravity (m∙s-2)
mass velocity of solids in the CFB riser
(kg∙m-2∙s-1)
saturation carrying capacity of gas (kg∙m-2∙s-1)
height of the region of the CFB riser (m)
overall height of the CFB riser (m)
kinetic constant of CaCO3 calcination
(m3∙mol-1∙s-1)
pre-exponential factor of kinetic constant of CaCO3 calcination (m3∙mol-1∙s-1)
molar mass of specie i (kg/mol)
solids inventory in the calciner (mol)
pressure in the calciner (bar)
universal gas constant (8.314 J∙mol-1∙K-1)
time needed for full calcination of particles (s)
temperature in the calciner (K)
mean superficial velocity in the CFB riser (m∙s-1)
terminal velocity of particles (m∙s-1)
weight of the solids inventory (kg)
molar fraction of specie i (-)

Greek

ε
ε’

mean solid volumetric fraction in the cross-section (-)
asymptotic solid volumetric fraction (-)
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μ
ρi
τ

dynamic viscosity (Pa∙s)
density of specie i (kg∙m-3)
average residence time of solids in the calciner (s)

Subscripts

d
ex
g
l
s

in the dense zone
at the exit of the CFB riser
gas
in the lean zone
solids
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Abstract
The paper focuses on a mathematical model of carbonator, which is a key component of post-combustion CCS
technology operating on the principle of calcium looping. The model considers a unit that processes flue gas
from a 250 kW thermal power output combustion system. The carbonator is designed as a circulating fluidized
bed reactor. One of the key points of the mathematical models is hydrodynamics of the fluidized bed reactor
that is a basis for evaluation of the capture efficiency. It is generally difficult to estimate required parameters of
fluidized bed, which may significantly differ from conditions in real device. For example it is axial and radial
voidage profiles. Usually, part of these parameters is chosen according to the recommendations in available
literature. In this paper the main attention is paid to the calculation of the hydrodynamics of the fluidized bed.
Also sensitivity of the selected hydrodynamics parameters to the capture efficiency is subject of interest. The
model results are basic operating characteristics of the carbonator.

Introduction
Calcium looping (CaL) belongs to the group of carbon capture and storage technologies (CCS), which are
intended for mitigation of environmental impact from fuels combustion systems. The most developed concept
is dual fluidized bed system with two circulating fluidized beds. Sorbent circulates between the reactors,
calciner and carbonator, to provide highly concentrated carbon dioxide. In the scope of this paper the main
attention is paid to a hydrodynamics of carbonator, which is a key component. The parameters of model are
adjusted to a unit that processes flue gas from a 250 kW thermal power output combustion system.
The carbonator is designed as a circulating fluidized bed reactor. One of the key points of the mathematical
model is hydrodynamics of the fluidized bed reactor that is a basis for evaluation of the capture efficiency. It is
generally difficult to estimate required parameters of fluidized bed, which may significantly differ from
conditions in real device. For example it is axial and radial solids holdup profiles. Usually, part of these
parameters is chosen according to the recommendations in available literature.
Evaluation of capture efficiency is divided into basic blocks according Figure , where after specification of
relevant input quantities the hydrodynamics of fast reactor is solved. Then final iterative computation of
efficiency is applied according procedure adopted from literature 1, where K-L model were used.
Hydrodynamics
Iteration loop for
solids composition

Evaluation of solids
properties and solids
circulation rate

Evaluation of solids
holdup, core volumetric
fraction and other
relevant parameters
Eq. (1-9)

Iterative solution of CCO2
and ECO2

Input values
Figure 1. Basic structure of evaluation of capture efficiency

Hydrodynamics of carbonator
It is necessary to distinguish flow regime of circulating fluidized bed riser. When operating velocity is higher
than terminal velocity of particles two basic cases of flow regime exist. First one is pneumatic transport, which
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occurs when solids flux is low and superficial velocity high. Than axial profile
of solids concentration is almost uniform and the reactor is filled with lean
zone, except the lowest part of reactor where particles are introduced and
accelerated. In second regime the reactor is splitted into dense zone and
upper lean zone. Then profile of solids concentration is S-shape.
Mathematical model of carbonator is based on K-L model, where axial
distribution of solids is divided into two areas. First one is dense zone
placed in lower part of reactor and upper part is called lean zone. Radial
distribution of solids proceeds from core-annulus concept, see Figure 10,
where the zones are radially splitted into the core and annulus.
Outputs from hydrodynamics are heights of zones Hd and Hl, consequently
evaluated amount of solids in reactor Ws and core volumetric fraction δ.
Evaluation of these parameters is based on solid volumetric fractions in wall
layer εsw, core εsc, mean value over dense zone εsd and limiting value ε*,
which are estimated from recommended ranges 1, 3 (it is based on measured
data, but the ranges are relatively wide). Thus for purpose of evaluation
Figure 10. Solids distribution,
were implemented equations solving mean volumetric solid fraction of
core-annulus model
dense zone and solids fraction in dilute region. Equations were proposed by
2
Bai and Kato for two flow regimes distinguished by comparison solids circulation rate Gs and saturation
carrying capacity of gas GS*.
s‰.<<
∗
Œ… Œ
c a…
(1)
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Where dp is particle diameter, µ dynamic viscosity, Fr Froude number, Ar Archimedes number, ρp particle
density, ρg gas density.
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Where solids holdup at uniform flow with slip velocity equal to the terminal velocity is defined as:

Žc•

Œ… ‘

c

wV !

(6)

Where ut is particle terminal velocity.
Composition of mixture of cycling particles is evaluated by iteration loop from known molar flows of fresh
limestone F0, sulphur Fs and ash Fash entering the system and required molar flow calcium oxide Fr from the
calciner to the carbonator. Then it is possible to estimate necessary average properties of particles for purpose
of hydrodynamics evaluation such as total molar flow of mixture Frt, molar mass Ms, density ρ and finally solids
circulation rate Gs.
For capture efficiency calculation it is also necessary to predict thickness of annular film δl. Thus another
implemented equation is used for direct evaluation of annular layer thickness proposed by Harris et al. 4.
Following equation is based on measured data in number of different devices under wide range of conditions:

—Z
š ›
0.5 ’1 0.4014Žcs‰.‰?<˜ ™ ‰.‰;ˆ;
~d
š
Then it is possible to receive core volumetric fraction from equation:

s‰.‰ŠŠ>

•
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(7)

—
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(8)

And solids concentration in annular layer is evaluated from:

Žcœ

9~d Žcp
~d?

Where Dcc [m] is core diameter.
Hydrodynamics is evaluated for particle mean
diameter which is estimated in this case around 250
µm. It is important parameter, because on its base
particles
are
classified
according
Geldart
classification which is related to decay constant a
controlling height of lean zone and thus amount of
solids in reactor. Typical particles for calcium looping
system belong to the group A or B. Following values
of au0 = const are recommended according to
literature 3:
• 2 - 4 [s-1] – Geldart A
• 5 [s-1] – Geldart AB
• 7 [s-1] – Geldart B
Proper choice of the decay constant significantly
influences overall amount of solids in the reactor. For
purpose of comparison conditions assumed in this
paper solids holdups are evaluated for different
values of au0. Strong influence is obvious from Figure
where the comparison of case of implemented
equations mentioned above with case of chosen
solids concentrations (marked by *) is also. Thus in
the model a mechanism controlling choice of the
adequate constant value is included, because
properties of particles are changing with amount of
fresh limestone entering the system.

~dd Žc∗ =
?
~dd

(9)

Figure 3.Influence of decay constant

Conditions of evaluation
Evaluation of carbon dioxide capture efficiency is matched to case of intended pilot (laboratory) scale unit
treating flue gas from bubbling fluidized bed boiler with power input 250 kW. Device operational conditions are
in generally recommended ranges. Thus the superficial velocity and the temperature are assumed to be about
5 m/s and 650 °C respectively. It means diameter of reactor 25 cm with height 10 m.
Flue gas composition is given by stoichiometry of typical Czech coal containing around 30 % of moisture and 9
% of ash with LHV 16.9 MJ/kg. Assumed volumetric concentrations of components are 11.77% of CO2, 12.84 %
of H2O, 0.07 % SO2, 69.2 % of N2, 0.82 % Ar and 5.3 % of O2 (wet flue gas).
Another important quantity is molar flow of sulphur entering the CaL system Fs. Based on simplifying
assumption, that approximately half of power output of main source is required for calcination process,
estimated value reaches Fs/FCO2 = 0.00333 [-]. Density of fresh limestone is assumed 1660 kg/m3. All of molar
flow rates are related to the CO2 molar flow.
Other relevant quantities as well as procedure of efficiency evaluation are taken from literature1.

Results
Carbon capture efficiency in carbonator reactor is evaluated for three values of recirculation rate of calcium
oxide. It is necessary to reach significantly higher amount of calcium oxide particles than it is theoretically
required for bounding carbon dioxide. Thus the rate changes from 15 mol of CaO per 1 mol of CO2 in treated
flue gas to 25 mol CaO/mol CO2. Another variable parameter is rate of fresh limestone supplied to the CaL
system. This rate starts from value 0.004 which is slightly higher than sulphur entering the system. Calcium
oxide reacts with sulphur dioxide, thus the loss must be covered. On the other hand, it is limited by value 0.03,
because there is no further improvement of efficiency and increasing amount of supplied limestone would
increase operational costs. Interpretation of results is different, because with changing flow of limestone the
average density of particle mixture is also changing. Respectively the density is decreasing with increasing flow
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of limestone. It results in lower solids holdup in reactor with impact on capture efficiency, this behaviour is
obvious from Figure . Final trends of capture efficiencies are shown in Figure 5.

Figure 4. Solids holdup in carbonator

Figure 5. CO2 capture efficiency in carbonator

Conclusions
Calculation of hydrodynamics requires number of estimated parameters. In this work equations evaluating
solids concentrations, thickness of annular layer and iterative loop solving concentrations of calcium oxide, ash
and calcium sulphate were implemented. These parameters influence solids holdup in the reactor and thus
overall efficiency of capture. For operational conditions it seems to be ideal recirculation rate of CaO in the
range from 20 to 25. Increasing above value 25 does not bring significant improvement. In this case, the
minimal rate of fresh limestone supplied to the system is approximately four times higher than the flow of
sulphur flow. For these conditions the efficiency reaches values from 82 to 85 %. It is possible to reach
efficiency close to 90 %, but it is necessary to rise the flow of fresh limestone significantly. The optimal value
depends on technical economic optimization of the system.
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Abstract
The papers outlines some problems concerning modeling of carbonation-calcination loop used to capture CO2
from flue gases. The modelling of loop consists of two large parts, the Kunni - Levenspiel model of reactor and
the carbonation-calcination loop itself. For the Kunni- Levenspiel model the finding of regimes of fluidizing
reactor is modeled, so all the inputs concerning the characterization of particles are defined and the
computation of the dimensionless values for finding a position in the general flow regime is presented. For the
carbonation-calcination loop only the mass balance is computed. Its result shows the important ratio - the mole
flow of CaO cycling form the calciner to the carbonator to the mole flow of CO2 in flue gas at the inlet of
carbonator. As the conclusion the results of model for this ratio is presented and the second inportant ratio the mole flow of fresh makeup limestone to the mole flow of CaO cycling form the calciner to the carbonator is
taken to consideration.

Introduction
Mathematical modeling could save a lot of time and money to researchers if properly implemented. In the past
several real samples had to be made before a prototype was prepared to market. The making of each sample
always costs an amount of money and mathematical modeling is a very useful to reduce the number of
samples. Ideally when the first sample is made, all important data are measured, the model is created and the
data are used for its validation. As the next step all the necessary simulations and tests are done with the
model and the other sample is made only if necessary. Of course, a model could be done before making of the
first sample, and this is the case of this paper. That means all the data needed have to be taken from the
literature or carefully estimated. And that could be a problem, because the values of the constants and
variables differ very significantly.
The other advantage of modeling is a choice of scope. The real samples always need all accessories to be made
nevertheless only one small part of the whole has to be measured and watched under some load. Therefore
the carbonate loop could be divided to several parts and each part could be modeled independently with
proper inputs and outputs. However, this approach hides some difficulties for researchers because when only a
small part of the system is observed its connections and influences with the whole could be forgotten and the
results could be distorted.
At the first sight the carbonate loop is quite simple. It consist of two main parts - the carbonator and the
calciner both work on the same principle with the parameters given in Table I. Since both of them are fluidized
bed reactors, modeling of the carbonator seems to be sufficient. But that means the input, the essential
parameters of flue gases, is available. With more and more data the model could be made more universal and
cover more simulations than the actual one which has been created so far.
Table I
The important parameters of carbonate loop
Solids inventory
Solid conversion at the exit of carbonator (mol CaCO3/mol Ca)
Solid conversion at calciner (mol CaCO3/mol Ca)
Maximum average conversion of solids
Mole flow of CO2 in flue gas at the inlet of carbonator
Mole flow of CaO cycling form the calciner to the carbonator
Mole flow of fresh makeup limestone
Number of cycles
Average temperature - carbonator
Average temperature - calciner
Efficiency - carbonator
Efficiency - calciner

nca
Xcarb
Xcalc
Xave
FCO2
Fca
F0
N
Tcarb
Tcalc
Ecarb
Ecalc

kg/m2
mol/s
mol/s
mol/s
°C
°C
-
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The regimes of a fluidizing bed reactor
For large scale carbonate loops fast fluidized beds are more convenient than fixed beds because of large
volumetric flow. The regimes in such type of reactor are described very closely with Kunni - Levenspiel (K-L)
model1,2,3. Therefore K-L model was chosen as the basis for further calculations and as the first step the
characterization of particles has to be provided. Because no sample has been made yet the simplest variant
was chosen, that means only one size of particle is considered (it can be improved with the distribution of
sizes). The particle has to be "normalized" as spherical, so the equivalent spherical diameter (diameter of
sphere having the same volume as the particle) is calculated. The important parameter is the sphericity defined
as the ratio of surface of sphere and surface of particle (both of same volume). The sphericity is known for
different solids, so it could be found in tables. For fluidized beds the screen analysis is often used and with its
help the diameter of particle based on screen analysis dp could be computed. The other important parameters
are - the density of gas ρg and the density of solids ρs in flue gases, the void fraction ε, the viscosity of gas μ (all
model inputs are in Table II).
Table II
Characterization of flue gas
Diameter of particle based on screen analysis
Viscosity
Sfericity
Density of gas
Density of solids
Void fraction at minimum fluidization

dp
μ
φ
ρg
ρs
εmf

m
kg/m s
kg/m3
kg/m3
-

The next step is the computation of two velocities for the input particles and flue gases - the minimum
fluidizing velocity umf and the terminal velocity ut. The former one is computed from1
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The later one could be computed straight if the drag coefficient is known, but if the dimensionless particle size
d* and a dimensionless velocity u* are used, the approximation could be used successfully.
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The last step of the regime bed modeling seems to be easy because there is the general flow regime2. However,
the model should find the regime automatically so the diagram has to be converted to the model. The borders
of areas in the diagram were written down as the point vectors and interpolated.
The superficial velocity u0 is the last input. The dimensionless values are computed and the model has to found
which regime the reactor works at. There are two methods - the crossing number and the winding number. In
the first method the number of crossing via polygon is counted for a ray starting from the point given d* and u*
computed. The second one (used in the model) counts the number of times the polygon winds around the
point. Because of the simplicity the simulation was done in the Cartesian coordinates, and not logarithmic ones
used in the general flow regime in the literature.

The carbonation-calcination loop
Carbonator
There are two main tasks for carbonate loop modelers - mass balance and energy balance. In this paper only
mass balance is showed. It can be described as5
(CO2 reacting with CaO in the bed) =
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= (CO2 removed from the gas phase)
= (CaCO3 formed in the circulating stream of CaO)
All the parts of the mass balance have to be calculated. As is shown in Figure 1 the main parameters of the loop
are the mole flows - the mole flow of CO2 in flue gas at the inlet of carbonator FCO2, the mole flow of CaO
cycling form the calciner to the carbonator FCa , and the mole flow of fresh makeup limestone F0. The bed
contains the solids inventory nCa (limestone) with a fraction of CaO, and that fraction is in model given by the
variable fa (volumetric fraction of CaO) at a rate rave.

Figure 1. The flows in the carbonation-calcination loop
If the perfect mixture of solids is considered in the model, the items from mass balance could be defined as
(CO2 reacting with CaO in the bed) = NCa * fa * rave
(CO2 removed from the gas phase) = FCO2 * Ecarb
(CaCO3 formed in the circulating stream of CaO) = FCa * X
where NCa is the solids inventory (mol), ECarb is the efficiency of carbonator defined as the ratio of CO2 reacting
with CaO to CO2 entering the bed, and X is the solid conversion at the exit. The maximum conversion XN for the
particles is defined depending on the number of cycles N, and also the characteristic time t* after which the
particle is no more available for the conversion. The particle fraction after N cycles is defined as4

C2

2sJ‰ J£T
9J‰ J£T =2

And the average maximum conversion Xave
0T¤W ∑¥
2¦- C2 02

The efficiencies of carbonator computed for the mass balance items should be equal (in terms of numeric
mathematics). From the equations used in the model is obvious that the ratio FCa/FCO2 is very important for the
efficiency of carbonator and therefore the dependence of the efficiency of the carbonator on the solids
inventory in reactor (kg) was modeled for various values of this ratio.

Calciner
As was mentioned in introduction the both carbonator and calciner are fluidized reactors so usually the calciner
is modeled dependent on the carbonator as can be seen from its mass balance6
J£§? ¨£§? ©£T ªT CdTZd J£T 90dTX« 0dTZd =

where rcalc is the calcination reaction rate (s-1), NCa is in this case the solids inventory in the calciner (mol), fa is in
this case the fraction of particle in the calciner, XCalc is the solid conversion at the outlet of the calciner. The
efficiency of calciner is defined as the ratio of the difference of the solid conversions of the carbonator and the
calciner to the solid conversion of the calciner in general but from the mass balance the efficiency of calciner
_XWc ªT
¨dTZd
C
0dTX« dTZd
where tres is the mean residence time of particle in the calciner (min).

Results
As was mentioned in the introduction for a successful mathematic model all various data are needed and in the
ideal case all measurements are made on the actual sample of a developed device. The modeling described in
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the previous section could not be based on the sample measurement and was used mainly for the closer look
into the carbonation-calcination loop problem before making of the first draft. In Figure 2 the first results from
modeling of the regimes of a reactor are showed. Only two regions - fast fluidized beds and bubbling fluidized
beds - was converted to the model because of using the Cartesian coordinates. The model shows if the working
point is inside or outside of the two regions.
u
10

8

6

4

2

20

40

60

80

dp

Figure 2. Modeling of the regimes of reactor
The efficiency of carbonator was tested for three FCa/FCO2 ratios and the results are in Figure 3.
Fca Fco2 1, Fca Fco2 3, Fca Fco2 5
E
0.8

0.6

0.4

0.2

5

10

15

W kg

Figure 3. The efficiency of carbonator - solids inventory W (kg)
The second important ratio - F0/FCa - is tested in Figure 4 and shows the impact of the fresh limestone being
continually supplied into the calciner during the process on the efficiency of the carbonator.
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Figure 4. The efficiency of carbonator - the ratio F0/FCa

Conclusion
The results show some important conclusions. From Figure 3. is obvious that the solids inventory in the reactor
cannot be under 2 -3 kg otherwise the efficiency drops very significantly. Although it seems that the further
increase of the solids inventory would not change the efficiency, it influences the mole flows between the
carbonator and the calciner and that justifies the solids inventory increase although the efficiency is almost
unaffected.
It is apparent from the FCa/FCO2 ratios in Figure 3. that the values above 5 give sufficient efficiency without the
feeding of the calciner with fresh limestone. But with such feeding (and the small amount of the fresh
limestone is sufficient) the minimal FCa/FCO2 ratio drops to 3 with the efficiency increased to 90 % as is showed
in Figure 4.
The mathematical model is able to show the valid results and could be used for the estimation of the particular
parameters of the carbonation-calcination loop and for the planning of future experiments on the forthcoming
loop.
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Abstract
Current research and development activities of ÚJV Řez include design of 2 experimental Calcium looping units.
The completion of the first experimental unit is planned for 2016. The first unit is lab-scale and was designed as
a closed loop with one reactor – pressured tank. The unit was designed for pre-combustion CO2 capture from
synthesis gas. The reactor contains limestone in a fixed bed and will alternate between carbonatation
(pressurized to 2.5 MPa) and calcination (normal pressure) regime.
The second experimental unit can be considered pilot-scale. The unit consists of separate carbonator and
calciner and the lime stone is suspended in fast fluidization regime. This experimental unit is intended for postcombustion CO2 capture from flue gas of coal-fired power plant. Several design innovations were proposed to
improve the calcium looping competitiveness.

Introduction
ÚJV Řež is involved in two research projects that include the design of an experimental calcium looping unit.
The projects are:
TAČR (Technology Agency of the Czech Republic) project TA04021005 „The low-emission power plant
system including pre-combustion CO2 capture“
NF (Norwegian Grants) project NF-CZ08-OV-1-005-2015 “Research of high temperature sorption of
CO2 from flue gas using carbonate loop”
In the scope of the TAČR project a lab-scale unit for pre-combustion CO2 capture from synthesis gas was
designed. In the scope of the NF project a pilot scale-unit for post-combustion CO2 capture from flue gas was
designed.

The lab-scale unit
The lab-scale unit was designed to investigate CO2 separation from a synthesis gas (after the brown coal
gasification, high temperature desulphurisation and shift reaction). The input gas composition is 40 % CO2, 60
% H2. For the safety reasons the hydrogen was replaces by nitrogen gas in the lab-scale unit. This safety
measure will not affect the process since the hydrogen does not take part in any of the processes involved in
the calcium loop. The lab-scale unit was designed in a one reactor configuration. The reactor will be alternated
between carbonatation and calcination regime. The operating parameters are following:
Carbonatation: temperature 600 °C, pressure 2.5 MPa
Calcination: temperature 950 °C, normal pressure
The lab-scale unit disposition is shown in Figure 1. The main component of the unit is the pressure tank –
carbonator/calciner 1. The gas leaving the pressure tank is passing through the cooler 2, where the
temperature of the gas is lowered bellow 100 °C. After the cooler two measuring points are following 3
(pressure and temperature) and 4 (CO2 concentration) and the gas continues to the T-shape fitting 5 where the
flow is directed either to the carbonatation tract or calcination tract. The carbonatation tract includes the
regulation valve 6, measuring point 7 (temperature), connection to the pressure bottles 8, particle filter 9, gas
booster 10, measuring point 11 (temperature, pressure), flow meter 12 and regulation valve 13. The
connection to the pressure bottles is used in the beginning of the experiment to fill the loop with the proper
gas mixture and later in the process its purpose is to maintain the CO2 concentration on the appropriate level –
compensate for the CO2 adsorption in the carbonator.
The calcination tract includes regulation valve 14, flow meter 15 and after that the gas is released into the
atmosphere.
The dimensions of the reactor are height 850 mm, inner diameter 253 mm.
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Figure 11. Lab-scale unit

The Pilot-scale unit
The pilot-scale unit is intended for CO2 capture from the flue gas (CO2 concentration 14 %vol). The unit was
designed to process a flue gas equivalent of 11 kW and it uses a standard two reactor concept – carbonator and
calciner – with a fast fluidized bed regime (2 m/s). For standard calcium looping designs see 1, 2, 3, 4 and 5. The
dimensions of both carbonator and calciner are height 6 m, inner diameter 0,09 m. Carbonator and calcinatory
are virtually same, the only difference between them is that calcines contains a heat exchanger in the lower
part.
The carbonator unit is shown in Figure 2. The bottom section contains 3 inlets – one for flue gas, one for
recirculated sorbent and one for unreacted sorbent coming from calciner.
The operating parameters are:
Carbonator: 400 – 650 °C (nominal 600 °C), atmospheric pressure
Calciner: 900 – 950 °C (nominal 900 °C), atmospheric pressure
Some non-standard features were proposed to improve the calcium loop performance, flexibility and
competitiveness. The new features are:
1) Modular design. The unit consists of several sections that are connected with flanges. Sections can be
interchanged, removed, added or replaced by new piece of equipment if the need arises. This feature
is adding extended level of flexibility to the unit operation and future improvements.
2) Particle separation without the use of a cyclone. Special system of particle separation from the gas
was developed and used in the design which takes advantageof the so called core-annulus flow in the
fast fluidized bed. In the wall region the gas velocity is below the minimal fluidization level and the
sorbent particles are moving downwards. The carbonator section on Figure 3 is supposed to direct the
falling particles from the carbonator into the loop seal. This feature can considerably reduce the land
use of calcium looping unit.
3) External heat exchanger as the heat source for calcination. This feature is aimed to eliminate the oxyfuel combustion in the calciner. The utilisation of external heat exchanger to provide the heat for
calcination reaction will have positive impact on the units energy consumption, cost effectiveness and
competitiveness in general.
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Conclusions
Two Experimental calcium looping units were designed by ÚJV Řež in the scope of the ongoing projects. The
lab-scale unit will be finished in 2016 and uses the one reactor concept with alternating carbonatation and
calcination conditions. This makes the unit suitable for testing the sorbent properties. However, the unit will
not allow for testing any of the fluidization properties and behaviour. The unit will operate under elevated
pressure 2.5 MPa and pre-combustion conditions.
The pilot-scale unit uses the standard double reactor concept with fast fluidized bed and will operate under
post-combustion conditions. This unit will allow complex testing of both – sorbent properties and fluidization
behaviour and properties.

Figure 3: Carbonator section for particle separation

Figure 2: Pilot-scale unit – carbonator
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Abstract
Most of the pre-combustion CCS analyses using solvent for capture consider a single combined system for both
acid gas removal (AGR) and CO2 separation. For some solvents this scheme can however easily result in high
CO2 loss with the H2S rich off gas, limiting the actual achievable capture rate. This effect gets stronger for high
H2S content in syngas as can be the case for highly sulphuric coal. We are presenting a comparison between
two configurations of AGR, water-gas-shift and subsequently CO2 removal. Detailed results are presented for a
Czech coal of LHV 16.5 kJ/kg for a theoretical new IGCC plant with shell gasification and net output of approx.
250 MWe and for a range of carbon capture ratio 60-90% showing higher efficiency for the proposed scheme.

Introduction
Growing electricity demands, abundant amounts of coal and at the same time adverse effects of anthropogenic
greenhouse emissions related to climate change are the reasons why Carbon Capture and Storage (CCS)
technologies are expected to be necessary for CO2 emissions control. The efficiency penalty, together with the
additional costs, is limiting the economy of the plant even in environment of emission trading schemes.
Therefore novel ways to improve these aspects are in active research.
One of the CCS methods is pre-combustion, which can be applied into Integrated Gasification Combined Cycle
(IGCC). This method has an advantage of high absolute efficiency of the entire plant. Separation of CO2 from
syngas, where CO2 is in relatively large concentration, brings into consideration use of mostly physical sorption
methods.

IGCC plant configuration
The reference IGCC plant for the CCS technology integration is considered is based on dry coal fed oxygen
entrained flow gasifier (Shell configuration). Coal is dried, milled and by inert nitrogen from Air Separation Unit
(ASU) pneumatically conveyed into the gasifier. Alongside coal is fed compressed oxygen supplied by ASU.
Radiant cooler of syngas within the gasifier provides high pressure steam. Syngas is quenched by recycled
syngas and further cooled by feed water in convective coolers before passing through filters for flyash removal.
Following is the desulphurization system separating H2S (Acid Gas Removal - AGR). Cleaned fuel is burned in gas
turbine with parameters based on SGT-2000E (187 MWe of nominal output). Exhaust gas is used in Heat
Recovery Steam Generator (HRSG) as regular combined cycle. The basic process flow diagram is shown in
Figure 1.
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Figure 1. Process flow diagram of IGCC power plant without CCS system
When CCS technology is assumed the major adjustment to the syngas system are in its processing phase,
where apart from H2S separation it is necessary to include Water-Gas-Shift (WGS) conversion to convert CO and
added H2O steam on catalytic beds to CO2 and H2, followed by CO2 capture itself. Other major modifications are
in gas turbine design where burners must be modified for the H2 rich fuel with added N2 from ASU for
necessary dilution.
The plant and sub-processes were modelled in software AspenPLUS with using mostly the Peng-Robinson
method for properties formulation. Main input parameters for design and analysis of the power plants
(pressures, temperatures, equipment efficiency etc.) are in Table I and in larger detail summarized in1.
Table I
Design assumptions for analysed cases of power plant (IGCC without CCS)
Unit
Parameters
Unit
ASU
Oxygen purity: 95% (vol.)
GT (Gas Turbine)
Shell gasification
Gas. Pressure: 30 bar
Gas. Temperature: 1550 °C
Carbon conversion: 98.5%
O2 pressure to gasifier: 34 bar
HRSG
Syngas quench
Cooling type: gas quench
Quench temperature: 900 °C
Steam Turbine
CO2 compression
Pressure: 110 bar
Temperature: 30 °C

Parameters
Net power ouput: 187 MWe
Firing temperature: 1120 °C
Outlet temperature: 556 °C
Pressure ratio: 12
Three pressure level
(HP/MP/LP): 125/45/5 bar
Condensation pressure: 0.045 bar
Efficiency: 92%/94%/88%
Exhaust wetness: max. 12%

The plants are using Czech lignite from CSA mine descripted in Table II. This fuel is suitable for the gasification
process, due to its low ash content, but note that this is high and rather rare coal quality within the region.
Composition of the produced syngas is shown in Table II.
Table II
Fuel input and Syngas composition after sygas quench (900 °C)
Component / Parameter
FUEL
Component / Parameter
LHV [MJ/kg]
16.50
CO [vol%]
Wtr [wt%]
31.00
CO2 [vol%]
Ad [wt%]
13.00
H2 [vol%]
Volatile matter
H2S [vol%]
Cdaf [wt%]
70.40
N2 [vol%]
Hdaf [wt%]
6.10
O2 [vol%]
Ndaf [wt%]
1.00
Ar [vol%]
Odaf [wt%]
20.89
H2O [vol%]
1.61
Other (HCL, COS, CH4) etc. [vol%]
Sdaf [wt%]
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SYNGAS
48. 99
5.57
24.58
0.44
8.25
0.82
11.29
0.06

Solvent selection for H2S and CO2 separation
Most common Acid Gas Removal (AGR) technologies for H2S separation from syngas are using solvent
scrubbing (Rectisol, Selexol, Purisol etc.), where separation takes place at temperatures generally from -30°C to
+50°C. In IGCC plants are most commonly considered Selexol (DEPG) and Rectisol (methanol) technologies, with
the Selexol being more favoured especially for the CCS plants as it can provide slightly better efficiency. Reason
is mainly through lower desorption heat or higher pressure of desorbed CO22-5. Methanol properties when
compared with Selexol system has higher loading (absorption capacity) but lower selectivity between H2S and
CO2, lower operation temperatures, higher thermal and chemical stability, zero degradation, minimal
corrosion, low H2 loss from the system, higher solvent loss (especially in H2S and CO2, is not foaming and can
partly scrub also secondary contaminants4-8. Given another the experience with Rectisol from Czech IGCC
power plant Vřesová and as a result of aforementioned parameters, the Rectisol system using chilled methanol
as a solvent is considered here. Results might serve for comparison with other CCS studies mostly using Selexol.

Process configuration of Rectisol solvent systems for the CCS plant
The systems described in literature2-6,8-16 mostly take advantage of solvent selectivity between H2S and CO2 and
rather low amount of H2S in syngas from assumed gasified coal. In these systems the syngas after the WGS first
enters H2S absorber where along with the H2S is scrubbed only a small amount of CO2 which is desorbed with
the desorbed H2S stream (typically by combination of flash drums and distillation) and going for further
treatment. After this in the CCS system the H2S free syngas goes to the CO2 absorber from which a clean CO2
stream is desorbed (typically by a sequence of flash drums). Such system is shown in a block diagram in
Figure 2a. Alternatively the selectivity is applied in desorption where in flash tanks is released CO2 while H2S is
released by distillation, where absorption column is combined.
Secondly we propose alternative system described by a block diagram in Figure 2b. The system uses a
traditional H2S removal with unshifted syngas as it is on typical plants without CCS with most of the heat being
recuperated. Afterwards the H2S free syngas goes through WGS and goes to the second Rectisol system which
is intended solely for CO2 separation, after which H2 rich fuel goes to turbine.
The average temperature in absorption columns is around -10°C with the entering methanol solution always
being chilled to -20°C. Lower temperature isn’t used due to high energy demand for refrigeration. Absorbers
and desorbers were modelled as equilibrium columns and flash drum desorption was in cascade down to
atmospheric pressure 1 bar. Syngas pressure in the system is approximately 28 bar.

Figure 2. Block diagram of pre-combustion CCS syngas processing for a) traditional configuration with
combined H2S and CO2 removal system and b) proposed configuration with separated H2S and CO2 removal
system
The first case of Rectisol technology with the combined system of separation as found in literature was
modelled as it is shown on a scheme in Fig. 3. Syngas after sour WGS (with CO and H2O converted to CO2 and
H2) first enters a pre-absorber where small amount (approx. 2% of mass flow to H2S absorber) of methanol
scrubs nearly all water and small amount of CO2 and H2S in the syngas. The H2S with CO2 is first desorbed by
distillation to H2S stream followed by regeneration of methanol solvent from water. Syngas from pre-absorber
goes into the H2S absorber where the H2S is removed down close to the fuel requirement (30 ppm) along with
certain amount CO2. Afterwards the H2S free syngas goes to another absorber column where most of the CO2 is
absorbed into methanol and subsequently is desorbed as the CO2 stream for transport and sequestration. From
this CO2 loaded methanol is separated a stream as a solvent input to H2S absorber. CO2 loaded solvent is used
so that the temperature increase in the H2S absorber is minimized. Similarly this CO2 loaded solvent is routed to
the pre-washing column. As the syngas going to the H2S absorber has a very high CO2 content (selectivity of
methanol to H2S is at working temperature about 10 times higher than to CO2), for high carbon capture ration
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(CCR) there is necessity of a recirculation of one or more flash streams from the desorption to increase the H2S
content and thus limit the CO2 loss with this desulphurisation H2S stream. Different level of recirculation is
assumed for different design CCR so that most efficient operation can be assured. Note that due to very low
heat capacity of hydrogen fuel and its mixing with the compressed hot nitrogen for dilution, there is only a little
space for recuperation of syngas heat before and after the system.
In the system with separate H2S and CO2 removal the AGR is first applied to unshifted syngas (CO2 content
rather low, 5.6%) where most of the syngas heat is recuperated. The detail of the system is in Figure 4, where
can be again seen the pre-washing stage which is for syngas followed by a single absorption column only for
the H2S. This system is the same as for the reference case without CCS.
After the H2S free syngas is heated up by recuperative heat exchanger and goes through the WGS system it is
cooled down, (with only partial recuperation possible), to the second Rectisol system now used solely for the
CO2 separation, which is shown in Figure 5. In this scheme there is no need for the recirculation with a power
demanding compressor. On the other hand there is again required the pre-washing stage and heat (steam) for
solution regeneration and the syngas within the processing is repeatedly cooled down and heated up.

Results of the two configurations
The results are presented for the aforementioned systems applied to a hypothetical case of IGCC power plant
fuelled by Czech lignite. The combined system for H2S and CO2 separation is in overall simpler with supposed
lower cost. Due to the limited selectivity between H2S and CO2 in the CCS systems and high CO2 content in the
entering syngas it is necessary at high CCR to implement a recirculation of part of the H2S stream from flash
drums. By doing so there is limited the CO2 loss with the H2S stream going to further processing (typically Wet
Sulphuric Acid – WSA unit). Even so it is hard to achieve overall high CCR. In case of omitting the recirculation
compressor the CO2 loss with the H2S stream is 19% of the total carbon entering the system. When the
separated system is considered the CO2 loss in the H2S separation is constant, approximately 1.6% of all carbon
entering the system and without any recirculation of the off-gas. The reason for that high CO2 losses or
requirement of alternative solution is seen in rather high sulphur content in the lignite. The composition of
major syngas components and CO2 losses is shown in Table III.

Figure 3. Scheme of the Rectisol system for combined H2S and CO2 separation
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Figure 4. Scheme of the Rectisol system for H2S removal only

Figure 5. Scheme of the Rectisol system for CO2 removal only from H2S free syngas
Absence of the recirculation compressors saves electricity and has a potential for better control of the CO2
separation process. On the other hand the system will be more expensive with each one using the pre-washing
system (but catalysts for WGS in H2S free environment will be cheaper), there is greater loss of potential in the
gas processing from repeated heating up and cooling down. Also overall steam requirements are higher both
for process steam and steam for WGS (for case of 85% CCR by 45% and 13%).
Table III
Syngas composition entering Rectisol technology and CO2 loss for reference and CCS cases for 85% CCR
Reference Case AGR CCS + AGR Combined CCS + AGR Separated
Component / Parameter
AGR
CO2 Separation
CO [vol%]
CO2 [vol%]
H2 [vol%]
H2S [vol%]

49.0
5.6
24.6
0.4

1.0
39.0
52.9
0.3

49.0
5.6
24.6
0.4
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1.1
38.7
53.5
0.0

Reference Case AGR CCS + AGR Combined CCS + AGR Separated

Component / Parameter
CO2 in H2S stream
[vol %]
[% of all entering carbon]

60
1.6

89
7.3

AGR

CO2 Separation

60
1.6

-

As there are many aspects going against each other, the two configurations are compared by overall plant
performance, shown in Figure 6 and Table IV. The efficiency of the reference plant is 43.2% (LHV), the efficiency
of the plant with CCS integrated is shown in Figure 6. The graph shows that in the entire explored range of CCR
the configuration with separated AGR and CO2 capture units achieves higher efficiency by 0.4 to 0.7 percentage
points (p.p.).
Table IV
Selected results of technical assessment of AGR configuration cases for 85% CCR
IGCC without
IGCC with CCS
CCS
Parameters/ Cases
Net Power plant output [MWe]
Overall Efficiency [%]
AGR electricity consumption [MWe]
CCS electricity consumption [MWe]
Total parasitic load [MWe]

275.6
43.2
2.6
40.9

IGCC with CCS

(combined AGR)

(AGR+CO2 capture)

199.5
31.2
9.0 (combined)
13.5 (compression)
60.8

202.7
31.8
2.6
17.3
58.1

Figure 6. Efficiency of IGCC plant with two different Rectisol AGR + CCS system configuration

Conclusion
System of solvent washing of H2S and CO2 from syngas has been modelled for a hypothetical IGCC power plant
with and without CCS. For the CCS system were considered two alternatives of process configuration. First one
is combined system with H2S separation from the syngas after WGS together with CO2 separation right
downstream, where advantage is taken of different selectivity of solvent, methanol in Rectisol system, with
respect to H2S and CO2. The second configuration uses H2S separation before WGS with low CO2 concentration
in syngas and so uses de facto two separate Rectisol systems. Each configuration brings some benefits and
some drawbacks and a resulting performance is outcome of these effects combined (need for recirculation,
steam consumption of the system, possibility of heat utilization etc.). In the explored range of CCR 60% - 90%
achieves the separated configuration higher efficiency by approx. 0.6 p.p. This effect would be interesting to be
explored for usage of different solvents as well.
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Abstract
This paper presents a case study of several options for CO2 transport from an Integrated Gasification Combined
Cycle (IGCC) power plant with integrated CCS. The modelled case input comes from a hypothetical IGCC plant
fuelled with lignite and using solvent pre-combustion capture method (Rectisol) located in the Czech Republic.
After presenting a fundamental model for CO2 transport (in gas and liquid form), there are presented results for
two different storage sites (on-shore and off-shore). The on-shore storage is located approximately 23 km from
the power plant. The off-shore storage option is located in the North Sea and considers transporting of the CO2
to the assumed European CO2 transport connection point located approximately 500 km from the power plant.
For each of these options two means of transport will be considered, first by pipeline in gaseous form and
second as a liquefied CO2 by train.
Finally, the fundamentals results of technical and economic impacts are presented for all analysed cases of CO2
transport in gas form.

Introduction
Transport of CO2 is very important part of CCS technology. The transport depends on the Capture method as
well on storage location. According to location of capture and storage can choose type of transport.
This paper is focused on transport of CO2 from solvent pre-combustion capture method (Rectisol). The
transport is very important for future develop CCS technology in the Czech Republic. This case study is a first
approximation in issues transport of CO2. In this paper is transport focused to the method of transport in gas
phase for two storage location in Europe.

Description of transport method
Transport CO2 is an important part of CCS technology. Transportation can be performed for the two phases of
CO2. It is a liquid phase and a gas phase. The suitable transport type is selected in depending on the phase.
There are two ways contemplated transport at present.
The first method of transport is transport via pipelines. In this method is CO2 transported in the gas phase in a
region above the critical pressure. Operating pressure for pipelines is from 8.6 to 20 MPa with temperature
from 4 °C to 38 °C1. Recommended mixture composition of CO2 is shown in Table 1.
The second method is the transport of CO2 in the pressurized container. Transport is performed by ships, trucks
or trains. This type of transport is used especially for off-shore locations, where they are used specially
modified cargo ships. The transport pressure for liquid CO2 is in the range from 0.52 MPa up to 7.3 MPa and
temperature is about -50 °C. Recommended mixture composition of CO2 for transportation in the liquid phase
is shown in Table I.
Table I
Recommended composition of mixtures for the transport of1
H2O
H2S
CO
CH4
N2
O2
Component
ppm ppm ppm
vol. %*
vol. %*
Pipeline
500
200
2000
<4
<4
Ship/truck
50
200
2000
< 0.3
< 0.3
* all condensable gases

Ar
vol. %*
<4
< 0.3

H2
vol. %*
<4
< 0.3

CO2
%
> 95.5
> 99.7

The calculation of the transport route is focused on both methods of transport. The storage is considered in
two locations, on-shore and off-shore. On-shore storage is located in the Zatec basin2,3. In the case of transport
via pipeline is length about 23 km.
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In case of transport in the liquid phase are selected two routes for on-shore storage. Transport in the liquid
phase is considered using trains. Transport of CO2 by trains is considered because of geographic location
capture and storage and large railway network. The length of the transport routes is about 50 km for both
routes. The transport routes are shown in Figure 1.

Figure 1.The transport routes for on-shore a) The pipeline b) The train
Effect of elevation is considered in calculation of transport via pipeline. In Figure 2 is shown elevation to
transport CO2 to the storage site near the source of CO2 (on-shore).

Elevation [m]

45 0
35 0
25 0
15 0
0

500 0

100 00

1 5000

2 0000

25000

Distance [km]

Figure 2. Elevation for transport via pipeline (on-shore)
The Figure 2 is shown Elevation for transport via pipeline for onshore. The elevation will affect the final result
and the pressure drop in the pipeline. Design additional compression station it is necessary, if is considered
effect of elevation on the transport of CO2 depending on elevation.
Transport of CO2 to off-shore locations is taken into account also in liquid and gaseous phase. Place for storage
of CO2 is located in the North Sea. Connected to EU CCS continental pipe is considered in the case of transport
via pipeline. It is envisaged to build connections from the power plant to EU CCS continental pipe. The route is
approximately 120 km from pipeline to the EU CCS continental pipe. The route is via mountains. The effect of
elevation is considered as for on-shore storage. The total length of the pipeline is about 500 km from power
plant to off-shore storage (North Sea coast). The route is shown in Figure 3a.

Figure 3. The transport routes for off shore a) The pipeline b) The train4,5
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The transport for off-shore location in the liquid phase is considered as well as on-shore location. The transport
of CO2 is performed via trains because of geographic location capture and storage and large railway network.
The route for transport in liquid phase is shown in Figure 3b.

Description of the calculations
The calculation is performed for transport via pipeline. The conditioning and compression prior to the pipeline
transport are also included in the calculation as illustrated in Figure 4. In this study the CO2 feed temperature
and pressure is -15°C at atmospheric pressure while the pipeline transport initial pressure is 150 bar. The flow
rate is 54.71 kg/s that accounts for about 68 kTonne/year. The initial temperature in the pipeline is calculated
from the conditioning. During the conditioning and compression any water present in the CO2 stream is
removed as liquid in the separators prior to each compression stage. For the case for this study, the water has
already been removed in the capture process and the compression is taken place in the single phase gas region.
This is illustrated in a pressure-enthalpy diagram in Figure 4.

Figure 4. Conditioning and compression for pipeline transport of CO2
The calculation of the energy consumption for the pipeline is done calculating the local frictional pressure loss
based on the varying fluid temperature and pressure along the pipeline. An average ambient temperature of
15°C is used with the pipeline buried at 1.0 m depth in soils with a thermal conductivity of 2.4 W/m K. To avoid
transport in the two-phase region, a minimum pressure of 90 bar in the pipeline is defined and for both the onshore (23 km) and off-shore (120 km) case, the smallest pipeline diameter to avoid having the need for recompression is selected. This means 10 3/4" diameter pipeline with wall thickness of 15/32" for the off-shore
case and an 8 5/8" with a wall thickness of 3/8" for the on-shore case. The dimensions of the pipeline are taken
out of the norm ASME B31.4-2002. The parameters for calculation are shown in Table II.
Table II
Parameters for calculation of transport of CO2.
N2
H2
CO
Ar
[vol%]
[vol%]
[vol%]
[vol%]
0.00398

0.00441

0.00028

D

0.27

m

t_wall

0.011

m

0.00079

MeOH
[vol%]

H2S
[vol%]

CO2
[vol%]

T
[°C]

P
[bar]

m
[kg/s]

0.0032

0.00017

0.98745

-15

1

53.71

Total length of pipeline

23
120

km

On-shore
Off-shore

Results
The calculations were performed with parameters and mixtures according Table II. The result for compression
station is shown in Table III. The compression station is same for both variant of transport via pipeline, onshore and off-shore. Pressure drops for off-shore and on-shore pipeline is shown in the Table III.
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Table III
Result for the compression station and pipeline for on-shore and off-shore.
Stage
Tin
Tout
P
Q_cold
Compressor power
13.05
[°C]
[°C]
[bar]
[MW]
Outlet T.
36.96
1
-15
81.6
1.032
3.428
Outlet P.
150
2
25
119.9
3.3
3.297
On-shore
3
25
123.2
9.5
3.149
Pressure drop
2.85
4
25
128.1
28
2.58
Off-shore
5
25
36.9
85
0.603
Pressure drop
20.06

MW
°C
bar
bar
bar

Temperature [°C]

The calculation of pipeline was included effect of elevation. Impact of elevation on temperature and pressure
in pipeline is shown in Figure 5 and Figure 6. The result in Figure 5 and 6 is for on-shore.
38
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Figure 5. Impact of elevation on temperature in pipeline – on-shore
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Figure 6. Impact of elevation on pressure in pipeline – on-shore
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The results for off-shore are shown in Figure 7 and Figure 8. The Figure 7 shows impact of elevation on
temperature. The Figure 8 shows impact of elevation on pressure in pipeline.
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Figure 7. Impact of elevation on temperature in pipeline – off-shore
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Figure 8. Impact of elevation on pressure in pipeline – off-shore
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120

According result is obviously that, the Booster station is not necessary included to the transport via pipeline.
However if you consider longer transport route, for example to North sea, Booster station will be necessary
included to the design of pipeline according to pipeline diameter.
The calculation of transport in liquid phase is different in parameters for compression station. The calculation
and result of transport in liquid phase will be presented in next part of project.

Technical and economic impacts
The result of the energy requirements for the conditioning and transport of CO2 with impurities are coupled to
a cost model based on the NOAK (Nth of a Kind) principle6 where the investments costs, maintenance and
operating costs for both the conditioning and for the transport are included. As a key performance indicator
the CO2 avoided transport costs that approximate the average discounted CO2 tax or quota during the duration
of the project that would be required as income to match the net present value of the additional capital and
operating costs. The annual avoided amount of CO2 transported is defined as the CO2 transported minus the
amount of CO2 generated from electricity consumption in the conditioning and transport process applying this
methodology on the cases for pipeline transport to a local on-shore storage site (23 km), and for transport to a
common European pipeline for off-shore storage (120 km). In the latter case in the energy consumption
calculations only the frictional pressure losses are included. As seen from Table III, the cost for the conditioning
will be almost identical in the two cases, but when the investments end transport in the of the two different
pipelines the cost of transporting to a shared infrastructure is more the doubled, compared to the transporting
to the local storage site.
Table IV
Cost of transporting the captured CO2 (53.71 kg/s) in €/tCO2 avoided
Conditioning
Transport
Transport to nearby storage
8.59
4.99
(23km)
Transport
to
a
shared
8.77
10.81
infrastructure (120km)

Transport and conditioning
13.58
19.57

In Figure 9, the cost is broken down into various contributions (line the electricity costs, cooling cost, climate
impact and the OPEX and CAPEX) for the conditioning and for the transport.

Figure 9. Breakdown of cost for the compression and transport of CO2 for two different pipeline transport
scenarios in €/ton CO2 avoided
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For these two scenarios, the transport of CO2 in a new pipeline to a nearby storage site would be the less
costly. Later in this project this will be compared to liquefaction and tanked transport by train.

Conclusion and future perspectives
The next step is the calculation of transport in liquid phase for on-shore and offshore. Future work will be
calculation of transport via pipeline with different dimension of pipe. At the same time the economic analysis
of dimension of pipe for pipeline will be done. Further, the economic analysis of modes of transport will be
carried out taking into account the construction of a new pipeline or new railway connections.
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Abstract
In terms of CO2 capture by adsorption, this work aimed at preparing an appropriate adsorbent based on
commercially available adsorbents and at a practical verification of a technical concept of adsorption method
based on rotational adsorber in operational conditions of a lignite-fired power plant. Adsorption-based
separation of CO2 from flue gas originating from lignite power plant was designed considering conditions of the
Czech Republic. The technology was tested in pilot scale with model gas mixture and then was operated with
real flue gas. The results obtained from pilot-scale experiments were used for technical design of CO2
adsorption from flue gas for a given power plant and local fuel. Then, optimization and integration with power
plant was carried out and main economic criteria of power plant with CCS were evaluated.

Introduction
The increase in CO2 concentration in the atmosphere is amongst the factors that contribute to global climate
change. Energetics and transportation are two major anthropogenic CO2 emitters which are based on fossil fuel
combustion. In order to systematically lower the CO2 emissions originating in energetics and large industrial
sources, various carbon dioxide capture and storage technologies have been designed. Currently the most
widely used method for capturing CO2 is based on absorption, but it faces various technological issues. The
operational issues of the absorption method can be mitigated or eliminated by using adsorption to separate
CO2 from gas mixture.
The research project no. TA02020205 which was in progress from January 2011 to December 2015 was focused
on designing adsorption method for capturing CO2 from flue gas. The project consisted of four main parts:
• laboratory preparation of functionalized adsorbents and experimental testing of adsorption method in
laboratory conditions,
• concept, construction and building of pilot device and testing of adsorption method using model and
real flue gas,
• basic conceptual and balance calculations of main components and subsystems of CO2 capture
technology and optimization of capture technology integrated with power plant and
• techno-economic analysis.

Laboratory experiments
Experiments in laboratory conditions required concept and assembly of adsorption-desorption unit for testing
adsorption materials and included development of impregnation methods to prepare new CO2-sorbents,
preparation of impregnated adsorbents, characterization of adsorption materials and flow adsorption and
regeneration tests.
To prepare an adsorbent suitable for CO2 capture from flue gas (e.g. with sufficient working capacity and
selectivity for CO2 at 60 °C and atmospheric pressure; and a reasonable resistance to moisture and SO2),
following commercial materials were used: microporous molecular sieve Calsit 5A; micro/mesoporous
activated carbon AP4-50, mesoporous silicagel KC-Trockenperlen H, and mesoporous combined adsorbent
Envisorb B+. The adsorbents were impregnated with different alcalic, nitrogen-containing compounds:
ethanolamine (MEA), ethylendiamine (ED), 1,8-diazabicyklo[5.4.0]undec-7-ene (DBU) and polyethylenimine
(PEI). First, wet impregnation method was applied to immobilize functional groups on the surface of
adsorbents. Subsequently, this method was modified with aim to improve the characteristics of impregnated
samples (amount of immobilized compound, adsorption capacity for CO2). Besides these commercial and
prepared samples, other materials were tested to evaluate their adsorption capacity and regenerability:
mesoporous silica SGR50, microporous molecular sieve 13X and activated soot Chezacarb with H2SO4 and
soluble glass.
Commercial and impregnated samples of adsorbents were characterized to describe structural and chemical
changes after impregnation. BET surface and BJH pore volume analyses were carried out to specify the
4rd International Conference on Chemical Technology | ICCT 2016

[321]

accessible surface and pore volume and distribution. Elementary analysis quantitatively described the
elemental composition of the samples. Thermal and chemical stability was tested via thermogravimetric
analysis with spectral analysis.
Fig. 1 shows the laboratory unit for flow adsorption and regeneration tests. During adsorption phase, the
model gas mixture of 14% CO2 and N2 is introduced into the pre-heating tube filled with glass spheres. The
tempered gas mixture continues to the adsorber filled with a sample of adsorbent. The concentration of CO2 in
the outlet gas is analysed by the infrared analyser. When the outlet concentration of CO2 equals the inlet
concentration, the adsorption experiment is finished. During desorption, the temperature in adsorption bed is
increased to 120 °C and at this temperature, pure nitrogen stream is introduced into the adsorber to wash out
the adsorbed CO2.

Figure 1. Laboratory apparatus for flow adsorption and regeneration tests
The operational temperature varied during experiments according to the specified aim of each test. During
regeneration tests, which were conducted at elevated temperature, the parameters were following:

•
•
•
•
•

adsorption temperature: 65 °C;
desorption temperature: 120 °C;
pressure: atmospheric;
adsorption gas flow: 1.5 l/min;
desorption gas flow: 3 l/min.

Pilot-scale experiments
Pilot-scale experiments were conducted in parallel with the laboratory testing of adsorption materials. First,
the concept, construction and building of pilot device was accomplished. Pre-operation tests followed to
examine operability of the device and its components. Then, operation tests were carried out. These
experiments were focused on setting the optimal operation parameters considering the selected adsorbent,
evaluation of adsorption capacity of selected adsorbent and evaluation of adsorption effectivity. The
experiments included three series: adsorption of CO2 from model gas mixture on activated carbon, adsorption
of CO2 from flue gas on activated carbon and adsorption of CO2 from flue gas on molecular sieve.
Pilot experiments were conducted on pilot device which is depicted in Fig. 2.
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Figure 2. Pilot-scale device for semi-continual adsorption experiments
The experimental pilot device consists of four parts: adsorption, desorption and two stages of cooling. All these
parts are ran simultaneously. In the adsorption phase, there are three of six adsorption columns of the device.
One column is designated for high-temperature desorption and two columns are for cooling. The nominal
parameters of the device are as follows:
• operational output: 140 m3/h gas, gas flow up to 0.1 m/s;
• adsorption temperature: 60 – 80 °C;
• desorption temperature: 120 – 200 °C;
• system pressure: atmospheric;
• corrosive impurities;
• humidity level: up to 100% rel.;
• minimal solid particle content.

Techno-economic analysis
Techno-economic analysis started with basic calculations – heat and mass balance and with specifying the
parameters of components of CO2 capture system. The CO2 capture system was then integrated into a power
plant and optimization of the power plant with integrated CO2 capture system was carried out. The optimal
parameters of capture technology designed for specific flue gas composition and power plant parameters
were:

•
•
•
•
•
•
•

three adsorption wheels;
adsorption wheel diameter: 20 m;
fixed bed height: 0.8 m;
adsorbent mass: 760 t;
desorption gas: CO2, heating gas to 180 °C at the inlet requires 55000 MJ/h;
cooling air: 340 000 Nm3/h at 30 °C max.;
purity of desorbed CO2: 95%.

Evaluation of basic economic indicators of specific power plant with integrated adsorption-based CO2 capture
system was based on heat and mass balance of the optimal technical design of capture technology. Two
variants were economically evaluated (reference power plant - coal power plant without CCS technology, and
coal power plant with CCS technology based on adsorption on activated carbon), and the impacts of integrating
CO2 capture into a power plant economy were assessed. Economic impacts of adsorption-based CO2 capture
integration were then compared with ammonia absorption CO2 capture and oxyfuel technology.
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Main evaluated economic criteria were:
• CAPEX – investment costs;
• OPEX – annual operation costs;
• COE – costs of electricity;
• LCOE – levelized costs of electricity;
• costs of CO2 separated (1 tonne);
• costs of CO2 avoided.

Discussion and results
During laboratory experiments, approximately 30 samples of adsorbents were prepared using various
impregnation methods. In most cases, immobilization of impregnants caused loss in adsorption capacity for
CO2. There were only two cases in which the adsorption capacity increased in comparison with nonimpregnated samples – the samples with methanol on their surface and the sample treated with HNO3 before
amines were applied. In first case, the main disadvantage is that methanol is unstable in conditions of flue gas.
In second case, the sample treated with HNO3 showed only small increase in adsorption capacity in comparison
with non-impregnated activated carbon. Thus, commercially available activated carbon and molecular sieve
were chosen for pilot experiments. Thanks to the technical concept of the device, the low adsorption capacity
of commercial adsorbents was balanced by the „time of rotation“ parameter. The proposed technical concept
of the adsorber was then succesfully tested in real flue gas conditions.
The operational data and results from pilot measurements were put into the techno-economic analysis. The
economic analysis showed some key characteristics of the power plant system with integrated CO2 capture
based on adsorption. The power plant efficiency decreased of 4.77 pp (from 38.4 %), but the self-consumption
of electricity was low. Also, compared to amines and ammonia, activated carbon used for CO2 capture is a nontoxic adsorption material. The changes of main economic criteria of the power plant, regarding the reference
power plant without CO2 capture, were:
• CAPEX: 27% increase compared to power plant without CCS;
• OPEX: 5% decrease (lower costs of EUA);
• COE: 31% increase;
• LCOE: 22% increase;
• costs of CO2 separated: 20 USD per 1t CO2.
Comparison of adsorption-based capture with oxyfuel technology and ammonia-based absorption showed:
• lower CAPEX by 12 – 17%, respectively;
• lower COE by 15 – 18%, respectively;
• lower Costs of CO2 separated by 40 – 45%, respectively.
The techno-economic analysis also approved, that adsorption-based CO2 capture can be competitive to
ammonia scrubbing and oxyfuel, because using a proper adsorbent and a technical design leads to achieving
the acceptable economic requirements, which are:
• increase in LCOE: 35% max.;
• costs of CO2 separated: max. 1.5 times the price of EUA;
• CO2 separation ratio: 90%.
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Abstract
In this contribution the application of a novel flame retardant based on halogenophosphazene derivative in
waterborne coatings based on self-crosslinking latexes was investigated. Hexaallylamino-cyclo-triphosphazene
was synthesized by nucleophilic substitution of hexachloro-cyclo-triphosphazene with allyl amine. Latexes of
functionalized core-shell particles bearing in the structure a covalently linked hexachloro-cyclo-triphosphazene
were prepared by the semi-continuous non-seeded emulsion polymerization of methyl methacrylate, butyl
acrylate and methacrylic acid as main monomers. For interfacial crosslinking, diacetone acrylamide was
copolymerized into the shell layer of latex particles to provide sites for subsequent reaction with adipic acid
dihydrazide. The incorporation hexaallylamino-cyclo-triphosphazene did not affect transparency, flexibility,
toughness and adhesive properties of resulting coatings. Moreover, the presence of the novel flame retardant
increased the flame stability of coatings in terms of total heat release, amount of released smoke and
maximum average rate of heat emission which indicates a slower flame spread during the material combustion.

Introduction
Nowadays, the coating industries as well as consumers appreciate the technologies which reduce or eliminate
the application of organic solvents in paint and varnish materials. Recently, crosslinking via the reaction
between carbonyl groups in diacetone acrylamide (DAAM) repeat units and hydrazide groups from adipic acid
dihydrazide (ADH) has attracted a tremendous amount of research activity and has been shown to be
particularly effective. This reaction is favored by the loss of water and the simultaneous decrease in pH arising
from the evaporation of ammonia or amines during the film forming process. Since ADH is water soluble and
added to the latex after its preparation, the crosslinking reaction occurs predominantly near the particle
surfaces, giving rise to interfacial crosslinking between particles during film formation. As the ambient selfcrosslinking latexes can get crosslinked rapidly at room temperature and do not need additional crosslinker to
be added before use, this kind of latex can be used in a wide range of applications, starting from paints for the
building industry, through wood paints and varnishes to paints for metal protection and decorative systems1-3.
For special applications, increased flame stability of utilized coating materials may be appreciated. This
requirement can be solved easily by using convenient inorganic pigments and additives in the case of paint
formulations, whereas a serious problem may occur in the case of transparent varnishes and top coats. The
incorporation of organic phosphorus for clear-coating applications has been referred in the literature4. Huang
et al. utilized an aziridine and phosphorus-containing compound to serve both as a curing agent and as a flame
retardant for aqueous-based polyurethane resin5. Several authors investigated derivatives of halogeno-cyclophosphazenes linked into the structure of the film-forming polymers. Hexahalogeno-cyclo-triphosphazenes
contain alternating phosphorus and nitrogen atoms in the cycle with two substituents attached to the
phosphorus atoms. These compounds exhibit unusual thermal properties, such as flame retarding and selfextinguish ability6,7. During the endothermic thermal decomposition of phosphazene-based polymers,
phosphate, metaphosphate and polyphosphate compounds are generated and a nonvolatile protective barrier
layer on the polymer surface is formed, cutting off the supply of oxygen8,9.
In the present work, we focused on the synthesis of a novel flame retardant based on hexachloro-cyclotriphosphazene (HCCTP) derivative and its incorporation into self-crosslinking latexes based on DAAM and ADH
crosslinking system. The flame retardant was synthesized using nucleophilic substitution of HCCTP with
allylamine resulting in hexaallylamino-cyclo-triphosphazene (HACTP). The latexes bearing in the polymeric
structure covalently linked molecules of HACTP were further were investigated with respect to their potential
application as transparent binders with improved flame stability.
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Experiment
Materials
Allyl amine and hexachloro-cyclo-triphosphazene (HCCTP) were purchased from Sigma-Aldrich, Czech Republic
and were used for the synthesis of the hexaallylamino-cyclo-triphosphazene (HACTP) flame retardant. Selfcrosslinking latexes investigated in this research work were synthesized of methyl methacrylate (MMA), butyl
acrylate (BA), methacrylic acid (MAA), and 2-hydroxyethyl methacrylate (HEMA). All the monomers were
purchased from Roehm (Germany). Disponil FES 993 IS (BASF, Czech Republic) was used as a surfactant and
ammonium persulfate (Lach-Ner Company, Czech Republic) was utilized as an initiator of the polymerization
reaction. Adipic acid dihydrazide (ADH) was utilized as the crosslinker and was purchased from Sigma-Aldrich,
Czech Republic. Tetrahydrofuran (THF, Penta, Czech Republic) was stored under anhydrous conditions using
activated molecular sieves. All the chemicals were utilized as received without any further purification.
Synthesis of HACTP
The synthesis of HACTP was performed under anhydrous conditions in an inert argon atmosphere using
Schlenk containers. The synthesis reaction of the phosphazene derivative is shown in Fig. 1. A Schlenk flask was
filled in with 0.0014 mol of HCCTP and 20 mL of THF under an inert atmosphere. 0.0073 mol of allylamine was
slowly added dropwise into the stirred reaction mixture at the boiling point of THF. The reaction was
terminated after 72 h followed by filtration of resulting salts. Three times washing with THF was followed by
vacuum distillation to remove THF from the product. The preparation of HACTP was monitored during the
synthesis by means of thin layer chromatography and the identity of the prepared derivative was confirmed
also by measuring the melting point.

Preparation and characterization of self-crosslinking latexes with copolymerized HACTP
Self-crosslinking latexes of core-shell particles containing various levels of HACTP were synthesized by the semicontinuous non-seeded emulsion polymerization comprising a variable content of acrylic monomers (Table I).
The latexes were produced in a 700 ml glass reactor under nitrogen atmosphere at 85 °C. The reactor charge
was put into the reactor and heated to the polymerization temperature. Then the monomer emulsion was fed
into the stirred reactor at the feeding rate about 2 ml/min in two steps (1. core preparation, 2. shell
preparation). After that, during 2 hours of hold period the polymerization was completed. The recipe of
emulsion polymerization is described in the reference10. The pH was adjusted to 8.5 with ammonia solution. To
produce the self-crosslinking latexes, a 10 wt.% aqueous solution of ADH, in the amount corresponding to the
molar ratio ADH:DAAM = 1:2, was added to the latex under agitation. The minimum film-forming temperature
(MFFT) was measured using the MFFT-60 instrument (Rhopoint Instruments, UK) according to ISO 2115. For the
glass transition temperature (Tg) and gel content measurements, specimen were prepared by pouring the selfcrosslinking latexes into a silicone mould. Films were formed by water evaporation at room temperature for a
month. Tg values were determined by means of differential scanning calorimetry using a Pyris 1 DSC instrument
(Perkin-Elmer, USA). The gel content was determined according to CSN EN ISO 6427 using a 24-hr extraction
with THF in a Soxhlet extractor. The presence of the copolymerized HACTP in the emulsion copolymers was
investigated by means of 31P(H) NMR using a Bruker Advance DRX 300 instrument (Bruker Corp., Germany) at
the frequency of 31P: 202.46 MHz and 85 % H3PO4 (as the external standard).

Coating preparation and evaluation
The non-pigmented coating films with a wet thickness of 120 µm were cast on glass and metallic panels by
drawing the self-crosslinking latexes using a blade applicator. No coalescing solvents were used. The resulting
coating films based on latex particles containing variable amount of HACTP in their core and shell structures,
respectively, were evaluated for their gloss, hardness, adhesion, impact resistance, water sensitivity and flame
stability. The gloss of coatings was measured by a micro TRI-gloss µ instrument (BYK-Gardner, Germany) using a
gloss-measuring geometry 60°. The hardness of test films was measured by the pendulum hardness tester
“Perzos” pendulum (BYK-Gardner, Germany) following the CSN EN ISO 1522. The adhesion was determined
using the cross-cut tester (Elcometer Instruments, UK) following the CSN ISO 2409 and the impact resistance
was evaluated according to CSN EN ISO 6272 using the Elcometer 1615 Variable Impact Tester (Elcometer
Instruments, UK). All experiments were carried out at room temperature (23 ± 1 °C).
For evaluating the water sensitivity, specimens were prepared by pouring the self-crosslinking latexes into a
silicone mould. Films were air-dried at room temperature (23 °C) for a month. The water sensitivity expressed
in terms of water absorption by latex films was measured by immersing samples in distilled water at 23 °C. The
water absorption, A is given by A = 100(wt – w0)/w0, where w0 is the sample weight before immersion and wt is
the sample weight after immersion in water during given time. For testing the flame stability using the dual
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cone calorimeter (Fire Testing Technology, UK), specimens of the approximate dimensions 80 x 50 x 4 mm3
were prepared by pouring the self-crosslinking latexes into a silicone mould. Films were air-dried at room
temperature (23 °C) for 30 days. The measurements were performed in a sample holder suitable for testing of
thermally thin materials.
Table I
Composition and MFFT values of self-crosslinking latexes based on core-shell particles containing HACTP
Sample
Composition of monomer feeds [wt.%]
MFFT
MMA/BA/MAA/DAAM/HACTP
[°C]
Core
Shell
C0S0
49/49/2/0/0
42/51/2/5/0
5.1
C0.1S0
48.95/48.95/2/0/0.1
42/51/2/5/0
5.6
48.9/48.9/2/0/0.2
42/51/2/5/0
5.6
C0.2S0
C0.4S0
48.8/48.8/2/0/0.4
42/51/2/5/0
5.8
C0S0.1
49/49/2/0/0
41.95/50.95/2/5/0.1
5.5
C0S0.2
49/49/2/0/0
41.9/50.9/2/5/0.2
5.6
C0S0.4
49/49/2/0/0
41.8/50.8/2/5/0.4
5.8

Discussion and result analysis
Characterization of latex copolymers
Latexes with negligible amount of coagulum (0.1 – 0.5 %) were synthesized by the semi-continuous non-seeded
emulsion polymerization process with varying amount and location of HACTP molecules in core-shell
compositions. All the prepared self-crosslinking latexes (after ADH addition) were stable for over 12 months.
MFFT values were shown not to be influenced by presence of HACTP in latex particles (see Table I). All the
synthesized self-crosslinking latexes exhibited low values of MFFT suggesting good application and film-forming
properties. The prepared latex copolymers were studied from the point of view of glass transition temperature
and gel content with respect to HACTP concentration and location inside the latex particles. These
characteristic properties are listed in Table II. Tg and gel content values were shown to be influenced markedly
by the content of HACTP in latex particles. Although the pendant allyl double bonds of HACTP were supposed
to remain partly unreacted (because of steric hindrance effects and lower reactivity in comparison to vinyl
groups of acrylic monomers) and therefore the crosslinking ability of the phosphazene derivative was believed
to be suppressed, the glass transition temperature and gel content of emulsion copolymers were found to be
increased with the growing content of HACTP. This phenomenon clearly reveals the formation of crosslinks and
leads us to suppose that in the process of emulsion polymerization of common acrylic monomers, HACTP may
act as an efficient crosslinker leading to the formation of latex particles of microgel structure. When comparing
the results of the gel content for the emulsion copolymers before and after post-crosslinking using ADH, the
ADH-crosslinked copolymers exhibited increased Tg and gel content values as a result of increasing the network
density owing to keto-hydrazide crosslinking.
Table II
Effect of HACTP and post-crosslinking using ADH on Tg and gel content values of emulsion copolymers
Sample
Copolymers without ADH
Copolymers after crosslinking with ADH
Tg [°C]
Gel content [%]
Tg [°C]
Gel content [%]
C0S0
12.2
8.3
18.9
75.1
C0.1S0
14.5
32.9
18.9
84.3
C0.2S0
15.6
70.0
19.3
89.2
C0.4S0
18.1
83.9
20.9
97.0
C0S0.1
12.8
22.5
16.1
80.9
C0S0.2
14.2
36.7
20.5
83.7
C0S0.4
16.0
72.0
19.1
87.4
The presence of the copolymerized HACTP in the synthesized emulsion copolymers was tested using 31P(H)
NMR. It was found that almost the identical 31P NMR spectra were obtained in the case of gel fractions of the
investigated emulsion copolymers (Figure 5); a singlet at a chemical shift δ (S) = 21.63 ppm occurred in the
spectrum of the high-molar mass polymer fraction, which indicated the presence of HACTP molecules. Hence, it
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can be stated that HACTP was successfully incorporated into the macromolecular structure of acrylic polymers
via the emulsion polymerization technique proceeding at standard conditions.

Figure 1. 31P(H) NMR spectrum for the gel fraction of the C0.4S0 copolymer containing theoretically 0.4 wt.% of
HACTP in the core structure of latex particles.

Characterizatition of latex coatings
Non-pigmented coating films cast from thermosetting one-package latexes based on the HACTP-modified
emulsion microgels were prepared and their properties were tested. All the coating systems were able to form
transparent films. Dry film thickness of the coatings was approximately 60 µm. The effect of HACTP on final
coating properties is presented in Table III. It was shown that the tested coating films can be characterized by
high gloss (gloss value at 60 ° geometry above 70 %) or semi-gloss (below 70 %). A decrease in gloss appeared
especially with higher amounts (0.2 and 0.4 wt.%) of HACTP being copolymerized in the core structure of latex
particles, whereas in the case of coatings based on latex particles with HACTP copolymerized in the shell
structure, the deterioration of gloss was observed for all samples with the exception of coatings made of C0S0.2
(comprising 0.2 wt.% of HACTP in monomer feeds forming shell layer). These coatings exhibited even higher
gloss than the HACTP-free coatings. The gloss deterioration might be related to coalescence worsening due to
increased network density and polarity changes of latex particles caused by presence of HACTP molecules.
Nevertheless, the HACTP influence on surface character of coating films is still the subject of additional studies.
It was observed further that hardness of coating films was enhanced with the increasing content of HACTP in
microgel particles, which was more pronounced in the case of latex particles with HACTP copolymerized in the
core structure. This fact can be attributed to increased network density of resulting polymer materials, which is
consistent with Tg elevation of the corresponding emulsion copolymers (see Table II). It was shown as well that
all the tested coatings containing copolymerized HACTP exhibited superior impact resistance and high adhesion
suggesting the formation of crosslinked and elastic polymer materials in which sufficient coalescence of latex
particles had been achieved before the ADH-crosslinking took place. Moreover, in comparison with the HACTPfree coatings, water sensitivity of the coating films comprising the novel phosphazene derivative (expressed in
terms of water absorption) was decreased with the growing concentration of HACTP, being more pronounced
in the case of copolymerizing HACTP in the core of emulsion particles. This fact suggests inferior coalescence of
latex particles comprising HACTP. The open film structure facilitates the extraction of emulsifier and other
water soluble components by water, which results in a lower water uptake due to decreased osmotic pressure.
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Table III
Comparison of final properties of coating films based on self-crosslinking latexes differing in the amount and
location of HACTP in emulsion particles
Sample
Gloss 60° [%]
Hardness [%] Adhesiona Impact resistanceb [cm] Water absorptionc [%]
C0S0
84.7 ± 2.7
22.0 ± 0.7
1
95
53.4 ± 2.1
C0.1S0
82.7 ± 0.3
23.7 ± 0.5
1
above 100
43.3 ± 1.7
C0.2S0
58.4 ± 0.4
26.4 ± 0.3
0
above 100
40.7 ± 0.9
69.9 ± 1.8
34.3 ± 1.1
0
above 100
35.9 ± 1.1
C0.4S0
C0S0.1
58.5 ± 3.6
19.9 ± 0.8
1
above 100
52.7 ± 1.6
C0S0.2
87.2 ± 0.5
24.3 ± 1.3
0
above 100
50.2 ± 1.8
59.2 ± 1.3
27.0 ± 1.6
1
99
49.3 ± 0.7
C0S0.4
a
b
c

Adhesion is expressed as the degree of flaking in the scale: 0 − 4, where 0 corresponds to the best property.
Maximum evaluative value (representing the best property) is 100 cm.
Value determined after 30-days-long immersion in distilled water.

As our system of interest was focused primarily on the evaluation of flame retardancy of the prepared
phosphazene derivative in the resulting coatings, the effect of HACTP amount and location inside latex particles
on combustion of coating films was studied in particular. The results obtained from measurements using dual
cone calorimeter are presented in Table IV and Figure 2. Fig. 2 indicates that the coating material containing
HACTP (C0-S0.4) ignited later than the coating based on microgels without phosphazene derivative (C0S0). The
other coatings containing the phosphazene derivative exhibited a similar behavior. Table 7 reveals that the
coatings comprising HACTP exhibited lower values of mean heat release rate, mean effective heat of
combustion and total heat release. This phenomenon is more pronounced with increasing HACTP content,
which indicates a slower flame spread due to incorporated HACTP. Decreased values of total smoke release
during combustion of samples containing HACTP may reflect a more efficient oxidation of hydrocarbon chains
in the presence of the phosphorus compound. It is assumed that the phosphorus atom reacts in the gas phase
where the PO• radical is playing the main role. In the case of values of total oxygen consumed, no significant
effect of HACTP presence was proved. Nevertheless, one of the most important criterions of the flammability
evaluation is the maximum average rate of heat emission (MARHE) that decreased markedly by the growing
content of HACTP in the tested coating materials. These results lead us to conclude that HACTP did act as a
flame retardant in the investigated coating materials. The flame stability was influenced mainly by the HACTP
content while the HACTP location inside emulsion microgels was not proved to be of great importance.
Table IV
Results of combustion in a cone calorimeter for coatings based on self-crosslinking latexes containing
structured particles differing in the amount and location of HACTP molecules
Evaluated parametera
C0S0
C0.1S0
C0.2S0 C0.4S0
C0S0.1
C0S0.2
Mean heat release rate, kW/m2.g
52.8
46.2
34.1
29.3
32.8
32.4
Mean effective heat of combustion, MJ/kg.g
2.48
2.16
2.74
2.63
2.62
3.11
Total heat release, MJ/m².g
15.01
7.52
7.38
6.90
7.29
8.11
Total oxygen consumed, g/g
1.44
1.62
1.61
1.55
1.57
1.63
Total smoke release, m²/m².g
141.1
78.6
64.5
58.5
75.0
71.8
Maximum average rate of heat emission,
45.9
33.6
32.2
31.9
37.7
33.8
kW/m².g
a

All evaluated parameters are related to the initial mass of a tested sample.
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C0S0.4
25.4
2.68
7.19
1.49
68.8
31.4

Figure 2. Comparison of combustion of (1) the coating based on the C0S0.4 latex particles comprising 0.2 wt.% of
HACTP in monomer feeds forming their shell layer with (2) the coating formed by the HACTP-free latex particles
C0S0.

Conclusion
HACTP was successfully prepared by nucleophilic substitution of HCCTP with allyl amine using the one-step
synthesis. The prepared phosphazene derivative was incorporated into the macromolecular structure of acrylic
polymers via the emulsion polymerization technique proceeding at standard conditions, which was evidenced
by 31P(H) NMR. During the emulsion polymerization of acrylic comonomers, HACTP performed the function of
an efficient crosslinker leading to the formation of latex particles of microgel structure. In addition to that, the
basic objective of this work was to evaluate the flame retardancy of the prepared phosphazene derivative in
the keto-hydrazide self-crosslinking aqueous coatings based on the HACTP-modified emulsion microgels. The
presence of HACTP was found to cause decreased amount of produced smoke and a slower flame spread
during the material combustion without affecting transparency, flexibility and adhesive properties of resulting
coatings. Moreover, water sensitivity of the coating films comprising the novel phosphazene derivative was
decreased. Thus, it can be concluded that HACTP acted as a flame retardant and one-package thermosetting
transparent coating systems with increased flame stability and enhanced water resistance were developed,
having a potential application as primer as well as topcoats.
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Abstract
Air-drying binders are well-established paints used in modern organic coating technologies. Alkyd resins
modified with polyunsaturated fatty acids (e.g. linoleic acid, linolenic acid) are able to provide polymeric film
without addition of any curing agents but this process is generally very slow. Therefore, the use of catalysts, socalled driers, is necessary for acceleration of the drying process and improvement of the physical properties of
resulting polymeric film. This work was focused on the drying properties of oxovanadium(IV) 2-ethylhexanoate
in the different solvent-borne alkyd binder. The several experimental methods as a film drying time, surface
hardness determined by pendulum Persoz were used for determining drying activity of oxovanadium(IV)
2-ethylhexanoate. These experiments demonstrated an excellent drying activity for solvent-borne alkyd resin.
Oxovanadium(IV) 2-ethylhexanoate exhibited great drying activity at considerably lower concentration than the
commercial dryer cobalt(II) 2-etylhexanoate.

Introduction
Air-drying binders have been established as a significant group of paints used in modern organic coatings.
Presence of double bounds in the chain of binder enables the reaction with air oxygen to give rigid threedimensional polymeric structure. During the drying of alkyd binders two different stages could be observed.
The first is the physical drying when the solvent evaporate and a closed film is formed. The second stage is the
chemical drying (oxidative drying). This stage is a lipid autoxidation. These reactions are proceeded by a freeradical chain mechanism and can be describe in terms of initiation, propagation and termination. Alkyd resins
modified with highly unsaturated fatty acids are able to provided polymeric film without addition of any curing
agents. This process is slow and giving the paint film with low final hardness and the drying time is very long
too. For these reasons the metal catalysts, so-called driers are used to improve final properties of polymeric
film (drying time and hardness)1,2.
Cobalt compounds are the most widely used driers for the air-drying paints. However, the pronounced toxicity
of cobalt (II) compounds stimulated legislative pressure on paint-producing industry to replace these
compounds with less toxic alternative3,4. The highly active driers based on manganese5,6, or iron7-10 are already
know, a quest for novel inexpensive and highly efficient species is still ongoing8.
Our investigation of vanadium based driers started on VO(acac)2 and its derivates. VO(acac)2 exhibits good
drying activity but the low solubility in alkyd binders limits the application on xylene-borne formulation11. In
order to increase solubility of the oxovanadium species, we decided to continue with complex of the
2-ethylhexanoic acid. In this paper, we describe synthesis and behaviour of the oxovanadium (IV)
2-ethylhexanoate (VO-octoate) in three different solvent-borne alkyds. The drying activity of VO-octoate is
compared with commercial Co-based drier Co-Nuodex. The chemical structures of the tested compounds are
sown in figure 1.

Figure 1. Chemical structures driers under the study.
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Experiment
Materials and chemical
The commercial cobalt-based drier cobalt(II) 2-ethylhexanoate (Octa-Soligen Cobalt 10 in D60, Co-Nuodex),
was obtained from Borchers GmbH.
The soybean oil alkyd resin was used for the determination of film properties: S50 alkyd modified by soybean
oil medium oil length, acid value = 6 mgKOH/g. Metal concentration are given in wt. % based on dry matter of
alkyd resins. Starting materials for synthesis of VO-octoate were supplied by Acros Organics and used without
further purification.

Synthesis of VO-octoate
VOSO4 (5g) was dissolved in distilled water and mixed with 2-ethylhexanoic acid (6.65 g). The mixture was
neutralized by aqueous solution of NaOH under stirring. After that the mixture was stirred for 2 hours. The
crude product was extracted with CH2Cl2. The dark green solution was washed three times with 300 ml of
water and dried by MgSO4. The dichloromethane was vacuum evaporated on rotavapor. The VO-octoate
appears as a 20-35% solution in 2-ethylhexanoic acid. The exact concentration of vanadium was determined by
atomic absorption spectroscopy.

Film preparation
The VO-octoate was weight on analytical balance. After that the alkyd resin was added. The mixture was stirred
for 15 minutes, and 10 minutes was ultrasonication. The films were cast on clean glass plates using frame
applicators with different gaps (76 µm for the film drying time, 150 µm for the film hardness, 200 µm for the
measurements of coloration and 100 µm for the kinetics experiments).

Film drying time
The drying performance of the studied catalytic systems has been determined using a BYK Drying Time
Recorder. The instrument is a straight-line recorder equipped with hemispherical ended needle (5 g weight
used). The needle travels the length of the test strip under standard laboratory conditions (temperature 23 °C,
relative humidity 50%). Glass test strip was prepared by casting a film upon it (thickness was 76 µm of wet
film). The trace left on the film during the drying has been used to define tack free time (τ1) and total dry time
(τ2). During the stage 1 (t = 0–τ0), the paint flows together and starts to polymerize. It gives bold and
uninterrupted line. During the stage 2 (t = τ1–τ2), the surface is sticky and the path is ripped. After τ2 (stage 3)
the paint is through dry and needle travels on top of the surface and no trace in the film is observable12,13.

Determination of film hardness
Film hardness development was monitored using a Persoz type pendulum (Elcometer Pendulum Hardness
Tester, UK) in conformity with ISO 1522. The method is based on registering the number of pendulum swings it
takes before the amplitude of the pendulum is damped to a certain extent. The more swing observed, the
harder is the film. A plain glass test plate (10 × 20 cm) was coated with a 150 µm film (wet thickness) dried with
the appropriate drier system and film hardness was measured within 100 days. The measured value was
related to the hardness of a glass standard and expressed as relative hardness. The error in determination of
surface hardness was estimated to be 0.5%. On summarizing of obtained data, dependence of film hardness
versus time has been determined.

Results and discussion
Drying activity of the VO-octoate
Drying activity of VO-octoate was studied on solvent-borne alkyd resin modified by soybean oil of medium oil
length (S50). The study of the drying activity of VO-octoate started at overall metal concentration of 0.1 wt. %
in dry matter content that is common concentration for commercial cobalt based drier Co-Nuodex. Lower
concentrations of the driers were used in attempt to reduce the metal content in the paint. Drying times and
relative hardness for each system are summarized in Table 1.
The experiments show the high drying activity of VO-octoate. The performance of VO-octoate at overall metal
concentration 0.03 et. % exceeded in some terms Co-Nuodex at metal concentration 0.1 wt. %. The total drying
times of systems with VO-octoate were about half of the time observed for commercial drier or even shorter.
The final hardness was similarly for both systems. The range of the appropriate concentration depends mainly
on the oil length of the alkyd resin.
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For the medium oil length alkyd resin S50, the optimal concentration is 0.03 wt.%. The total drying time for this
system was 3.3 h and the final hardness was 54.1 %. At concentration 0.1 wt. %, the sign of overdosing was
observed.
Table I
Drying times and relative hardness (Hrel) of alkyd films fried with studied driers at variou concentrations.
Metal
τ1 a
τ2 b
Hrel;10d c
Hrel;100d d
content
Formulation
[wt.%]
[h]
[h]
[%]
[%]
–

>24

S50

>24

2.4

33.8

0.1

1.6

5.5

28.6

56.4

0.03

1.5

3.3

25.0

54.1

4.1

14.3

18.7

47.8

0.005

16.6

23.1

17.0

44.3

0.1

5.2

6.7

20.7

54.1

7.7

9.5

20.6

53.7

19.2

24.0

22.4

49.8

0.01

0.06

VO-octoate/S50

Co-Nuodex/S50

0.03
e

0.03
VO-octoate/S50/meko
1.2
3.2
25.6
47.0
b
c
d
Tack free time. Total dry time. Relative hardness after 10 days. Relative hardness after 100 days.
Concentration of meko 0.2 wt.%.
a

e

To establish the behavior of VO-octoate in real paints, the formulation with meko (0.2 wt.%) as anti-skinning
agent was prepared. The parameters describing the drying activity of the formulation is given in Table 1. It
reveals that meko does not influence the activity of vanadium-based drier significantly. Hence, the formulation
bearing meko shows slightly shorter drying times τ1 and τ2 as well as the higher hardness ten days after
application. The only drawback is a lower final hardness of the coating. Nevertheless, even this formulation is
very suitable for application since it is considerably higher than observed for drier-free alkyd resins. The
observed behavior of the formulation bearing meko suggests that its anti-skinning properties prevent the
appearance of a thin polymeric layer on the surface of the film making easier the diffusion of the air oxygen
and thus acceleration the first stages of the drying process. The lower final hardness of the coating is probably
caused by inhibition of the reactive radicals appearing during the drying process.

Figure 2. Development of film hardness A) VO-octoate B) Co-Nuodex
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Conclusion
This study showed an excellent drying activity of VO-octoate. The most suitable concentration is 0.03 wt. % for
the tested alkyd resin. At this concentration the drying activity of VO-octoate is similar or better then drying
activity of commercial cobalt-based drier Co-Nuodex at concentration recommended by supplier. Application
of VO-octoate is not limited by solubility. The behavior of VO-octoate in real paint was simulated on
formulations bearing commercial inhibitor of autoxidation (meko). The observed minor effects on tack free
times and total dry times suggest no or negligible interactions with vanadium-based catalyst and for these
reasons the VO-octoate appears as a suitable replacement for the cobalt-based driers.
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Summary
This work deals with the biodegradable polymers, more particularly polyolefins, which contain different
amounts of starch. Starch accelerates microbial degradation and thus shortens the time of polymer
degradation in the environment. The tested materials were the most frequently used blends of polyolefins
(polyethylene1 and polypropylene2) containing 2, 5 and 10 wt.% of starch in the blend. Testing plates and
bodies were prepared from the blend and were subjected to simulated weathering. The rate of degradation
for both types of blends was measured and evaluated by standard analyzes and mechanical tests.

Introduction
The contemporary style of consumer society produces an excessive amount of materials; almost every fourth
product is polymer-based. The situation urges global solutions to find a material that not only has
the characteristics of the polymer from which it was created, such as strength, hardness, toughness and
sufficient durability. It should also possess characteristics of the natural polymer and the ability to be degraded
and decomposed into substances in the suitable environment comprising micro-macro organisms, humidity,
UV radiation and other factors, which are inherent by natural and are a part of the natural cycle. Fulfilling all
the above mentioned requirements for the final product is achieved by selecting the proper ratio between
the base polymer and the degradable component. The various combinations of components are usually tested
and monitored for several years to final their ideal ratio for achieving optimal product material and application
characteristics.

Description, preparation and degradation of sample
Polyethylene (HDPE) and polypropylene (PP), being the mostly used polyolefins, were the main component
of the tested samples. The second component was starch as a degradable element with the increasing
concentration of 0, 2, 5 and 10 wt.% in the blend. Polymer blends of polyolefins and starch were homogenized
(using the extruder W&D ZDS-K28) and a method of injection molding (injection molding NEO80) has been
performed and standardized testing plates and bodies were prepared. Samples were subjected to artificial
aging in a QUV-panel at 340 nm for 440 and 726 hours, respectively, which corresponds to the 4 and 6 months,
respectively of natural weather aging in the territory of the central Europe. Brinell hardness and tensile
properties using the unit MTS® 4/M force transducer at 20 kN were determined. Furthermore, the yellowness
index was evaluated and the samples were visually evaluated.
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Figure 1. Comparison of Brinell hardness for the tested samples in QUV-panel

Results and discussion
Brinell hardness
Results of hardness are presented as the mean in units of MPa and are expressed by parameters HK/5/153/60.
The measurement was performed 10 times according to ČSN EN ISO 65063 for plates with a thickness of 2 mm.
The resulting values are shown in the Figure 1.
The starch content was shown to exhibit a negligible effect on the hardness of polyethylene, whereas
in the case of polypropylene starch blends the hardness increased slightly, with the increase of the starch
concentration.
The hardness polyethylene based samples grew almost linearly with the increasing exposure time
in QUV-panel, see Figure 1. In the case of pure polyethylene, a significant shift of hardness depending
on the exposure time in QUV-panel was not recorded.
The pure polypropylene and the sample with a low concentration of starch after 440 hours of exposure
in a QUV-panel exhibited hardening, whereas a longer exposure time exhibited decreased hardness which was
still higher than the initial hardness of samples without UV exposure. The hardness of blend samples decreased
with increase in the concentration of starch and prolonged UV irradiation exposure.

Tensile properties
Elongation at break values of initial and exposed samples is shown in Figure 2. Results are presented as the
averages of 10 measured values. The strength of testing bodies was measured according to ČSN EN ISO 5274.
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Figure 2. Comparison of elongation at break for the tested samples in QUV-panel
The effect of concentration of starch in polyethylene blends is reflected by the downward lowering of ductility,
except the HDPE blend containing starch in the concentration of 2% that exhibited an enhancement
of elongation compared with the pure polyethylene. In the case of polypropylene blends, starch was found
to affect tensile properties significantly. Pure polypropylene after the tensile test did not break, but a long
"neck" appeared. Already 2 wt.% of starch caused a pronounced reduction in ductility and with a further
increase of starch concentration a linear decrease was found.
The exposure in QUV-panel of samples of polyethylene and its blends showed a significant reduction
in ductility. More significant decrease was observed in pure polyethylene and its blends with 2% and 5%
of starch concentration. In the case of HDPE containing 10% of starch the decrease was milder. All values
of elongation at break of the pure polypropylene and its blends decreased significantly, by up to order.
The most significant changes occurred in the case of mechanical properties when exposed for 440 hours
in QUV–panel. After a further exposure the properties were not significantly changed.

Yellowness index
The method of determining the degree of yellowing is governed by ASTM D19255. Yellowness index (YI)
is a dimensionless number expressed from spectrophotometric data Figure 3 is shows spectrophotometric
determination of PP containing10 wt.% of starch. These data are evaluated using the Kubelka-Munk6 method
(assuming an infinitely thick layer of the material) and the color change of the test sample from clear or white
towards yellow is described. This test is most commonly used to evaluate color changes in the material due
to simulated or actual weather conditions.

Figure 3. Evaluation of yellowness index for PP containing 10 wt.% of starch. Target: sample without
degradation, Batch1: sample exposed in QUV-panel for 440 hours, Batch2: sample exposed in QUV-panel for
726 hours
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Assessed spectrophotometric data are inscribed on the color gamut of the CIE L*a*b*. Yellowness index values
are coordinates of the movement in the color range on the axis, see Figure 4. The collected data are shown
in Table 1.
Table I. Yellowness index of HDPE and PP samples
Samples
HDPE 0%
HDPE 2%
HDPE 5%
HDPE 10%

Yellowness Index
Without degradation
440 hours
-8.21
-9.48
27.98
22.33
55.76
18.48
49.13
31.87

PP 0%
PP 2%
PP 5%
PP 10%

-2.17
19.12
38.71
58.16

4.35
12.71
19.70
47.42

726 hours
-8.66
12.83
15.67
18.02
4.35
12.54
15.54
17.54

Figure 4. The color range CIE L*a*b*
for the sample based on PP and starch
in the content of 10 wt.% exposed
in QUV-panel for 726 hours

The effect of the addition of starch to polyethylene is significantly manifested by a color change, which
after two thermal extrusions turned from yellow to brown. After UV irradiation of the surface of the testing
body the "chalk appearance" was observed, hence the tint changed from colored to white.
The proportion of starch in the polypropylene blends and the effect of ultraviolet irradiation were shown
to affect the samples similarly as in the case of polyethylene, but the color transition was not so significant.

Visual assessment
The degradation of polyethylene in QUV - panel showed a noticeable cracking of the sample surface, as shown
the in Figure 5. These cracks were longer, deeper with larger spacing than in the case of polypropylene.
The "chalk appearance" of the surface accompanied by a color change from yellow to white tint was observed
as well. This phenomenon is also related with a loss of surface gloss. The intensity of these visual changes grew
with the starch content in the blend and the with UV exposure time. These factors mainly affected the depth
of degraded surface layer. The samples based on polyethylene exhibited no flaking of the material.
Similar transformations of the observed surface are for polypropylene, see Figure 6., but compared
to polyethylene samples, the rate of degradation was much larger. Cracks on the surface were much thicker
forming a fine cracking network even in the case of the pure polypropylene. The rate of "chalk appearance"
formation increased with increasing starch concentration, but it was also noticeable in the pure polypropylene
samples. The "chalk appearance" took place simultaneously with the color change turning to white tint.
The phenomenon of "chalk appearance" was several times pronounced for polypropylene samples than
for the samples based on polyethylene, which is also related with mechanical flaking of the material that was
observed in the case of pure polypropylene after 440 hours of exposure in a QUV-panel. With increasing
exposure time and the starch content, the above described effects of aging were heightened.
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Figure 5. Visual assessment for the sample based on
HDPE and starch in the content of 10 wt.% A) sample
exposed in QUV-panel for 726 hours B) sample
exposed in QUV-panel for 440 hours C) sample
without degradation

Figure 6. Visual assessment for the sample based on
PP and starch in the content of 10 wt.% A) sample
exposed in QUV-panel for 726 hours B) sample
exposed in QUV-panel for 440 hours C) sample
without degradation

Conclusions
The prepared polyolefin blends were subjected to accelerated aging in a QUV-panel for 440 hours
and 726 hours. Changes in hardness in both types of samples were showed more significantly
after the exposure for 440 hours in QUV-panel than after 726 hours of exposure in QUV-panel. In the case
polyethylene blends, a significant decrease in ductility and tensile strength of the material was observed.
The polypropylene blends exhibited a significant influence of the starch content on the ductility; the addition
of 2 wt.% of starch caused a significant drop in ductility. The testing bodies of pure polypropylene withstood
the tensile test, whereas after the addition of starch the tensile test specimens were broken. The ductility
of samples decreased significantly after the exposure to UV irradiation. The addition of starch to the both types
of polyolefins was manifested not only in the case of mechanical properties of the studied materials, but also
in the case of surface appearance. After the exposure, the surfaces of samples dramatically changed color
(turned white); "chalk appearance" and visible cracks appeared.
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Abstract
The aim of this study was to evaluate the effect of the atmosphere of nitrogen oxides on the selected
properties of various cellulose and lignocellulose materials. Selected samples were hand-made paper from
Velké Losiny (RP) and wood sulphite wrapping paper from Větřní (DSBP). In cooperation with the National
Archive in Prague, selected samples were subjected to three cycles of exposure to nitrogen oxides (120, 240,
and 360 hours.). After each exposure were measured hypermolecular selected properties. Measurements have
shown that the influence of nitrogen oxides changes occur in structural and surface-molecular properties of
lignocellulose materials.

Introduce
Nitrogen oxides are one of the important industrial pollutants at present time. Their share increases in the
atmosphere and it is necessary to monitor their influence for the protection of historical and contemporary
artefacts. The structure of the paper is porous and it is able to allow the input of water molecules between
disordered macromolecular chains. It causes swelling, stress-relieved paper and dimensions change. Paper is a
natural fibrous material upon cellulose and lignocellulose basis which belongs to the hygroscopic substance.
These substances are able to humidify in a wet environment and in a dry environment moisture deprived.
The aim of this work was to study the influence of atmospheric nitrogen oxides upon aging of paper. Two paper
sorts which have been exposed to an atmosphere of nitrogen oxides were selected for the experiments. They
were monitored for changes in selected properties and the measured values were compared with the original
samples that were not exposed to the influence of nitrogen oxides1, 2.
Practical importance has the structural and surface-molecular characteristics of the cellulose material.
Moistening and speed capability of the porous material to absorb water vapour is affect by many factors. The
main factors influencing this process are temperature, pressure, and relative humidity of the environment.
Moistening process is very well described by followed the mathematical model:

)

T∙«¬d∙ «¬ -

(1)

where Y is the increase in the moisture concentration (Y = Ys - Y0; Ys and Y0 represent the actual and the initial
moisture concentration of the sample, respectively) and x is the time. The parameters d and c characterize the
rate alignment of equilibrium moisture and hygroscopicity of the material, respectively. Equilibrium moisture
concentration of sample is then Ye = c + Y0. The ratio 100·c/(1+b·100d) characterises moistening velocity at
beginning of the process 3–6.

Experiment
As typical cellulose material was chosen handmade paper (RP) produced at the paper mill in Velké Losiny. The
paper was made from following pulp composition: 60 % cotton linters (from USA) and 40 % flax pulp (from
Olšany) both beated at 28 to 29 SR. The paper was surface sized with 0.08% solution of the aluminium
potassium sulphate dodecahydrate (KAl(SO4)2∙12H2O), and 2% solution of technical gelatine in so-called a book
(temperature of bath 45- 50 °C, time of impregnation approx. 5 minutes)). The basis weight of the paper was
120 g∙m-2 7, 8.
As typical lignocellulose material used during experiments was groundwood sulphite wrapping paper from JIP
Větřní (DSBP). This paper was made of unbleached sulphite pulp and groundwood containing 6% kaolin and
further chemical aids as Hernostan (PAAE resin), Abimal (resinous size) and Al2(SO4)3. The basis weight of the
paper was about 60 g∙m-2 9.
These samples were subjected to accelerated aging in an atmosphere of nitrogen oxides10. They were exposed
to three cycles of accelerated aging (120, 240, and 360 hours). The samples were measured hyper-molecular
and mechanical properties after this exposure.
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In determining moistening kinetics, samples were cut to the size of 5x1.5 cm with DSBP and 5x2 cm in RP. The
thus treated samples were measured thickness (mm), basis weight (g∙m-2) and calculated apparent density
(kg∙m-3) 1.
The samples were then placed in a desiccator with silicagel for 7 days in order to stabilize their initial moisture
before the actual kinetics measurements. The samples were placed in pre-weighed glass bottles. Before the
start of moistening process each weighing bottle with the sample was weighed, and thereby establish the initial
weight of the sample. Weighing bottles with the samples were placed in a desiccator, which were filled with
saturated solutions of inorganic salts controlling a relative humidity (KNO2 – 49%, NaCl – 75% and K2SO4 – 97%)
of experimental environment. It was subsequently observed gravimetrically kinetics of the moistening process.
All measurements were performed in an air conditioned room at 23 ± 1 °C and relative humidity 50 ± 2%.
The values of weight gain have been converted to the weight of absolutely dry fibres. With the help of these
data we were generated graphics moisture concentration vs. the time of moistening. These curves were
evaluated using a mathematical model of the MMF in the program OriginPro 9.0, by which the parameters a, b,
c, d were received. By using these and other parameters (density of actual paper matter by use of inert gas
pycnometer; apparent density of paper samples) we were able to calculate structural parameters (total
porosity ε; initially moistening velocity of the porous sample, the equilibrium moisture; wet porosity which
characterize the porosity fulfilled with water at a given relative humidity etc.) of papers.
To determine the kinetics of absorption of the vapour of organic liquids the same specimens and their
treatment before experiments were used as for the determination of moistening kinetics. Organic liquids were
toluene and methylethylketone (MEK). Graphical curves were evaluated again by using the MMF model by
which have been obtained parameters ah, bh, ch, dh. Moreover, we were calculated surface-molecular
properties (adhesion tension of system sample-water, sample-toluene and sample-MEK, total surface tension,
basic and acidic component polar portion of surface tension, relative representation of dispersive and polar
component) by using these and other parameters. All the structural and surface-molecular parameters were
calculated by use of own software in xlsx formate.

Results and discussions
Impact of nitrogen dioxide on the aging of paper according to ISO 187:1990 (23 ± 1 °C, 50 ± 2% RH), when
samples were exposed to flowing atmosphere of nitrogen dioxide with volume concentration 0.005 ±
0.00002%10.
If a characteristic quantity for the evaluation hygroscopicity of the materials is equilibrium moisture
concentration in porous materials (Ye) then this aging process evoked a reduction in hygroscopicity of paper,
particularly at the high RH.
Paradoxically, however, the hydrophilicity of the pore walls, characterised e.g. by water adhesion tension, was
significantly increased with time of aging. For cellulose samples RP but irregularly – after 240 hours occurred
decrease and after 360 hours of aging a significant increase is occurred again. For lignocellulose samples DSBP
the values of adhesion tension were slightly increased but only after a longer period of aging. Initially, i.e. after
120 hours aging, a decrease there was observed (see Figure 1).

Figure 1. Mean value adhesion tension (σT) vs. maximal effective pore size fulfilled with water
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Figure 2. Mean value adhesion tension (σT) vs. maximal effective pore size fulfilled with water
Influence has also RH – with growth RH adhesion water tension (σT) rises, at high RH occurs again its decline,
but compared with original samples RP its hydrophilicity were always a greater, particularly for paper aging of
360 hrs. This was reflected in the condensation of water vapour in bigger pores. For samples DSBP at high RH
occurs again to its decline, expect aging of 120 hrs.
At first sight, it was caused by decrease total porosity of paper with prolonged time of aging, but the behaviour
is a more complicated.
Probably, thanks to hydrophilisation of smaller pores at different stages of aging process (see Figure 3), this one
leads to compaction of the internal structure of porous paper matter caused by the increase in the range of
internal coupling of H-bonds and thus to its shrinking and cracking.
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Figure 3. Approximated maximal effective pore diameter (dmax) fulfilled with condensed water at RH = 100%
This internal restructuring for cellulose samples RP was caused by hydrophilisation even large pores (see Figure
4) and it was reflected in filling of the larger pores with condensed water after a long time of aging (360 hrs.),
but those were a less.
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Figure 4. Maximal effective pore diameter fulfilled with condensed water vs. air RH
The internal restructuring for lignocellulose samples DSBP was caused by hydrophobisation of large pores (see
Figure 5) and it was reflected in filling only smaller pores with condensed water after a long time of aging (360
hrs.).
100
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Figure 5. Maximal effective pore diameter fulfilled with condensed water vs. air RH
Comparing of both papers, a similar behaviour DSBP and wood-free paper RP during an aging was observed,
but differences occur in relatively deeper hydrophylisation of the cellulose pore walls surfaces than of
lignocellulose paper matter (see Figures 1 or 3).
In comparison of these papers, we have to also take into account a fact that DSBP in original condition was a
more hydrophilic and a more porous than the surface sized paper RP. Obviously, the aging in an atmosphere of
nitrogen oxides that occurred in the sized paper (RP) completely eliminates this sizing and its surface-molecular
properties reached the level of the DSBP.

Conclusion
The effect of nitrogen oxides environment upon cellulose and lignocellulose materials was studied by
monitoring of selected properties of the paper. The structural and surface-molecular changes were monitored
during aging of these materials in this environment. To obtain structural and surface-molecular properties,
kinetics of moistening and absorption kinetics of vapours of organic liquids were measured. We were able to
calculate the monitored parameters as porosity, adhesion tension, etc. Received values indicate obvious effect
of nitrogen oxides on monitored materials. There has been an increase in the hydrophilicity of the pore walls of
samples. A significant increase was recorded in cellulose samples of RP and especially after 360 hours of aging.
However, due to hydrophilisation of smaller pores at different stages of the aged paper, the reason have been
occurred compacting the porous internal structure of paper matters caused by increase in the range of internal
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H-bonds binding system and thus led to its shrinkage and cracking. For cellulose samples of RP, the reduction in
the filling greater pores with condensed water after a long time of aging (360 hrs.) is caused by hydrophilisation
even larger pores, but those were a less. For lignocellulose samples of DSBP, the filling only smaller pores with
condensed water after a long time of aging (360 hrs.) is caused by hydrophobization of greater pores.
Comparing both sort of these papers, the fact had to be also take into account that DSBP was in original state a
more hydrophilic and a more porous than wood-free paper RP. A wood-free paper RP aging in an NOx
atmosphere evoked approximate alignment surface-molecular properties to the level of the groundwood paper
DSBP.
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Abstract
An unsuitable storage of books can cause microbiological attack. The biological attack can be caused by
bacteria or fungi. The next type of degradation reaction is hydrolysis, which is supported mainly by increased
content of water in books. In this case is degraded the whole cellulose structure. This work is focused on the
influence of three components of essential oils on strength and optical properties of lignocellulosic materials.
These components, with their microbicidal effects and their hydrophobic character, could serve as protection
of archive materials on cellulosic base. For testing were used cellulosic and lignocellulosic materials, common
used in paper industry (coniferous sulphate pulp, deciduous sulphate pulp, sulphite pulp, groundwood, pulp for
the production of handmade paper and sample of historical paper). It was proved no deteriorate effect of basic
components composing of essential oils (EO) upon strength properties of paper matter.

Introduction
Essential oils are natural substances which protect the substrate (wood, plants) from the negative effects of
mould. These compounds are synthetized in the plant to prevent the mould from attacking the plant body. The
effect of essential oil had been observed by ancient civilisations. For instance the antimicrobial and beneficial
action of essential oils has been verified a number of times1.
The mixture of the compounds of essential oil evaporated at normal temperature forms a protective
atmosphere while condensing in the paper matter.
At given relative humidity of air the wetness of paper is deceased through oil sorption into the paper. This
physical phenomenon slows down the growth of mould. Due to the chemical action of the oil there is a
sporicidal effect present2.
The impact of the presence of essential oil on the mechanical and optical properties on the substrate was
investigated. Simultaneously the said properties were investigated under the absence of essential oil.
The research resulted in showing an important action on the mould and fungi. The action of the oils on the
substrate was mostly lower than the error variance of the properties investigated3.

Materials and methods
Lignocellulose materials
For testing mechanical properties were chosen conventionally used pulps for papermaking (Table 1). These
cellulose and lignocellulose materials have been defibrillated in a laboratory hollander and then were beaten.
Beating degree was determined according to Schopper-Riegler (SR). From the pulp were prepared sheets
according to ISO standard 5269-2 on laboratory sheet former Rapid-Köthen. Basis weight of the specimens was
about 400 g m-2 and 70 g m-2 of historical paper.
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Table I
Lignocellulose materials
SaL

sulphate hardwood pulp from Ružomberok, the beating degree 25 °SR

SaJ

sulphate softwood pulp from Štětí, the beating degree 25 °SR

Si

sulphite pulp from Biocel Paskov, the beating degree 25 °SR

RP

the raw material for the production of handmade paper from the Velké Losiny, consisting of
60% cotton linters and 40% of pulp of flax, the beating degree 28 to 29 °SR

DS

groundwood with the addition of 10% of sulphite pulp, as described above

HP

historical paper 1909, consisting of 46% rag fibres, 23% sulphite pulp and 31% groundwood

Components of essential oils:
Three components of EO (eucalyptol, limonene, ocimene) with the highest microbicide effect have been
chosen for testing. Bactericidal effectiveness was tested on microorganisms Aspergillus brasiliensis, Penicillium
aurantiogriseum exniger and Cladosporium cladosporioides, which are the most frequently organisms attacking
paper-based matters.

Description of the apparatus
First all specimens were conditioned at a relative humidity of 50 ± 2% and temperature of 23 ± 1°C for two
weeks. Then they were placed in a desiccator with saturated vapours of active substance and with relative
humidity environment of 75%, which in a desiccator maintained saturated NaCl. Vapours of the active
substance were evaporated from 2.5 ml of solution in petri dishes. One half of specimens were collected after
30 days of exposure for the purpose of testing properties. The other half was supplemented by a further 2.5 ml
of solution and was exposed for 300 days.

Determination of strength properties
Sheets of paperboard with basis weight about 400 g m-2 were cut into test specimens of sizes 100 x 15 mm.
Accurate basis weight was calculated and also thickness of the specimens was measured. To measure the
strength properties after the application of vapour of essential oils was chosen parameter tensile index (TI).
The measurement was performed according to ISO 1924-2 on the machine TIRAtest 27025. There were used
clamps no. 5044 with span 100 mm. Tensile index is calculated by the equation 1.
(1)

TI = Fmax / BW . b
-2

Where Fmax (N) is the maximum force measured before the specimen was broken, BW (g m ) is the basis weight
of the specimen and b (m) is the width.

Determination of optical properties
Optical properties were measured by the spectrophotometer Elrepho Lorentzen & Wettre Company. The ISO
brightness was measured at C illumination and L* a* b* coordinates were determined from which the colour
difference ΔE* from the unexposed specimen has been calculated (Equation 2).

ΔE= √(ΔL*2+Δa*2+Δb*2)

(2)

Discussion and result analysis
Measured mechanical properties of exposed samples were compared to blank samples, which were placed
entirely in environment with a relative humidity of 75%. First part of reference specimens was measured
before the exposure and the next parts were measured during exposition - after 30 and 300 days of exposition.
As it is shown on FIG. 1 – there was no statistical significant decrease of tensile index in lignocellulosic material.
Not even one of active ingredients had negative effect on mechanical properties of tested specimens, not even
after 300 days of exposure.
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However, there was a mistake which was made during measuring reference samples (from material, which is
used for handmade paper, RP) after 30 days of exposure, and that is the reason why this value is not relevant.
It is necessary to take account of reference specimens before exposition and after 300 days of exposition.

Figure 1. Dependence of tensile index on exposure time in the saturated vapours of microbicidal substances.
Confidence Interval = 95%
Changes in the optical properties were monitored mainly by ΔE difference after exposure to the unexposed
sample. Paper made from sulphate hardwood pulp showed stability after exposure to vapours eucalyptol and
limonene. Saturated vapors of ocimene had signiﬁcant effect on the colour change of the material (see Tab. 2).
It seems that Ocimene had a signiﬁcant effect on all materials both after 30 and even after 300 days of
exposure. The smallest inﬂuence on the exposed materials had vapors of eucalyptol.
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Table II
Value of colour difference ΔE* after exposure 30 and 300 days in the saturated vapours of microbicidal
substances
SaL ΔE

SaJ ΔE

Si ΔE

RP ΔE

DS ΔE

30
days

300
days

30
days

300
days

30
days

300
days

30
days

300
days

30
days

300
days

eucalyptol

0.30

0.40

0.29

0.23

0.17

0.15

0.21

0.64

1.46

0.94

limonene

0.12

1.10

0.74

1.02

0.60

0.83

0.38

3.32

0.25

1.38

ocimene

4.18

3.88

2.08

1.66

2.61

3.28

3.75

4.23

0.80

2.49

Conclusion
The influence of components EOs on the behaviour and properties of the paper material is possible to indicate.
There is a close connection between the influence and its absorption, possible interaction and reaction with
the components on the pore wall surface of paper matter. Vapours and single components of EOs have an
influence on surface-molecular properties of the porous structure of the paper matter. As especially reactive
appear unsaturated aldehydes like citral or ocimene – having conjugated system of double bonds which is
particularly subject to free-radical reactions. The effect of saturated vapours of eucalyptol, limonene and
ocimene does not show statistically significant decrease of strength or mechanical properties of paper
materials.
In case of application these vapours with active components of Essentials oils inside archive with books and
archives, the vapours would have to be diluted many times. It is proved, that the absorbed vapours of chosen
substances serve as retardant against microbiological attack in paper-based materials.
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Abstract
This work is focused on self-crosslinking latexes synthesized by the technique of emulsion polymerization.
The prepared water dispersions of acrylic copolymers contain microgel particles of core-shell structure.
The variability of properties of the resulting latexes is the advantage of this type of coating binders. Crosslinking
ensuring the microgel structure of latex particles was achieved by hexaallylamino-cyclo-triphosphazene which
also aims to reduce the flammability of the resulting polymer. Because of the double bonds present
in hexaallylamino-cyclo-triphosphazene molecule, this kind of flame retardant can be incorporated into
the structure of microgels by radical copolymerization like other monomers. Diacetone acrylamide was bonded
together with the monomers in the shell structure of microgel particles. Keto- functionalities of diacetone
acrylamide repeat units ensure the interfacial crosslinking reaction with adipic acid dihydrazide after water
evaporation during film-formation. Thus, the interpenetrating network can be generated.

Introduction
Because of the increasing pressure on environmental protection the self-crosslinking latexes were synthesized
using the technique of emulsion polymerization. Acrylate monomers, redox initiator, emulsifying agent and
water were used as starting substances. The prepared water dispersions of acrylic copolymers contain particles
of core-shell structure. The variability of properties of the resulting latexes is the advantage of this type
of coating binders. This kind of latexes can be used as water based one-component coating system. Crosslinking
ensuring the microgel structure of latex particles was achieved by hexaallylamino-cyclo-triphosphazene which
also aims to reduce the flammability of the resulting polymer 1-3. Hexaallylamino-cyclo-triphosphazene is
a tawny crystalline substance, which is prepared by the reactions of white crystalline hexachloro-cyclotriphosphazene and allylamine in medium of tetrahydrofuran. Because of the double bonds present
in hexaallylamino-cyclo-triphosphazene molecule, this kind of flame retardant can be incorporated
into the structure of microgels by radical copolymerization like other monomers, as shown in Figure 14-6.

Figure 1. Principle of crosslinking emulsion copolymers by using hexaallylamino-cyclo-triphosphazene
Diacetone acrylamide was bonded together with the monomers in the shell structure of microgel particles.
The film forming usually runs through coalescence of microgel particles, wherein the gradual deformation
of spherical particles into a continuous coating film proceeds. The deformation of latex particles occurs because
of evaporation of water from the coating. The coatings made only by coalescence don't have enough
mechanical properties and chemical resistance. This disadvantage can be inhibited by making an interparticle
network. The interparticle network is made by using various resins. Reactive groups present in resins can react
with different functional groups that are engaged in latex particles. The final film is usually formed at high
temperatures. This way of making interparticle crosslinking can be eliminated by using diacetone acrylamide
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together with other monomers during the synthesis of latexes. Then the water solution of adipic acid
hidydrazide is added to the finally made latexes. Keto- functionalities of diacetone acrylamide repeat units
ensure the interfacial crosslinking reaction with adipic acid dihydrazide after water and amines evaporation
during film-formation, as shown in Figure 2. Thus, the interpenetrating network can be generated. It is
the condensation reaction which is splitting off the water. This reaction is acid catalyzed, therefore of using
of methacrylic acid during latex synthesis is convenient 7-8.

Figure 2. Crosslinking reaction of keto-funktionalities of diacetone acrylamide and amino groups of adipic acid
dihydrazide

Discussion and result analysis
Gel content
The increasing concentration of hexaallylamino-cyclo-triphosphazene is supposed to have the positive effect
on the flammability of coating systems and also should increase the crosslinking density of microgel particles
and their gel content. The gel content of the microgel particles was investigated by Soxhlet extraction
in tetrahydrofuran. The microgel particles whose core and shell structures were crosslinked by using
hexaallylamino-cyclo-triphosphazene contained the highest proportion of gel. With the increasing amount
of hexaallylamino-cyclo-triphosphazene smaller amounts of low molecular sol fraction were extracted. This fact
shows that the microgel particles contained higher proportion of polymer gel. The shell structures of microgel
particles contained different amounts of diacetone acrylamide, which should influence the inter-particle
crosslinking and mechanical and chemical properties of final coating films. The amount of hexaallylamino-cyclotriphosphazene varied from 0 to 1 wt.% and the amount of diacetone acrylamide varied from 0 to 10 wt.%
(based on total amount of monomers forming core and shell, respectively).

Stability of latexes
Amount of coagulum can be considered as a criterion of stability of water dispersion. Coagulum is in this case
the solid component which was formed in the reactor during the polymerization. The increasing amount
of hexaallylamino-cyclo-triphosphazene and diacetone acrylamide was shown to affect the stability
of the polymer dispersion during the synthesis. The dependence of the amount of coagulum formed during
the synthesis on the amount of diacetone acrylamide comonomer in the shell structure of latex particles
is shown in Figure 3. The lowest amount of coagulum was found in the case of latexes of microgel particles
comprising 0.5 wt.% or 0.75 wt.% of hexaallylamino-cyclo-triphosphazene and 5 wt.% of diacetone acrylamide
in the shell structure. In the case of utilizing 0.5 wt.% of hexaallylamino-cyclo-triphosphazene in the core
structure or simultaneously in core-shell structure, the stability during the synthesis of latexes was decreased.
Hence, the latexes of microgel particles comprising 0.5 wt.% or 0.75 wt.% of hexaallylamino-cyclotriphosphazene covalently bonded in the shell structure were found as the most stable.
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Figure 3. Amount of coagulum depending on the diacetone acrylamide concentration in the shell structure
of latex particles

Coatings
Coating films based on the prepared water dispersions were coated on glass and steel substrates. Thus
prepared coatings were left to dry out for 30 days at room temperature. The resulting coating films showed
after 30 days of drying transparent character, high gloss, excellent adhesion to both types of substrates
and enhanced chemical resistance. The hardness of coating films was measured after 24, 48, 72 hours and after
30 days. The hardness was determined using the method of pendulum damping by Persoz. Relatively high
hardness of coating films was reached after 24 hours of drying at room temperature, as shown in Figure 4.
The hardness of coating films depends on interparticle crosslinking of latex particles. The interparticle network
is arising due the reaction of diacetone acrylamide and adipic acid dihydrazide. Therefore, the hardness of the
coatings increased with the increasing amount of the embedded diacetone acrylamide in the structure
of microgel particles.
0 wt.% DAAM
2.5 wt.% DAAM
5 wt.% DAAM
7.5 wt.% DAAM

40
35

Hardness [%]

30
25
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0

24

48

72
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Time of curing [hours]

Figure 12. Hardness of coatings depending on the duration of curing and the amount of diacetone acrylamide
(DAAM) in the shell structure of microgel particles
Hexaallylamino-cyclo-triphosphazene should have the crosslinking feature and should also affect the flame
stability of the coatings. Flammability and flame stability were monitored by the combustion in cone
calorimeter. The flammability was expressed in terms of mean heat release rate, mean effective heat
of combustion, total heat release, total oxygen consumed, total smoke release, maximum average rate of heat
emission (MARHE). It was shown that values of MARHE were decreased by using the increasing amount
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of hexaallylamino-cyclo-triphosphazene, see Figure 5. The increasing amount of hexaallylamino-cyclotriphosphazene caused the drop in amounts of released smoke as well. Both these factors indicate
the enhanced flame stability of coating materials containing hexaallylamino-cyclo-triphosphazene during
the combustion process, as shown in Figure 6.
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Figure 5. Maximum average rate of heat emission (MARHE) depending on the amount of hexaallylamino-cyclotriphosphazene in microgel particles
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Figure 6. Total smoke release depending on the amount of hexaallylamino-cyclo-triphosphazene

Conclusion
During the process of emulsion polymerization the hexaallylamino-cyclo-triphosphazene was successfully
incorporated in the latex particles. The subsequent interparticle network inside coating films was achieved
by the condensation reaction of dicetone acrylamide and adipic acid dihydrazide. Thus prepared latexes show
good storage stability. Latexe coatings can be considered as a one-component water-based coating systems.
By using hexaallylamino-cyclo-triphosphazene are coating systems with covalently bonded flame retardant.
This kind of coatings exhibits properties like transparency, good mechanical properties, excellent adhesion
to different surfaces and sufficient chemical resistance. Such coatings have increased flame resistivity, they real
application can be primary in interior accommodations specially as transparent varnishes for wood surfaces.
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Abstract
Soda pulp cooked from rapeseed straw (Brassica napus L. convar. napus, in our case winter line genotype
Labrador) was subjected to a four-stage elemental chlorine-free bleaching under laboratory conditions.
Chlorine dioxide and hydrogen peroxide were used as bleaching chemicals. For comparison, kraft pulp cooked
from a blend of spruce and pine was subjected to the same bleaching sequence D0EPD1P. The initial kappa
number of both pulps was 18.8. After each bleaching step, the optical and strength properties were measured.
The preliminary results showed that bleachability of soda rapeseed pulp was lower in comparison with kraft
softwood pulp for D0EPD1P bleaching sequence. The brightness increment of 43.2 % ISO and 48.5 % ISO was
achieved for soda and kraft pulps, respectively. However, the bleaching had a negative impact on the zero-span
breaking length which decreased from 3.9 km for unbleached soda pulp to 3.6 km for bleached soda pulp.

Introduction
Unbleached chemical pulps contain a residual lignin. While lignin in native wood is coloured only slightly,
residual lignin of a pulp after cooking is highly coloured. Moreover, unbleached pulps also contain other
coloured impurities originating from wood (resin compounds, shives, bark), from cooking process (carbon
specks, rust), and from external sources (grease, sand). A continuation of cooking to further reduce the
noncarbohydrate impurities would inevitably lead to a significant impairment of pulp quality due to enhanced
cellulose degradation. Therefore, alternative concepts must be applied to selectively remove chromophore
structures and impurities present in the unbleached pulp1.
Bleaching of chemical pulps consists in delignification and removal of the residual chromophores. Various
chlorine- and oxygen-based oxidants have proven to be efficient bleaching chemicals. Nowadays, the most
common bleaching agents in the bleached chemical pulp production are mainly oxygen (O), ozone (Z), chlorine
dioxide (D), hydrogen peroxide (P), and peracetic acid (Paa). However, each bleaching chemical develops its
own chemistry with residual lignin. Some of them are acting in alkaline conditions, others in acid ones2. Hence,
bleaching to full brightness, greater than 88 % ISO, requires multi-stage application of bleaching chemicals.
Since elemental chlorine is no longer used in modern pulp mills because of environmental reasons, chlorine
dioxide has become the most important bleaching chemical. At first, chlorine dioxide in combination with
subsequent alkaline extraction was used as a first bleaching stage after cooking or oxygen delignification. Later,
owing to high selectivity towards the oxidation of chromophoric structures, chlorine dioxide was applied not
only for delignification in the first bleaching stage but also for its capability for pulp brightness in the final
bleaching stage of elemental chlorine-free sequences to produce chemical pulps with sufficient strength
properties3–7.
As some reaction products are generally resistant to further oxidation by chlorine dioxide, the various
chemicals are used in bleaching sequences to reach higher brightness of pulps. In contrast to chlorine dioxide
which reacts as an electrophilic agent, hydrogen peroxide is nucleophilic agent. Although the oxidation
potential for hydrogen peroxide is significantly higher under acidic conditions, typical bleaching reactions are
conducted under alkaline conditions. The reason is that hydrogen peroxide reacts only slowly with organic
compounds under acidic conditions. Decomposition of hydrogen peroxide is necessary to delignify pulp, but the
rate of decomposition into reactive intermediates must be controlled to achieve all the goals of peroxide
bleaching. Since some transition metal ions such as copper, manganese, and iron accelerate the catalytic
decomposition of the active perhydroxyl ion (hydroperoxide anion), presumably through a free-radical
mechanism, it is necessary to decrease transition metal ions concentration before peroxide stage using a
chelation step (Q)8–14. Hydrogen peroxide is usually used to brighten pulps during the final bleaching stages to
prevent the pulp from losing brightness over time.
In this paper, soda pulp cooked from rapeseed straw was subjected to a four-stage elemental chlorine-free
(ECF) bleaching under laboratory conditions. Bleaching sequence consisted of chlorine dioxide step in
combination with subsequent alkaline extraction followed by another chlorine dioxide and hydrogen peroxide
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stages. Optical and strength properties of pulp measured after each bleaching step were compared with those
obtained for kraft pulp cooked from softwoods.

Experimental
Rapeseed straw (Brassica napus L. convar. napus, in our case winter line genotype Labrador) collected from the
field in Polabian lowlands near the city of Pardubice (Czech Republic) was used for the pulping process. Raw
materials consisted mainly of stalks, but approximately one third of total amount were valves of siliques. After
removing natural dirt and silique valves, the stalks were manually cut to 1 to 2 cm pieces which were used for
laboratory soda pulping. Chemical composition of both basic components of rapeseed straw, stalks and silique
valves, was reported in our previous paper15.
Batch soda-AQ pulping of rapeseed straw was carried out in a laboratory rotary digester comprising six
autoclaves of 750 cm3 capacity, immersed in an oil bath. Batch cooks were performed at the liquor-to-raw
material ratio of 5:1, alkali charge of 19 % expressed as Na2O per oven-dried raw material, and the
anthraquinone charge of 0.1 %, based on oven-dried raw material.
On the basis of pulping experiments performed earlier15, the temperature regime consisted of four periods, i.
e., at first heating from a room temperature to 105 oC for 45 min, then dwelling at 105 oC for 30 min, followed
by heating to 160 oC for 30 min, and finally dwelling at cooking temperature. The batch cooks were ended as
soon as the H-factor reached a value of 1,600 h. After the cooking process, the cooked pulp was refined,
thoroughly washed with tap water, and screened to remove rejects using 10 mesh sieve. The soda pulp was
stored cold at a temperature of 6 °C before bleaching experiments. The kappa number of unbleached soda pulp
was determined according to standard method ISO 302.
Unbleached pulp was subjected to a D0EPD1P bleaching sequence. Chlorine dioxide (ClO2) solution and
hydrogen peroxide (H2O2) were applied as bleaching chemicals. The chlorine dioxide solution was prepared by
acidification of a sodium chlorite (NaClO2) solution under laboratory conditions. Commercial product of
hydrogen peroxide having a concentration of 30 mass % was used as another bleaching chemical. Water
solutions of sodium hydroxide and/or sulphuric acid were added to pulp samples to achieve a desired pH value.
A solution of magnesium sulphate in the amount corresponding to 0.5 kg of MgSO4 per oven-dried tonne of
pulp to protect cellulose in the pulp samples from degradation was added in the EP and P stages.
The bleaching stages were performed in sealed polyethylene bags immersed in a tap water bath preheated to
the required temperatures. The pulp samples were hand-kneaded before and during bleaching steps. The pulp
consistency, i. e., mass fraction of moisture-free fibres in suspension expressed in mass %, in each stage was
maintained at a value of 10 %. The bleaching sequence D0EPD1P is illustrated in Fig. 1 in which one can find the
charge of bleaching agents, for chlorine dioxide expressed as active chlorine aCl2, retention time (τ), pH value,
and temperature (t) which characterize operating conditions of each bleaching stage.
After each bleaching stage a multi-stage washing based on dilution at 4 % pulp consistency followed by
thickening was performed with distilled water until neutral effluent was achieved.
Pulp handsheets of 80 g/m2 were prepared using a standard handsheet former as described in TAPPI test
method T 205 sp-2. Using an L&W Elrepho SE 071/070R instrument, the brightness of soda pulp was measured
for handsheet samples obtained in each bleaching step. The zero-span breaking length was determined
according to TAPPI test method T273 by means of a TIRA test instrument. Before strength measuring, the
handsheets were air-conditioned in the conditioning room under a constant temperature of (23±1) °C and
relative humidity of (50±2) %. All the strength measurements were performed at least on 20 replicates per
each tested sample.

Results and discussion
The soda pulp cooked from the stalks of rapeseed straw under laboratory conditions was undergone a fourstage bleaching sequence using chlorine dioxide and hydrogen peroxide as bleaching chemicals. A simplified
flowsheet of the D0EPD1P sequence is illustrated in Fig. 1. The kappa number of unbleached soda pulp cooked
up to H-factor of 1,600 h had a value of 18.8. For comparison, the unbleached kraft pulp cooked industrially
from a blend of spruce and pine having the kappa number of 18.8 was undergone the same bleaching steps
simultaneously. The initial brightness of soda and kraft pulps was 28.7 % ISO and 33.6 % ISO, respectively.
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Figure 1. Simplified flowsheet of D0EPD1P bleaching sequence.
The pulp brightness attained after bleaching steps is shown in Fig. 2. After last bleaching stage, the final
brightness of soda and kraft pulps was 71.9 % ISO and 82.1 % ISO, respectively. Thus, the difference in
brightness between both pulps increased from 4.9 % ISO for unbleached pulps to 10.2 % ISO for bleached
pulps. The reason may be that the brightness increment in the D0 stage, where delignification is the primary
goal, was too low for soda pulp comparing with kraft pulp. Figure 3 illustrates the brightness increments
attained in each bleaching step for soda and kraft pulps. While the brightness increment of 13.2 % ISO was
reached for soda pulp, an increase in brightness was 27.7 % ISO in the D0 bleaching step for kraft pulp. It was
confirmed that the D0 chlorine dioxide bleaching step has predominant influence upon the final brightness of
pulp treated by the ECF bleaching.
Chlorine dioxide oxidizes lignin via a number of reaction pathways, highly depending on pH value. The optimum
pH for hardwood pulps is between 2.8 and 3.5 (ref.5). Moreover, the pH governs the proportion of each
reactive component (ClO2, HClO2, HClO/Cl2) present in the solution7. However, during the bleaching of pulp
with chlorine dioxide, part of the chlorine dioxide is converted into chlorate. Since chlorate is an ineffective
delignification chemical, its formation represents waste of the oxidizing power of chlorine dioxide6. It was
found that a lower pH results in less chlorate formation. Thus, lower pH of 2.5 in the D0 stage may result in a
slight loss in delignification efficiency, but, on the other hand, may result in a substantial removal of nonprocess metals. This improved metals removal may reduce peroxide decomposition in the subsequent EP
stage5. Nevertheless, the difference in bleachability between various pulps is not easy rationalised particularly
when they have approximately the same kappa numbers and brightnesses.
In the following steps, alkaline EP and chlorine dioxide D1, the brightness increment of soda pulp was greater
than that of kraft pulp while the hydrogen peroxide step brought the same brightness increment for both pulps
(Fig. 3). It is worth mentioning that the final brightness measured for soda and kraft pulps was much greater
than that reached for oxygen-predelignified kraft softwood pulp with the initial kappa number of 9.7 when the
final brightness did not exceed 65 % ISO in the case of totally chlorine-free bleaching with hydrogen peroxide
and peracetic acids11.
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Figure 2. Pulp brightness after bleaching stages for soda and kraft pulps.

Figure 3. Brightness increments in bleaching stages for soda and kraft pulps.
For comparison, Enayati et al.16 report the bleaching results of canola stalks soda pulp with the initial kappa
number of 23.8 and brightness of 36.5 % ISO. Using the three-stage bleaching sequence D0EPD1, the final
brightness was found to be 78.4 % ISO. The total brightness increment of 41.9 % ISO reported by Enayati et al.16
for the three-step sequence is in good agreement with that of 43.2 % ISO measured in our work. It should be
noted that one of possible reasons why lower final brightness was reached under our laboratory conditions is
that pulp washing with distilled water was performed after each bleaching stage while, in bleaching plants, the
wash liquor and pulp are flowing in the opposite directions as countercurrent flows.
During sequential bleaching operations, pulp fibre properties are gradually changed due to mechanical and
chemical treatment. Hence, besides brightness, the strength of pulp was measured as well. The evaluation of
pulp strength properties by conventional methods is not suitable for detailed specifications of pulps or fibre
line, as the measured tensile strength is a combination of tensile strength of fibres and fibre-to-fibre bond
strength. Therefore, the zero-span tensile test is a widely used method for evaluating the average strength of
individual fibre rather than the strength of the paper itself. In the zero-span test, the tested sheet strips and,
consequently, a given fibre is clamped at zero span of the tester jaws17.

4rd International Conference on Chemical Technology | ICCT 2016

[357]

The influence of the bleaching steps on the zero-span breaking length (ZSBL) of soda and kraft pulps is shown in
Fig. 4. It is evident that the first three bleaching stages, D0, EP, and D1, brought down the zero-span breaking
length of both pulps. A decrease in the zero-span breaking length after alkaline extraction step means that
besides the alkali-soluble lignin fragments, degraded hemicelluloses are also lost in the extraction stage10.
However, in the final hydrogen peroxide step, an increase in the zero-span breaking length, mainly for soda
pulp, was reached. Comparing unbleached and bleached pulps after final bleaching step, a decrease in the
zero-span breaking length was found to be 0.29 km and 0.52 km for soda and kraft pulps, respectively. For
comparison, Enayati et al.16 report for unrefined unbleached and bleached canola stalks soda pulps, the tensile
index of 24 N m/g and 23.1 N m/g, respectively, measured by a convectional tensile strength method. It seems
that, for soda pulps from canola and rapeseed, a decrease in the tensile strength was not substantial.

Figure 4. Influence of bleaching steps on zero-span breaking length
for soda and kraft pulps. Error bars – 95% confidence limits.
It could be surprising that the zero-span breaking length of soda pulp from rapeseed straw is greater than that
of kraft pulp cooked from softwoods. However, it must be noted that soda pulp was never dried while the airdried kraft pulp was used in bleaching experiments. The reason for lower strength of kraft pulp fibres may be a
phenomenon known as hornification which refers to the stiffening of the polymer structure that takes place in
lignocellulosic materials upon drying or water removal. When pulp fibres are dried, the internal fibre volume
shrinks, because of structural changes in pulp fibres. For comparison, the zero-span breaking length of 3.92 km
was determined for never dried unbleached kraft pulp cooked from a blend of spruce and pine, having the
kappa number of 9.7 after oxygen bleaching11.

Conclusions
In conclusion, the brightness of soda pulp with the initial kappa number of 18.8 and the initial brightness of
28.7 % ISO subjected to the four-stage D0EPD1P sequence was found to be 71.9 % ISO. The total brightness
increment of 43.2 % ISO was lower than that of 48.5 % ISO attained for kraft softwood pulp having the same
initial kappa number. A total decrease in the zero-span breaking length of 0.29 km seems to be acceptable with
respect to strength characteristics of soda rapeseed pulp attained after each bleaching step. It can be
concluded that chlorine dioxide is certainly the most important bleaching chemical with high oxidation power
mainly in a D0 stage, having a substantial impact upon the final pulp brightness, mainly in combination with a
subsequent alkaline extraction. This fact confirms the important role of chloride dioxide in bleaching process
and its impact on the pulp brightness in elemental chlorine-free bleaching.
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Abstract
Oxidizing alkyds are polymeric binders, which are prepared from polyols, dicarboxylic acids and fatty acid.
Alkyds are one of the most widespread used binders in coating industry. The curing process of alkyd is usually
called autoxidation. Presented work is focused on elucidation of the mechanism of catalytic behavior of iron
bispidon complex in the autoxidation process. We have prepared new iron-based drier containing
diazabicyclo[3.3.1]nonan-9-one (bispidon) ligand in the molecule. Autoxidation activity of prepared compounds
was examined on both ethyl linoleate and commercially available alkyd. The autoxidation process was followed
by time-dependent IR spectroscopy. On analysis of obtained data, the activity of selected driers has been
determined and particular reactions involved in autoxidation were resolved.

Introduction
Auto-oxidizable resin systems represent the oldest family for surface coatings and still are widely use. Alkyds
are one of the largest part of this group. Presence of double bonds in the binder molecules enables the
reaction with air oxygen to give three-dimensional polymeric structure. This radical process known as
autoxidation, results in conversion of the liquid paint layer to firm coating1,2. Alkyd resins are commonly
modified by highly unsaturated fatty acids to improve physical properties of final film. High degree of
unsaturation provides autoxidation of resin without the addition of any curing agents. This process is generally
slow giving the paint film with very low final hardness. Metal catalysts, so-called driers, solve of this problem.
They propitiously influence autoxidation process, accelerate decomposition of peroxy bonds, increase
concentration of radicals in reaction and improve the final properties polymeric film3, 4.
One of the most powerful drying argents are cobalt-based driers, which are widely used in commercial sphere.
Recently published studies dealing with potential carcinogenic propertied of cobalt(II) compound5, 6 makes
legislative pressure on paint-producing industry to replace these compounds with less toxic alternatives.
Although replacements for cobalt-based driers (II) were already published (e.g. VO(accac)27, Mn-bipyridine8,
ferrocenes9-11), the most of them still suffers from some disadvantages, such as intense color or lower activity
at ambient temperature. One of the promising replacements for cobalt driers are iron derivatives of bispidon
(diazabicyclo[3.3.1]nonan-9-one). Patent literature describes few iron bispidon chloride complexes as powerful
driers. Expect patent literature, no experimental data have been published about catalytic activity of iron
bispidon complex on alkyd resins (only de Boer et al. presented one study on ethyl linoleate as a system for airdrying paintys)12. Another problem is connected with presence of chloride or sulfate ligands. Hence, they lower
the solubility in organic solvents and may cause corrosion of coated material. The aim of this study is
preparation of new iron bispidon complex (octoate derivative; Fe-bispi) with enhanced solubility in alkyd resins
and improved drying activity.

Experimental Section
Materials
The solvent-borne phthalic-type alkyd resin modified with soybean oil (CHS-ALKYD S471X60, 60% of dry matter
content in xylene) supplied by Spolchemie a.s. has been used for both kinetic measurements and the
determination of prepared films properties. Neutralization capacity of used alkyd was 5 mg KOH per gram of
resin. Metal concentrations are given in wt.% based on dry matter of alkyd resin. Starting bispidon ligand was
prepared as described elsewhere13.

Preparation of iron (II) bispidone ethylhexanoate (Fe-bispi)
Suspension of bispidon ligand (1.55 g, 0.003 mol) in acetonitrile is treated with iron(II) ethylhexanoate (1.54 g,
0.0045 mol) at room temperature under argon atmosphere. Suspension was stirred until clear solution
appears. The volatiles were evaporated under vacuum and crude product was treated with diethylether. Yellow
precipitate was filtered and dried under vacuum. (1.65 g, yield 64 %) The exact concentration of iron was
determined by atomic absorption spectroscopy.
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Scheme 1. Preparation of Fe-bispi. RCOO = 2-ethylhexanoate.

Film drying time
The drying performance of studied catalytic systems has been determined using a BYK Drying Time Recorder.
The instrument is a straight-line recorder equipped with hemispherical ended needle (5 g weight used). The
needle travels the length of the test strip under standard laboratory conditions (temperature 23°C, relative
humidity 50%). Glass test strip was prepared by casting a film upon it (thickness was 76 µm of wet film). The
trace left on the film during the drying has been used to define tack free time (τ1) and total dry time (τ2). During
the stage 1 (t = 0–τ0), the paint flows together and starts to polymerize. It gives bold and uninterrupted line.
During the stage 2 (t = τ1–τ2), the surface is sticky and the path is ripped. After τ2 (stage 3) the paint is through
dry and needle travels on top of the surface and no trace in the film is observable.

Determination of film hardness
Film hardness development was monitored using a Persoz type pendulum (Elcometer Pendulum Hardness
Tester, UK) in conformity with ISO 1522. The method is based on registering the number of pendulum swings it
takes before the amplitude of the pendulum is damped to a certain extent. The more swing observed, the
harder is the film. Plain glass test plate (10 cm x 20 cm) was coated with a 150 µm film (wet thickness) dried
with the appropriate drier system and film hardness was measured within 100 days. The measured value was
related to the hardness of a glass standard and expressed as relative hardness in percents. The error in
determination of surface hardness was estimated to be 0.5%. On summarizing of obtained data, dependence of
film hardness versus time has been determined.

Time-resolved FTIR experiments
The oxidation of alkyd resin was followed by time-resolved FTIR on Nicolet 6700 spectrophotometer (32 scans
per spectrum with a resolution of 2 cm–1) in the range of 4000–500 cm–1. Mixture of alkyd resin with
appropriate drier was spread on the NaCl plate using an applicator with slot width 0.1 mm. Sample was placed
in the spectrometer and IR spectrum was recorded each 5 min at 23 °C. Collected IR spectra were integrated
using fixed two-point baseline in the bounds 3014–2997 cm–1 (methylenic CH stretch) and 1011–947 cm–1
(conjugated double bonds), respectively. The error in determination of kCH was less than 10% (three
independent measurements for each run).

Results and Discussion
Fe-bispi is air stable yellow powder with good solubility in non-polar organic solvents such as toluene and
xylene. Drying activity of the complex was studied in solvent-borne phtalic-type alkyd resin modified with
soybean oil. The experiments were performed at various metal concentrations. Table I summarizes observed
drying times and relative hardness for each concentration under the study. Fe-bispi shows very high catalytic
activity at considerably lower metal concentrations than is recommended for commercial cobalt-based drier
cobalt octoate (1 x 10–1 wt.%), see Table I. The best drying performance was achieved at concentration of Febispi 1 x 10–2 wt.%. This formulation gives tack free film after 51 min. of drying and total dry coating was
obtained after 5 hours (total time). In the case of ten times lower concentration (1 x 10–3 wt.%), considerable
prolongation of drying times was observed. Hence, the tack free time is about 41 min. longer and total dry
coating is obtained after 6.15 hours of drying. Both suitable concentrations (1 x 10–2 wt.% and 1 x 10–3 wt.%)
reached almost the same relative hardness after 100 days of drying (~48%) and they are comparable to values
of commercial cobalt(II) octoate at optimal concentration (6.7 x 10-2). Further lowering of metal concentration
results in deterioration of the drying activity. At metal concentration 1 x 10–4 wt.%, the tack free film is
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obtained after 22 hours of drying and total dry time exceeds 24 hours. Due very low activity, this formulation
was excluded from the measurements of relative hardness development.
Table I
Drying times (τ), relative hardness (Hrel) and autoxidation activity of Fe-bispi on the alkyd films at different
metal concentrations.
Fe conc.
Hrel. 5dc Hrel. 100dd -kCH. maxe
tmaxe
t5%f
t90%f
tconj.g
τ1a
τ2b
wt.%

(h)

(h)

(%)

(%)

(h-1)

(h)

(h)

(h)

(h)

1 x 10–2

0.85

5.00

20.1

48.9

1.24

0.25

0.17

12.4

7.5

1 x 10–3

1.54

6.15

26.4

46.7

0.51

1.68

0.43

37

3.9

1 x 10–4

22

>24

n.m.

n.m.

0.02

64

33

>90

>90

a

Track free time.
Total dry time.
c
Relative hardness after 5 days.
d
Final relative hardness reached after 100 days.
e
Maximum oxidation rate constant (kCH. max ) observed at drying time tmax.
f
The time t5% and t90% is determined as point when 5% and 95% of active CH bonds are consumed.
g
The time, in which the function shown in Fig. 3 has reached maximum.
b
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Figure 1. Development of hardness for Fe-bispi
Time-resolved FTIR spectroscopy was used for monitoring the first step of the autoxidation process. Figure 2
depicts decrease of the band at 3008 cm–1 in intensity. This band was assigned to C–H stretching of double
allylic methylene group and is proportional to concentration of substrate. The shape of these curves indicates
the reaction of pseudo-first order.
The curve A shows performance of the Fe-bispi at concentration 1 x 10–2 wt. %. The high rate constant (kCHmax =
1.24) is almost same with rate constant of cobalt(II) octoate at concentration 0.1 wt.% (kCHmax = 1.39). However,
at t = 45 min. considerable decrease of rate constant appears that is caused by overdosing of the drier. Hence,
the autoxidation reaction is too fast. It creates thin film of cross-linked alkyd on top surface that blocks
diffusion of oxygen into the bulk of the coating and rapidly slows down the autoxidation process. It causes
deformation of the curve A at interval 45 min. to 7.5 hour. At 1 x 10–3 wt. % concentration (curve B), lower rate
constant was obtained (kCHmax = 0.51) but no signs of overdosing were observed. Further lowering of
concentration deterioration of drying process 5% of substrate is consumed in about 33 hours.
The initiation of autoxidation process is further evidenced by rise of bands in region 1011–947 cm–1 those are
associated with the vibrations of cis-trans and trans-trans conjugated double bonds, see Figure 3. Species bearing
conjugated bonds are formed from starting substrate bearing isolated double bonds to yield hydroperoxide function
bonded beside conjugated system of double bonds3. These reactive species are further consumed during the
termination step of the autoxidation by the addition of present radicals. When cross-linking termination reactions
predominate over the radical formation, this set of bands is slowly decreasing in intensity. Analyzing curves depicted
4rd International Conference on Chemical Technology | ICCT 2016

[362]

in Figure 3, we could determine the time (tconj) when the maximum concentration of conjugated double bonds is
reached. The shortest tconj was observed for 1 x 10–3 wt. % (3.9 h). At higher concentration 1 x 10–2 wt. %, overdosing
is observed at the same time interval as in Figure 2. Despite steeper initial growth of concentration of conjugated
double bonds, the time to reach maximal concentration was relatively long (7.5 h).
The metal concentration 1 x 10–3 wt. % seems to be optimal for application because no signs of overdosing
were observed and alkyd coating dries homogenously. It corresponds with obtained drying times (τ1)1 and (τ1)2.
Hence, at 10 times higher concentration only slightly shorter drying times were observed probably owing to
skin layer on the top of the film (front-forming drying). This explanation is further supported with curves
hardness development (Figure 1). Five days after application, the coating with 1 x 10–3 wt. % of the drier is
considerably harder (26.4%) than film with higher concentration (20.1%). The final hardness measured after
100 days was almost same for both formulations.
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Figure 2. (Left) Time dependent integral plots of 3008 cm-1 band in alkyd films. Figure 3. (Right) Time dependent
integral plots of IR bands corresponding to vibrations of conjugated double bonds in alkyd binder. Systems with
concentration of iron: A = 1 x 10–2 wt. %, B = 1 x 10–3 wt. %, C = 1 x 10–4 wt. %.

Conclusion
This study has described preparation of new air-stable iron-based drier Fe-bispi. This complex has very good
solubility in organic solvents commonly used in paint producing industry (toluene, xylene) as well as in alkyd
binder. The study on phthalic-type alkyd resin modified with soybean oil has shown his excellent catalytic
activity at concentration 10–100 times lower than usual for commercial cobalt-based dryers. Due to yellow
color and high activity at low concentration, Fe-bispi can be used in colorless and light pigmented alkyd resins.
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Abstract
Recently, wood ash is a waste which is occasionally used in compost for soil fertilising. Thanks to its large
amount of Ca and K, it can be utilized for acid gas separation from generator gas originated from biomass
gasification. Generator gas with very low concentration of HCl, HF and H2S could be used as a fuel for hightemperature fuel cells. This study is focused on evaluating the sorption characteristics of solid sorbents
prepared from wood ash by pelletization and chemical modification to separate HCl and HF from gas mixture
with composition similar to generator gas.

Introduction
Main goal of the study was the development of an adsorbent qualitatively similar to limestones and dolomites
for high-temperature purification of generator gas intended for fuel cells. For this purpose, an adsorbent made
of secondary raw material - wood ash - was selected. Using such type of material can lead to decrease in price
of adsorbent, minimization of waste per electricity production unit and complex utilization of biomass.
Although a wood ash composition depends on wood type and plant part (eg. ash from bark differs from ash
from pure wood) and on life conditions of trees (soil type, bed rock), in general its characteristics predetermine
it for acid compounds removal from various gas mixtures. Wood ash is very alcalic compared to coal ash. In its
structure, Ca and K prevail, but there are also Mg, Mn, Fe, Na and other biogenous elements in its structure.
Ash matter content in wood ash is very low, under 1% w/w.

Laboratory experiments
Laboratory experiments included adsorbent samples preparation, basic analysis of their surface characteristics
and non-regenerative adsorption tests.
For testing, one sample of crude ash and three modified samples were chosen. Their surface characteristics are
in Tab 1. Crude ash was used for preparation of the samples PT and PT1. Sample PT is a pelletized crude ash
made of particles under 300 μm and 5% w/w graphite. Sample PT1 is a pelletized crude ash made of particles
under 300 μm and 5% w/w graphite, impregnated with Zn(NO3)2 and Fe(NO3)3. Sample Fénix is a pelletized
adsorbent made of wood ash from a household furnace.
Table I
Surface analysis of adsorbent samples
BET surface [m2/g]
t-Plot surface [m2/g]
t-Plot surface – μpores [m2/g]
t-Plot volume - μpores [ml/g]
Pore volume [ml/g]

Fénix

Crude ash

PT

PT1

2.3290
3.0980
0.0000
0.0000
0.0089

4.3310
3.7780
0.5580
0.0002
0.0110

7.9800
6.2280
1.7920
0.0007
0.0177

1.6980
2.3640
0.0000
0.0000
0.0117

Adsorption tests were carried out using model gas mixture. Composition of model gas mixture was similar to
generator gas from biomass gasification: 18.9% CO, 16.5% CO2, 16.2% H2, 4.66% CH4, 1.49% C2H4, 13% H2O, 150
ppm (241 mg/Nm3) HCl, 10 ppm (8.8 mg/Nm3) HF, 0.02% H2S and N2. Gas flow during the experiments was 85
l/h at 20 °C and 101.3 kPa. Experimental apparatus is in the Figure 1.
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Figure 1. Experimental apparatus for adsorption tests
Legend: 1 - glycerol; 2 - HCl solution; 3 - model gas mixture; 4 - nitrogen; 5 - reactor; 6 - rotameter; 7 condensate offtake; 8 - sugar of lead; 9 - sulfide electrode; 10 - NaOH.
Main part of the apparatus is a quartz reactor placed in a vertical kiln with electrical heating. Regulation of the
kiln is automatic. Inside the reactor, there is an adsorption bed. In case of pelletized samples, the weight of
samples was 30 g and the length of adsorption bed was 9.5 cm. In case of crude ash, the weight of the sample
was 20,5 g the length of adsorption bed was 5 cm.
First, the whole apparatus is washed by pure nitrogen to prevent the explosion which could be caused by
interaction of model gas mixture with oxygen in air. Then, the model gas mixture is introduced into the reactor.
Water solution of HCl and HF is evaporated into the model gas mixture to assure the required concentration.
The outlet gas after adsorption is cooled down to 50 °C. The condensate is separated and taken off every 10
minutes. Every 30 minutes, the rest of the condensate from the cooler and the separator is quantitatively put
into sample tube. The condensate is then analysed by ionic chromatograph Dionex ICS – 1000.
The outlet gas after sampling goes to an alcalic wash with NaOH. The presence of sulphide ions is indicated by
sugar of lead and their concentration is quantified by sulfide electrode.

Discussion and results
During the adsorption experiments, regeneration of adsorbents was not considered because of using the lowcost material. Adsorption capacity for HCl and HF of the samples is stated in Table 2.
Table II - Adsorption capacity of samples for HCl and HF at 400 and 600°C and their breaking strength
HCl adsorption
HF adsorption capacity Breaking strength
capacity [g/kg]
[g/kg]
[N]

sorbent

400 °C

600 °C

400 °C

600 °C

p.p.*

400 °C

600 °C

PT

0.8

NA

0.70++

NA

0

0

0

PT1

0.0

0.0

0.25

0.00

4.8

5.7

5.5

Fénix

25.1

21.7

3.37++

2.73

6.8

37.8

56.5

Legend: * - before experiment; NA - non-analysed; ++ - experiment was ended before achieving limit
concentration
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From Table II, it is also obvious that the breaking strength of Fénix dramatically increases with adsorption
temperature. The highest adsorption capacity for HCl and HF was found in case of Fénix. The course of
adsorption of HCl and HF on the adsorbents is shown in Figure 2 – Figure 6. Red lines represent acceptable
concentrations from a long-term operation of HTSFC point of view.

Figure 2. HCl adsorption on PT

Figure 3. HCl adsorption on PT1
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Figure 4. HCl adsorption on Fénix

Figure 5. HF adsorption on PT
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Figure 6. HF adsorption on PT1

Conclusion
First measurements indicated that wood ash could be an appropriate material to remove acid compounds from
generator gas from biomass gasification.
When we compare the obtained results, expressed in Figures 1 – 5 as a dependability of outlet concentration
on saturation degree, we see that the adsorption effectivity is sufficient in case of HF, but in case of HCl, the
effectivity has to be improved. Wood ash shows affinity to these acid compounds. Although the ash matter
content is very low, the amount of ash obtained from 1 kg of wood is sufficient for acid gases removal,
considering the amount of HCl and HF released during the wood gasification.
Adsorption effectivity depends on length of adsorption bed. The values of outlet concentrations of Cl- and Fcan be further decreased by heightening of adsorption bed. Also, the breaking strength of pellets could be
improved by impregnation, additives or increasing of pelletization pressure. The breaking strength affects the
operational reliability of adsorption.
In all cases, the adsorbents had a sufficient amount of alkali and sufficient surface characteristics. Both factors
positively influence the affinity of adsorbents to HCl and HF.
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Abstract
This paper deals with the implementation process of the project of the Technology Agency of the Czech
Republic (TAČR) ALFA TA04020723 “Development of a pilot plant for monitoring of Hg emissions reduction
from large and medium capacity energy sources”. The project currently responds to the emerging EU BAT
legislation, which sets emission limits for Hg concentration in flue gas. The subject of the paper is presentation
of the project's results for 2015. The scope of project activities in 2015 included measurements in energy
facilities while defining the balance of Hg concentrations in the combustion products. The project's main
objective in 2015 was to build and commission the pilot plant for the oxidation of the free form of Hg0 into the
oxidized form of Hg2+.

Introduction
Efforts for global environmental protection are primarily focused on the area of emissions. The reason is that
emissions of pollutants emitted into the atmosphere are carried by wind, thus contaminating the environment
regardless of regional boundaries. Therefore, the EU focuses its efforts to protect the environment on air
emission limits. In contrast, solid wastes are usually dealt with at national level through national laws and
regulations.
Based on their proven harmful effects on living organisms, limiting mercury emissions emitted into the
atmosphere is currently a hot topic addressed internationally. This mainly involves mercury emitted from the
combustion of solid fossil fuels. The EU is preparing a new document called “Best Available Techniques (BAT)
Reference Document for the Large Combustion Plants” which sets emission limits for mercury concentrations
for both new and existing facilities. The emission limits are listed in the following table; in 2015 these limits
were tightened significantly. For existing facilities burning coal, with a thermal power greater than 300 MWt,
the existing value of 6 µg/Nm3 was changed to the stricter 4 µg/Nm3. For combustion plants burning lignite,
with a thermal power greater than 300 MWt, the limit was also changed to a stricter value - from the original
10 µg/Nm3 to 7 µg/Nm3. The updated emission limits for Hg concentrations are shown in the following table.
Table I
Emission Limits for solid fossil fuels
Combustion facility
Hg emissions (µg/Nm3)
rated
of rated heat intake
period
new source
existing source
(MWt)
coal: anthracite and bituminous coal
average taken from
< 300
1-3
1-9
samples gathered during
one year period
> 300
1-2
1-4
year average
coal: sub-bituminous and lignite
average taken from
< 300
1-5
2 - 10
samples gathered during
one year period
> 300
1-4
1-7
year average
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monitoring

four times a
year
Continual
four times a
year
Continual

The BAT legislation will come into force in 2017. Subsequently, EU Member States will have four years to
transpose the results of the document into their respective national legislations. In 2021, the stated emission
limits will be mandatory for all combustion plants with a rated thermal power greater than 50 MWt.
The main objective of the project is the identification and subsequent proposal of a concept design for the
issue to achieve the projected Hg emission limits with the selected representative energy sources combustion
solid fossil fuels in the Czech Republic, and the application of the draft technical design to achieve the projected
future emission limits for mercury arising from the combustion of solid fossil fuels in existing power plants,
including assessment of its impact on operational economy.

Analysis of fuel resources
In 2014, selection of fuels was performed, followed by analyses to determine Hg concentrations in dry matter.
Based on the information on oxidation of Hg0 to Hg2+, where Hg is firstly oxidized with chlorides, new analyses
of the same types of fuels were performed in order to determine not only Hg concentrations, progress of Hg
concentration on more samples taken in the course of the year, but also Cl concentrations.
Cl concentration has a profound effect on the oxidation of the atomic form of mercury Hg0 to the oxidized form
of mercury Hg2+. In literature there are descriptions of various catalytic oxidation mechanisms. However, these
effects could also be explained by the simple oxidation of hydrogen chloride where reactive chlorine is formed
which then reacts with atomic metallic mercury. This reaction is similar to the formation of persistent
pollutants such as PCDD/F; HCl oxidation is the so-called Deacon reaction and is used to produce chlorine
industrially from waste hydrogen chloride. This principle explains the formation of the oxidized form of
mercury even during coal combustion in a mild oxidizing atmosphere.
On the basis of knowledge of Hg oxidation due to the concentration of Cl contained in fuels, an analysis of coal
samples was performed and the concentration of Cl was determined.
Fuel selection for carrying out analyses in order to investigate mercury concentration was based on several
criteria:
• coverage of wider spectrum of fossil fuels used in large and extra-large combustion sources
• expected sufficient availability in the future, i.e. sufficient and reachable supplies
• real usability in the conditions of the Czech Republic, especially with respect to transportation options.
Based on the criteria stated above, following types of lignite we selected after carrying out the analyses.
3 samples weighting 1 kg each were taken from each type of the lignite. Samples of the lignite were further
analyzed in the Coal research department in Most.
• North-Bohemian coal plateau – Nástup Tušimice mine and Bílina mine
Nástup Tušimice mine (DNT) – sample "Industrial mixture" - PS2
Bílina mine (DB) - sample "Rough gravel" HP1, "Industrial mixture" PS1 a PS2
• Mostecká coal plateau
Vršany mine - sample – sample "Industrial mixture" PS3
• Sokolovská coal plateau
Jiří mine – sample DT - NS II
Analyses results are shown in the following Table II.
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Table II
Hg concentrations in fuel – lignite

Vršany Jiří mine

DNT

Bílina mine

Mine

Mibrag

Fuel type
HP1
PS1
PS2
HP1
HP1
PS2
PS2
PS1
PS1
PS2
PS2
PS2
PS2
PS2
PS2
PS3
PS3
PS3
PS

Analyses – 2014
Wtr % by
Hg mg/kgdry m
weight
27.43
0.157 ± 0.011
26.44
0.182 ± 0.013
24.42
0.200 ± 0.015
28.1
0.153 ± 0.011
27.3
0.176 ± 0.013
25.11
0.325 ± 0.024
25.49
0.259 ± 0.019
26.42
0.225 ± 0.016
27.62
0.158 ± 0.012
28.95
0.233 ± 0.017
28.75
0.218 ± 0.016
29.66
0.256 ± 0.019
34.89
0.510 ± 0.040
34.05
0.358 ± 0.026
34.21
0.540 ± 0.040
26.19
0.192 ± 0.014
26.5
0.284 ± 0.021
25.98
0.256 ± 0.019
-

Analyses – 2015
Wtr % by
Hg mg/kgdry m
weight
28.06
0.257 ± 0.019
24.75
0.180 ± 0.013
25.73
0.212 ± 0.15
27.73
0.107 ± 0.008
29.49
0.222 ± 0.016
25.76
0.284 ± 0.021
24.23
0.283 ± 0.021
24.63
0.275 ± 0.020
26.90
0.159 ± 0.012
31.13
0.188 ± 0.014
31.88
0.197 ± 0.014
30.93
0.225 ± 0.016
33.18
0.572 ± 0.042
40.24
0.441 ± 0.032
34.63
0.432 ± 0.032
28.6
0.237 ± 0.017
28.03
0.273 ± 0.020
28.26
0.275 ± 0.020
45.8
0.290 ± 0.019

Figure 1. Overview of mercury content in various fuels analyzed in 2014 and 2015
The results show that Hg concentrations in the coal samples taken in 2014 and 2015 differ only to a minimum
degree. The greatest Hg concentration was found in the coal sample taken from the Jiří mine, where the
average value is 0.482 mg/kgdry The lowest Hg concentration was found in the coal sample taken from the
Nástup Tušimice mine, namely 0.203 mg/kgdry. Based on the decision of the Czech government not to continue
mining in the ČSA mine, no samples were available for the analyses.
The results of chlorine concentrations are shown in the following table.
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DNT

Cl %
0.0065 ± 0.0007
0.0081 ± 0.0008
0.0034 ± 0.0003
0.0137 ± 0.0014
0.0097 ± 0.0010
0.0052 ± 0.0005
0.0077 ± 0.0008
0.0034 ± 0.0003
0.0091 ± 0.0009
0.0222 ± 0.0022
<0.0010
0.0032 ± 0.0003

Mine

Vršany Jiří mine

Bílina mine

Table III
Cl concentrations in fuel – lignite
Mine
Fuel type
HP1
PS1
PS2
HP1
HP1
PS2
PS2
PS1
PS1
PS2
PS2
PS2

Mibrag

Fuel type
PS2
PS2
PS2
PS3
PS3
PS3
PS

Cl %
0.0088 ± 0.0009
0.0120 ± 0.0012
0.0077 ± 0.0008
0.0093 ± 0.0009
<0.0010
0.0079 ± 0.0008
0.0162 ± 0.0016

Figure 2. Overview of Cl content in various fuels.

Measurements in Power plant
The first measurement test of Hg concentrations within the framework of the research project was carried out
on Unit 2 of the Dětmarovice Power Plant. The following text contains the results of analyses of solid samples
taken, namely of coal, slag, fly ash taken from under the air heater, fly ash taken from individual sections of the
electrostatic precipitator (next only ESP), gypsum suspension. Furthermore, the following text also contains the
tabulated results of analyses of the flue gas sampled before ESP, after ESP and at the outlet from flue gas
desulphurisation (next only FGD), i.e. at the stack inlet. Flue gas was fed into the Hg sorption system. The
ASTM-D6784 method - “Ontario Hydro Method” - was chosen here because this globally recognized method
guarantees the identification of Hg0, atomic mercury and oxidized mercury Hg2+. (The conventional method
pursuant to ČSN EN CSN EN 13211 was assessed as insufficient for this purpose because it does not allow Hg
specification).

Results of product analyses
During the measurement tests, samples of fuel, slag and fly-ash were taken from under the air heater, ash
samples from individual sections of the ESP and gypsum suspension sample from the wet flue gas
desulphurisation technology - FGD. The results of the sample analyses are given in the following tables.
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Table IV
Hg concentrations – fuel, slag, ash, gypsum suspension
Electrostatic precipitator section
Hg
Average Hg
Sample
Sample
(mg/kgdry m) (mg/kgdry m)
Section I
Section II Section III Section IV
Sample 1 - fuel
0.094
Sample 1
0.323
0.748
0.736
0.558
Sample 2 - fuel
0.069
Sample 2
0.286
0.594
0.555
0.530
0.109
Sample 3 - fuel
0.088
Sample 3
0.296
0.797
0.768
0.451
Sample 4 - fuel
0.183
Sample 4
0.349
0.640
0.783
0.440
Sample - Slag
0.002
0.002
Sample 5
0.212
0.616
0.826
0.827
Gypsum
Average
0.101
0.101
0.293
0.679
0.734
0.561
suspension
value

Air heater
0.021
0.016
0.014
0.020
0.014

0.017

Result of flue gas analyses
Using isokinetic sampling, flue gas samples were taken before ESP, after ESP and at the outlet from FGD.
Subsequently, the sampled flue gas was fed to the Hg sorption system. The output emission limit pursuant to
the BAT legislation under preparation is 4 µg/Nm3.
Table V
Hg concentrations - flue gas (µg/Nm3)
Sampling point
Sample 1 - Before ESP
Sample 2 - Before ESP
Sample 3 - Before ESP
Sample 1 - After ESP
Sample 2 - After ESP
Sample 3 - After ESP
Sample 1 - After FGD
Sample 2 - After FGD
Sample 3 - After FGD

0

Hg
0.72
2.48
0.55
0.77
0.74
0.71
1.40
1.28
1.29

O2 concentration = 6%
Hg2+
Hg(p)
Hg(total)
6.66
6.75
14.13
5.92
9.20
17.60
6.21
4.55
11.31
8.65
0.01
9.43
6.23
0.00
6.97
6.75
0.00
7.46
5.59
0.01
7.00
4.83
0.00
6.11
3.33
0.01
4.63

Pilot plant
The main objective of the project, and not only in 2015, is the production and commissioning of a pilot plant to
study the influence of the actually available methods on the oxidation of atomic mercury Hg0 into the oxidized
form Hg2+. Oxidation of Hg0 into the oxidized form Hg2+ will take place at the catalyst layer.The pilot plant
consists of several parts. The flue gas sampled from the flue gas duct is fed into the reactor via electrical
heating, measuring section. A plate-type catalyst with the dimensions of about 320 x 320 x 700 mm is used for
the oxidation of the atomic form of Hg0 into the oxidized form. The reactor is also equipped with a flue gas flow
deflector, blow-off nozzles and a measurement device. The whole reactor is stored in a supporting steel
structure and the sections can be modularly stacked on each other. The flue gas flow deflectors serve to unify
the speed profile across the reactor cross section. Due to the possible deposits of dirt, particularly on the
leading edges of the catalyst plates, each module of the reactor is equipped with blow-off nozzles positioned
about 350 mm above the plane of the catalyst. Blowing of the catalysts is carried out at appropriate time
intervals separately for each module. These intervals will be determined based on experience with the
operation of the reactor, and their setting is possible using electronic timers at the individual solenoid valves on
the distribution battery. The reactor is provided with an inspection hole, which is equipped with a blow-off
device for the case of fouling. The inspection hole is primarily used to check fouling of the leading edges of the
catalyst plates.Flue gas discharged at the bottom of the reactor is fed to the measuring section and then to the
flue gas fan, which is designed to cover pressure losses in the duct and the catalyst itself. A diagram of the
whole system and the layout are given in the Annexes to the interim research report.
The reactor will be provided with thermal insulation with the thickness of 160 mm, where the contact
temperature of the surface will not exceed 50 °C at any point.
A diagram of the pilot plant is shown figure 3.
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Figure 3. Pilot plant – schema
The parameters of the pilot plant are listed in the following table.
Table VI
Pilot plants parameters
Parameter
Inlet flue gas amount
Flue gas temperature at the inlet to the unit
Catalyst size
Length
Width
Height
Speed of flue gas passing through the unit
Unit size
Length
Width
Height
Unit weight
Unit output (flue gas fan)
Flue gas electric heating output

Unit
Nm3/h
°C

Value
400
300 - 350

mm
mm
mm
m/s

320
320
700
4.5

mm
mm
mm
kg
kW
kW

1,400
1,400
2,600
570
5
12
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Conclusion
The present article summarizes the results of the first part of project implementation, during which samples of
brown coals were taken and analysed for Hg and Cl concentrations. Average Hg concentrations were as follows:
•

Coal from the Bílina mine (HP1, PS1 and PS2)

0.220 mg/kgdry m

•

Coal from the Nástup Tušimice mine (PS2)

0.203 mg/kgdry m

•

Coal from the Vršany mine (PS3)

0.482 mg/kgdry m

•

Coal from the Jiří mine

0.262 mg/kgdry m

•

Coal from the Mibrag mine

0.290 mg/kgdry m

Average Cl concentrations were as follows:

•

Coal from the Bílina mine (HP1, PS1 and PS2)

0.0074 %

•

Coal from the Nástup Tušimice mine (PS2)

0.0088 %

•

Coal from the Vršany mine (PS3)

0.0095 %

•

Coal from the Jiří mine

0.0061 %

•

Coal from the Mibrag mine

0.0162 %

Measurements were carried out at the Dětmarovice Power Plant during which samples of fuel, slag, fly ash and
gypsum were taken; in addition, flue gas samples were taken from three sampling points using the sampling
method. From the perspective of formation of the various Hg forms, it is obvious that after passing through the
ESP the Hg form bound to the Hgp fly ash is completely separated. The main result of the measurement is,
however, that the emission limit for the Hg concentration of 4 µg/Nm3, given by the legislation under
preparation, is exceeded in the samples of flue gas discharged from desulphurisation and therefore it will be
necessary to implement technology to reduce Hg concentrations. Toward the end of the year, project
documentation was prepared and implementation of the pilot plant designed to transform Hg using the
catalytic layer was started. At the end of 2015, the pilot unit was put into operation.
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Abstract
The aim of the present study was to evaluate effects of two solid wastes (dredged sediment, contaminated
industrial soil) on three types of organisms (Enchytraeus crypticus, Lactuca sativa and microorganisms) in a
multispecies test, that takes account of interactions among organisms and processes which may influence the
overal environmental impact and fate of a waste. The measured endpoints were enchytraeid reproduction,
root elongation of plants and dehydrogenase activity of microorganisms. The results from multispecies tests
were compared with data from the appropriate single species tests. They indicate that the multispecies
approach is similarly or more sensitive method than single species tests and it is feasible for waste testing.

Introduction
Czech legislation dealing with wastes is a very long based on the determination of aquatic ecotoxicity tests.
However, these tests are not suitable for ecotoxicity evaluation of chemicals due insolubility in water of some
present chemicals. The ecotoxic effect of wastes can be so undervalued. In recent years the situation has
changed and fortunately for evaluation of ecotoxicity are using the so-called contact tests with soil organisms
that may naturally occur in solid wastes. The following table (Table I) shows the overview of regulations and
the limit the exclusion criteria for waste legislation.
Table I
Czech legislation dealing on wastes and sediment assessment including the ecotoxicity evaluation
Legislation
Intended use
Test organisms Limit effect in comparison to control for ban
the use of waste for the purpose of the
legislation
Notice
waste disposal on
algae
30% inhibition of specific growth rate
30% inhibition of root elongation
No. 294/2005 Sb. the ground surface
mustard
fish
0% mortality of fish
[1]
or use for recultivation
daphnids
30% immobilisation of daphnids
Notice
determining the
algae
20% inhibition of specific growth rate
No. 94/2016 Sb.
hazardous
lettuce
30% inhibition of root elongation
[2]
properties of waste vibrio
20% inhibition of bioluminiscence
“H14 ecotoxicity”
daphnids
20% immobilisation of daphnids
Notice
use of sediment on enchytraeids
50% inhibition of enchytraeid reproduction
No.257/2009 Sb.
agricultural land
springtails
50% inhibition of springtail reproduction
[3]
nitrification
25% inhibition of microbial nitrification
lettuce
30% inhibition of root elongation
However, mentioned tests have one disadvantage. They evaluated the effect of the waste to only one model
organism. In nature, but in an ecosystem occur various organisms and effects of pollutants in soil and may be
influenced by their activities and interactions. A suitable solution may be to use of a so-called multispecies test
(microcosm, mesocosm). They were described for defined types of organisms and were frequently used to
assess the impact of chemicals on soil invertebrates and on soil microbial communities 4,5,6,7. These model
ecosystems are so more realistic test systems than single-species toxicity tests and allow keeping the possibility
to use experimental designs under controlled conditions.
To our knowledge, there has not been published any study using of multi-species test for assessment of various
solid wastes. From this reason, the present study is focussed on testing of two types of solid wastes on
terrestrial organisms as oligochaete species Enchytraeus crypticus, higher plants (Lactuca sativa) and natural
microbial community.
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Experiment
Control soil
A standardized artificial soil [8], which consisted of 69.5% sand, 10% sphagnum peat, 20% clay and 0.5%
calcium carbonate, was used in this study. The content of organic carbon was 4.85% and the soil pH (KCl)
ranged from 6.0 to 7.0. Distilled water was added to the control soil to adjust moisture to 50% of its WHC. The
artificial soil was used as the control and also as a diluting substrate of the tested wastes.
Wastes
Sediment and contaminated soil were sampled in the area of the Czech Republic. The soil was sampled on
industrial locality near Tábor on spring 2013 and the sediment by a grab sampler from the pond „Hradčanský
rybník“ on locality „Stráž pod Ralskem“ on spring 2014. The sediment was contaminated mainly by heavy
metals and the soil with polyaromatic hydrocarbons. All materials were dried homogenous material with
particle size < 2 mm. Dilutions of the wastes were prepared by mixing the appropriate amount of dry waste
sample with the dry control soil (artificial soil). The dilutions were expressed as percentage of waste dry weight
in the total dry weight of the mixture. The water holding capacity (WHC) was measured for all prepared
mixtures according to 8 and their moisture was adjusted to 50% WHC with distilled water. The soil was tested
as 100% substrate and a contaminated soil witn artificial soil in ratio 1:9 was tested (10% dilution is a mixture
listed in the legislation 2. The tested sediment samples were 10% and 25% mixtures with artificial soil (25%
dilution is also a mixture listed in the legislation 3.
Test organisms
The culture of Enchytraeus crypticus was maintained in the artificial soil at 50–60% WHC, pH 6–7, and
temperature in range 20 ± 2 oC. The cultures were fed by finely ground oatmeals twice a week. Seed of species
Lactuca sativa were purchased in Oseva, Ltd., Czech Republic. A dehydrogenase activity of natural microbial
community in artificial soil and waste mixtures was measured.
Design of microcosm experiment
The thoroughly mixed soil (or waste mixture) was distributed in 150-ml glass vessels with a diameter of 5 cm,
by filling each of them with 30 (±1) grames of soil or waste mixture. The substrates were then moistened by
destilled water on 50% of substrate WHC. Five replicates were set up for each dilution and control. 100 mg of
autoclaved rolled oatflakes (as a food for enchytreeids) was mixed with substrate in the each test vessel. Five
enchytraeids and three pre-germinated seeds of Lactuca sativa were introduced into each test vessel. All the
test vessels were covered by plastic lid. Experiment lasted 28 days.
Evaluation of endpoints
All plants were pulled out the soil by a pincette and length of their roots was measured by a plastic ruler. Three
replicates from control and each dilution were served for the enchytraeid analysis, whereas two remaining
replicates were used to measure the dehydrogenase activity. Samples assigned for enchytraeid analysis were
fixed by adding 5 ml of 1% (v/v) ethanol containing rose Bengal to stain the soil enchytreids for better
recognition. Coloured enchytraeids were manually counted the following day. Samples (2 g) assigned for
dehydrogenase activity determination were weight into glass tubes and each sample was watered by 1 ml of
distilled water and 1 ml of triphenyltetrazolium chloride. The mixture was shaking by vortex. The glass tubes
were stored in dark in a termostat at 250C for 24 hours. The formed triphenyltetrazolium phormazane was then
measured spectrophotometrically at 482 nm. Samples assigned for dry weight determination were immediately
weighed before and after drying for 5 h at 105 °C.
Statistical evaluation
The mean values od the measured endpoints with their standard deviations (SD) and inhibitions in comparison
to controls were calculated by MS Excel. The analysis of variance (ANOVA) was performed by Tukey-Kramer
test (p > 0.05). GraphPad Instat, version 3.0 9 was used for ANOVA calculations.
Design, evaluation and statistic of single species experiments
The same design and evaluation methods were applied for single species tests.
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Discussion and result analysis
Enchytraeids belong to important soil decomposers and their various species have been very often used in risk
assessment of chemicals or wastes, e.g. 10, 11, 12. The plant Lactuca sativa is included among model organisms in
test with higher plants [13] thanks to its unbranched root which makes the determination very fast and simple.
Single species test are based on specific criteria validity. 80% of adult surviving and a production more than 25
juveniles at the end of test belong to the validity criteria for enchytraeid reproduction test 4. The surviving of
adults was not used in the present study but reproduction rate was higher than the mentioned criterion in all
multispecies tests in this study. 80% of seeds should be elongate at the test on higher plants generally. The
germinated seeds of Lactuca sativa were introduced into test vessels and all roots (3 pieces) elongated always
in the present study. The dehydrogenase activity of soil microbial community is an endpoint dependent on an
actual viability of microbial community. Therefore, the validity criterion for assessment of dehydrogenase
activity has not been defined. As mentioned hereinbefore it seems that the obtained results can be recognized
as correct, and the tests performed thus considered valid in the present study.
Sediments are rich sources of nutrients and they have been proposed as a possible substrate in agriculture. For
this to happen, it is important that the sediment is not toxic for human and the environment and therefore was
designed battery of ecotoxicity tests for their evaluation in the Czech Republic. The waste dilution 10% and 25%
were tested in this experiment. Results of the present study indicate (Figure 1, 2, 3) that elongation of roots
was affected by waste dilutions as well as enchytraeid reproduction and dehydrogenase activity. It means that
this sediment is not suitable for using on agricultural soils according to the appropriate legislative [3].

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60

Figure 1. Dehydrogenase activity (DHA) of microbial community in control soil and tested substrates
in the multispecies experiment. The statistically significant difference to control are expressed as asterisks
(Anova, Tukey-Kramer Test; (P value: ** P<0.01 or *** P<0.001)[15].
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Figure 2. Enchytraeid reproduction in control soil and tested substrates in the multispecies experiment.
The statistically significant difference to control are expressed as asterisks (Anova, Tukey-Kramer Test; (P value:
** P<0.01 or *** P<0.001) [15].

3
2.5
2
1.5
1
0.5
0

Figure 3. Root elongation in control soil and tested substrates in the multispecies experiment. The statistically
significant difference to control are expressed as asterisks (Anova, Tukey-Kramer Test; (P value: ** P<0.01) 15.

The contact tests have more reliable ability to answer questions about ecotoxicity of solid materials and wastes
than extracts from solid samples. Diltuion 10% was assessed as a criterion for decision if the solid sample is
dangerous or not and if it could be used on cover of the land 1. The results indicated that the contaminated soil
had again negative effects (Figure 1, 2, 3) on all test organisms and from this reason can not full filled the
validity criteria about non-toxic materials.
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Table II
Comparion of Inhibition (%) from multispecies test and single species tests for all measured endpoints

Method
Multispecies test [15]
10% sediment
25% sediment
10% soil
100% soil
Single species test
10% sediment
25% sediment
10% soil
100% soil

DHA
31
91
57
-30
DHA
19
50
48
85

I (%)
Enchytraeids
62
76
76
92
Enchytraeids
49
62
82
100

Plants
2
19
61
64
Plants
13
13
53
63

The measured endpoints showed statistically similar or higher toxic effect for multispecies tests than fort he
single species test. However, 25% sediment and 10% soil dilutions proved ecotoxiciy higher than limit criterion
(compare Table I and Table II) in the legislation and this means that the both tested material can not be used
for legislative purposes.

Conclusion
Our results indicate that two tested material did not fulfill the ecotoxicity criteria (the samples are toxic). The
introduced ecotoxicity multispecies test is suitable for ecotoxicity testing (the results of this methods are in
accordance with the data from single speces tests) and this new method is also usable for solid waste
ecotoxicity assessment.
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Abstract
Drained primary coolant from nuclear power plants containing boric acid is currently treated in the system of
evaporators and by ion exchangers. Their operation is expensive, therefore other alternatives are examined,
e.g. reverse osmosis. Using reverse osmosis, the feed primary coolant is separated into two output streams:
retentate and permeate. Retentate stream consists of concentrated boric acid solution together with other
components, while permeate stream consists of purified water.
A pilot-plant unit of reverse osmosis was tested in Temelín nuclear power plant. It was installed in the Special
Purification System SVO-6 for the regeneration of boric acid. Three experimental tests with real primary
coolant of various composition and total radioactivity were performed across a wide range of feed primary
coolant pH and with various total flows through the membrane modulus and recoveries (ratio of permeate flow
rate to feed flow rate). During the tests, samples of output streams were taken and analysed for chemical
parameters (conductivity and H3BO3, NH3, K and Li concentrations) and radioactivity parameters (total
radioactivity and radioactivity and concentration of 134Cs and 137Cs isotopes).
The aim of the tests performed in Temelín nuclear power plant was to verify possible use of reverse osmosis for
the treatment of primary coolant, i.e. to obtain a concentrated solution of boric acid in the retentate stream
and permeate stream pure of boric acid.

Introduction
Reverse osmosis (RO) was suggested as an alternative solution for the treatment of the drained primary
coolant in nuclear power plants (NPP) instead of currently used system of evaporators. When using RO, a feed
solution is separated into two output streams: retentate and permeate. Separation of individual species on RO
unit is dependent on many factors, e.g. feed flow rate, recovery rate (ratio of the permeate flow rate to the
feed flow rate) and pH of the feed solution, whose influence was tested within this work.
A pilot-plant unit of RO was installed in Temelín NPP and several tests were performed with real primary
coolant in order to verify possible use of membrane system for the treatment of primary coolant under real
conditions. The tests were focused on the separation efficiency species commonly occurring in the primary
coolant, i.e. H3BO3, NH3, K, Li and radioactivity (represented by total radioactivity and radioactivity and
concentration of 134Cs and 137Cs isotopes). The aim was to obtain a concentrated H3BO3 solution together with
other components of the primary coolant and radioactivity in the retentate stream and purified water in the
permeate stream.

Experiment
The tests were performed with a pilot-plant RO unit installed in Temelín NPP In the Special Purification System
SVO-6 for the regeneration of boric acid. Altogether three tests with real primary coolant of various
composition, mainly H3BO3 concentration, and radioactivity were performed. The tests were performed in a
wide range of pH of the feed solution (pH=6.8-9.8) and with various feed flow rates (2 and 3 m3/h, denoted as
F2 and F3 in the text) and recoveries (10 and 15 %, denoted as R10 and R15 in the text).

Discussion and result analysis
The results of the tests for H3BO3 for the best (F3R15) and worst (F2R10) experimental setup are displayed in
Figure 1. As it can be seen, rejection factor of H3BO3 increased as pH of the feed solution increased for both
experimental setups during all three tests. Higher H3BO3 rejections were achieved during the second and third
test with higher H3BO3 concentrations.
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a)

b)

Figure 1. Dependence of H3BO3 rejection on pH during three tests performed in Temelín NPP with a) F2R10
and b) F2315 experimental setups. Symbol F denotes total flow rate (2 or 3 m3/h), symbol R denotes recovery
(10 or 15 %).
Figure 2 shows rejections factors of NH3 in the dependency on pH of the feed solution. The dependency was
the other way around than in the case of NH3. Rejections of NH3 decreased as pH of the feed solution
increased. At low pH, the highest rejections were achieved with middle NH3 concentration, however they
significantly decreased at high pH. The worst rejections at high pH were achieved with lowest NH3
concentration.

a)

b)

Figure 2. Dependence of NH3 rejection on pH during three tests performed in Temelín NPP with a) F2R10 and b)
F3R15 experimental setups. Symbol F denotes total flow rate (2 or 3 m3/h), symbol R denotes recovery (10 or
15 %).
Rejection of K and Li did not exhibit such a strong dependence on pH of the feed solution and was almost pH
independent. The achieved rejections were in a range 80-100 % for both experimental setups during all three
tests (not shown in Figures here).
The total radioactivity rejection obtained during three tests is displayed in Figure 3. As pH of the feed solution
increased, the total radioactivity rejection increased for both experimental setups during all three tests.

4rd International Conference on Chemical Technology | ICCT 2016

[383]

a)

b)

Figure 3. Dependence of total radioactivity rejection on the feed pH obtained during three tests performed in
Temelín NPP with a) F2R10 and b) F3R15 experimental setups. Symbol F denotes total flow rate (2 or 3 m3/h),
symbol R denotes recovery (10 or 15 %).

Conclusion
We performed pilot-plant tests with a reverse osmosis unit installed in the Special Purification System SVO-6 in
Temelín NPP with real drained primary coolant. Rejection of individual species commonly occurring in the
primary coolant and of radioactivity was studied under various conditions. The results of the tests indicate that
reverse osmosis can be possibly used for the treatment of primary coolant under real conditions. The tests also
showed that operation of reverse osmosis unit meets very strict safety and operational rules of NPPs.
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Abstract
Within this paper, we present results of experiments performed with clarified water, which is further used in
the energy technology. The aim was to disinfect the clarified water in order to protect further technology from
reproducing and deposition of microorganisms. For this purpose, we suggested to treat the clarified water by
UV radiation. We tested a system of UV light at various feed flow rates of the clarified water and evaluated its
efficiency in water disinfection. As the main parameters, culturable organisms at 22°C and 36°C were
evaluated, because they also represent ability of microorganisms to backward recover after the UV treatment.

Introduction
River water is usually used as a source of technology water for energy technology. It contains a huge amount of
microorganisms, which further easily reproduce in subsequent technology. Such a high amount of
microorganisms in technology water causes fast microbial deposition on various systems in the technology,
such as sand filtration and reverse osmosis (RO). It leads to a frequent regeneration of sand filters and change
of RO membranes. Currently, biocides are dosed into the technology to decrease microbiological life. In order
to use the treated water in the technology, biocides have to be removed, especially in the case of
demineralized water production. Therefore, more convenient method, such as UV radiation, was suggested for
the treatment of technology water. UV radiation damages microorganisms DNA, and thus, results in the loss of
their reproducibility. UV radiation with wavelength of 240-280 nm is the most effectively absorbed by
microorganisms, thus, it is the most effective in disinfection. DNA damage can be reversible or irreversible,
which is dependent on radiation wavelength, exposure time and other factors.

Experiment
River water used as a source of technology water is usually first treated in clarifiers and then passes to sand
filtration and reverse osmosis system. In order to prevent microbial deposition on the sand filters and reverse
osmosis membranes, a system of UV radiation was connected behind the clarifier and its disinfection efficiency
was tested. The system of UV radiation consisted of UV lamp emitting UV light with wavelength of 254 nm,
dosing pump, two sampling valves (prior to and after the UV lamp) and rotary flowmeter, which was controlled
manually.
The experiments were performed with various low feed flow rates (600-2500 l/h) and with increased feed flow
rates (2000-5000 l/h). Samples of the feed clarified water as well as of the treated water were taken and
analysed for microbiological analysis. Microbiological analysis included determination of Escherichia Coli,
Coliforms, Pseudomonads, Staphylococci, culturable at 22 °C and 36 °C and microscopic image, particularly
determination of living and dead microorganisms and of abioseston.

Discussion and result analysis
Fig. 1a shows results of experiments studying the influence of UV light on disinfection of several
microorganisms. In the case of Escherichia Coli, Coliforms and Pseudomonads, the disinfection efficiency was
100 % at all feed flow rates of the clarified water. In the case of Staphylococci, several KTJ were observed even
in the treated water. In the case of cuturable microorganisms (Fig. 1b), nearly 100 % disinfection efficiency was
achieved at all feed flow rates. This parameter is very important because it shows possible backward recovery
of the microorganisms in the treated water. Parameter culturable at 36 °C indicates that nearly no
microorganisms recovered in the treated water 72 hours after the treatment.
No significant decrease in the UV light efficiency was observed as the feed flow rate of the clarified water
increased. It means, that the used UV light was sufficient for the disinfection of the tested clarified water at
feed.

4rd International Conference on Chemical Technology | ICCT 2016

[385]

b)

a)

Figure 1. Efficiency of UV light on a) several microorganisms and b) culturable microorganisms at various feed
flow rates through the UV system.
Figure 2. shows results of microscopic image analysis. No living microorganisms and only several dead
microorganisms were observed in the samples treated by UV light. This is important from the point of view of
the technology following the clarifier. When no living microorganisms are present in the technology water,
their deposition on the material surfaces can take place and thus, it is protected.
The parameter abioseston is important because it influences the UV light transmittance in the treated water
and, thus, the UV light efficiency. Even though the abioseston coverage was quite high in all the cases, it had no
significant influence and the achieved UV light efficiencies in water disinfection were still very high. However,
high abioseston coverage can affect a long-term operation of the UV light system, because its deposition on the
UV light surface will result in need of cleaning of the system.
20.0
17.5
15.0
12.5
10.0
7.5
5.0
2.5
0.0

a)

b)

Figure 2. Efficiency of UV light on microscopic image at various feed flow rates through the UV system. a)
amount of living and dead microorganisms and b) abioseston.
The experiments performed at higher feed flow rates of the clarified water through the UV system exhibited
nearly the same disinfection efficiency as in the case of lower feed flow rates (Fig. 3). This time, sample of the
feed clarified water was taken twice – first, in the beginning of the experiments and second, just before the
feed flow rate was set to 4000 l/h. Even at such high feed flow rates, disinfection efficiency was high – 96.5 %
for parameter Culturable at 22 °C and 90.0 % for parameter Culturable at 36 °C. The achieved results do not
indicate if it is still possible to increase the feed flow rate or if the increased tested feed flow rates are already
limiting for the tested clarified water.
The influence of abioseston on the UV light efficiency was not confirmed even the increased feed flow rates. At
the same time, neither the effect of UV light on abioseston was observed.
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a)

b)

Figure 3. Efficiency of UV light on a) culturable microorganisms and b) abioseston at increased feed flow rates
through the UV system.

Conclusion
The performed experiments with clarified water showed that it is possible to use UV radiation for the
disinfection of the clarified water. The efficiency of UV light in the most important parameters, Culturable
microorganisms at 22 °C and 36 °C, was always higher then 96.5 % and 90.0%, respectively. These results mean
that even 68 hours after the treatment, no significant recovery of microorganisms was observed in the treated
clarified water. Thus, the suggested technology consisting in use of UV radiation, can be used for the treatment
of the clarified water.
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Abstract
Degradation of halogenated anilines and chlorinated benzenes by action of high-tech iron-based reagents has
been studied. Oxidative degradation of mentioned aromatic halogen derivatives (aromatic AOX) using
potassium ferrate was compared with action of Fenton reagent. Hydrodehalogenation of mentioned aromatic
AOX was studied using nanoiron and compared with reduction using Raney Al-Ni alloy.

Introduction
Halogenated organic compounds are widely used as solvents (chlorobenzene, 1,2-dichlorobenzene), starting
materials and intermediates (halogenated anilines) for the production of specialty chemicals like dyes and
pigments, pesticides and remedies. These processes are the main sources of AOX (adsorbable organic halides)
pollutants in the environment mainly in the form of wastewater and solid waste streams. It is well known that
AOX are recalcitrant compounds. Therefore, a rapid and simple wastewater treatment of AOX is urgently
required at present. Various methods have been reported for the chemical degradation of AOX. Destruction of
aliphatic and several aromatic AOX in water has been studied, mainly with the application of chemical
oxidation techniques. Procedures for degradation of AOXs dissolved in water based on chemical oxidation with
strong oxidizing agents (ozone, Fenton reagent) were described1,2. These procedures, however, necessitate
application of large excess of oxidizing agents, because the tendency of the C–H and C–C bonds to be much
more prone to oxidation than the C–Halogen bonds. A necessary prerequisite for a complete decomposition of
aromatic halogen derivatives by oxidation then is the use of a large excess of oxidizing agent3, which can ensure
an exhaustive oxidation of all organic substances to inorganic products (CO2, H2O, X–).
Since the techniques based on chemical oxidation are costly, mainly due to the required application of high
excess of strong oxidation agents, less expensive reductive methods have received growing attention over the
past years.
Some reduction methods have been developed, using catalytic hydrogenation over special types of
hydrogenation catalysts in aqueous solution4. The catalytic hydrogenation method, however, requires
expensive apparatus for high-pressure operations5.
For this reason, the application of dehalogenation based on cheap metal with high reduction potential6 is a
successful alternative for the particular degradation of AOX, for example nanoiron7-10 or bimetallic Al-Ni alloy1119
. In this work, the effectivity of reductive degradation of aromatic AOXs with nano-Fe or Al-Ni alloy was tested
and compared with results obtained using oxidative degradation of aromatic AOXs using K2FeO4 or Fenton
oxidation.

Experiments
The experiments were carried out using electromagnetic stirrer equipped with a StarFish attachment (Radleys
Discovery Technologies, UK), which enables parallel performing of the reactions under the same reaction
conditions, with temperature control by means of a contact thermometer. All the operations were carried out
in the air. Distilled water was used for the preparation of aqueous solutions. Halogenated anilines ( and
chlorinated benzenes, Al-Ni alloy (50 % Al + 50 % Ni, Raney type, powder), another used additives and
reductants, the chemicals tested as bases were purchased from commercial suppliers (Sigma-Aldrich Co., Acros
Organics, ABCR GmbH) in a purity of at least 97 % and used without further purification. Potassium ferrate
(purity 39.5%) was prepared in Bochemie Co. (Czech Republic). Ferrates LAC are mixture of ca. 29 wt.% KFeO2 +
ca. 50 wt.% K3FeO4 + ca. 6 wt.% K2FeO4. Aqueous suspensions of air-stable nanoscale Zero Valent Iron (nZVI)
were prepared from commercially available NANOFER STAR (NANO IRON Co., Czech Republic). The stock
solutions of halogenated anilines and benzenes were prepared at room temperature by dissolving the
corresponding amount of halogenoaniline or benzene in distilled water using overnight stirring.
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GC-MS analyses20 were performed on a GC-MS Shimadzu GCMS QP 2010 instrument equipped with a DB-XLB
capillary column, (30 m x 0.25 mm, 0,25 μm) operating at energy of ionization of 70 eV.
Hydrodehalogenation experiments
The reactions were carried out in 250-cm3 round-bottomed flasks equipped with magnetic stirrer; outlet of the
flask was fitted to a glass tube filled with granulated charcoal. The reaction flasks were attached on the Starfish
attachment kept at the temperature of 20±0.5 °C. The stock aqueous solution of 1, 2, 3 or 4 was added into the
flasks and solid base was added and dissolved; then glucose (or alternatively another additive) was added (see
Tables 1-6). Whereafter Al-Ni alloy or nZVI aqueous slurry (amounts given in Tables) was put into the flask. The
reaction mixture was vigorously stirred at 500 rpm at the temperature of 20 °C for appropriate time (see
Tables), filtered through the filter paper (filtrate) and analysed using GC-MS and/or AOX measurement.
Oxidation experiments
The reactions were carried out in out in 250-cm3 round-bottomed flasks equipped with magnetic stirrer; outlet
of the flask was fitted to a glass tube filled with granulated charcoal. The reaction flasks were attached on the
Starfish attachment kept at the temperature of 20±0.5 °C. The stock aqueous solutions of 1, 2, 3 or 4 and
appropriate amounts of H2O2 and diluted H2SO4 were added into the flasks (see Tables I and II). The Fenton
oxidation was started by adding aqueous solution of FeSO4 into the vigorously stirred reaction mixture at 500
rpm at the temperature of 20 °C for appropriate time (see Tables), filtered through the filter paper (filtrate) and
analysed using GC-MS and/or AOX measurement.

Discussion
Oxidation ability of chlorobenzene 1 and o-dichlorobenzene 2 were studied using 20-fold molar excess of
K2FeO4 from two commercial suppliers and the obtained results was compared with action of Fenton reagent
(Tables I and II). Interestingly, Fenton´s reagent was the most powerful degradation agent based on AOX
removal efficiency. In case of ferrates, only approximately 2/3 of starting AOX was destroyed.
Cl
R

n K2FeO4
in aqueous
solution

formation of AOX based
oxidation products or not ?

R = Cl, NH2 or H

Figure 1. Scheme of oxidative degradation of studied aromatic AOXs.
Table I
Oxidative degradation of chlorobenzene 1
Exp.
No.

Quantity of oxidant

Quantity of 1 dissolved in
aqueous solution (200 mL)

Reaction
time (h)

AOX
(mg/L)

blank

-

22.5 mg (0.2 mmol)

23 h

35.5

17038

2,000 mg of K2FeO4
(4 mmol)

22.5 mg (0.2 mmol)

23 h

12.9

17039

2,000 mg of ferrates (LAC)

22.5 mg (0.2 mmol)

23 h

11.4

17037

5 mL of H2O2 + 10 mL of 8 wt.%
H2SO4 + 1,400 mg of FeSO4.7H2O

22.5 mg (0.2 mmol)

23 h

0.68
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Table II
Effect of oxidants on 2 degradation
Exp.
No.

Quantity of oxidant

Quantity of 2 dissolved in aqueous
solution (200 mL)

Reaction time
(h)

AOX
(mg/L)

blank

-

14.7 mg (0.1mmol)

0h

35.5

17035

2,000 mg K2FeO4

14.7 mg (0.1mmol)

24 h

12.9

17037

5 mL of H2O2 + 1,400 mg of
FeSO4.7H2O

14.7 mg (0.1mmol)

24 h

0.91

Content of compound in reaction
mixture (%)

Using ferrates, oxidation rate of o-chloroaniline 3 and m-chloroanilines 4 was measured. As could be seen
(Figure 2) , degradation of mentioned chloroanilines is accompanied by low yield formation of appropriate
chloronitrobenzenes.

100
80
K2FeO4 oxidation of 3-chloroaniline
formation of 3-chloronitrobenzene

60

K2FeO4 oxidation of 2-chloroaniline

40

formation of 2-chloronitrobenzene

20
0
0

200

400

600

800

1000

1200

Reaction time (min.)

Figure 2. Oxidation of chlorinated anilines by K2FeO4
OH
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NH2
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It was demonstrated that chlorinated anilines are simply hydrodechlorinated using Raney Al-Ni alloy in 1 wt.%
aqueous solution after even at room temperature and ambient pressure13,14,17. The reaction time is quite
similar for 3- and 4-bromo- and 4-chloroanilines using molar ratio of reagents AOX : Al : KOH = 1 : 2.5 : 12.5
(Figure III).
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Quantity of halogenoaniline (%)

100
80

4-chloranilin
3-chloranillin

60

4-bromanilin

40
20
0
0

5
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35
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45

Reaction time (min.)

Figure 3. Hydrodehalogenation of halogenated anilines in aqueous solution using Al-Ni and KOH in molar ratio
AOX : Al : KOH = 1 : 2.5 : 12.5.
Table III
Effect of nZVI on removal of o-dichlorobenzene 2
Exp.
No.

Quantity of added 20wt.%
nZVI suspension

Quantity of 2
dissolved in water
(200 mL)

Reaction
time

Content of
2

Content of
benzene
(chlorobenzene 1)

blank

0.0 g

14.7 mg (0.1 mmol)

24 h

73.5 mg/L

0.00 mg/L

17021

4.0 g

14.7 mg (0.1 mmol)

22 h

63 mg/L

0.068 mg/L
(0.084 mg/L)

1033

14.85 g

14.7 mg (0.1 mmol)

23 h

55.4 mg/L

0.128 mg/L
(0.659 mg/L)

9121

36.0 g

14.7 mg (0.1 mmol)

138 h

18.16 mg/L

0.038 mg/L
(0.252 mg/L)

Table IV
Effect of nZVI on removal of chlorobenzene
Quantity of chlorobenzene
dissolved in water (200 mL)

Reaction
time

Content of
Ph-Cl

Content of
benzene

0.0 g

22.5 mg (0.2mmol)

24 h

112.5 mg/L

0.00 mg/L

17072

4.0 g

22.5 mg (0.2mmol)

24 h

87.92 mg/L

0.209 mg/L

1031

7.8 g

22.5 mg (0.2mmol)

26 h

31.26 mg/L

0.356 mg/L

1032

12.4 g

22.5 mg (0.2mmol)

26 h

31.67 mg/L

0.39 mg/L

Exp.
No.

Quantity of 20wt.%
nanoFe0 suspension

blank

It is known that hexachlorobenzene dissolved in water is dechlorinated using high molar excess of nZVI8.
However, o-dichlorobenzene 2 and polychlorinated benzenes were identified as sole products of this nZVI
dechlorination8. Due to this reason, hydrodechlorination ability of 1 and 2 using nZVI was tested giving results
presented in Tables III and IV. Tested nZVI seems to be rather adsorbent than dechlorination agent. The
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quantity of benzene as dechlorination product found in reaction mixture after even more than 5 day action of
nZVI is negligible (Table III, exp. No. 9121). Reactivity of nZVI was compared with action of Al-Ni alloy in 1 wt. %
alkaline solution. Action of low excess of Al-Ni caused almost quantitative dechlorination of both 1 or 2.

Conclusion
Tested high-tech iron based reactants were not very effective for the removal of tested (di)chlorobenzene from
model aqueous solutions under the reaction conditions used. On the other hand, hydrogen peroxide oxidation
of both 1 and 2 in the presence of ferrous sulphate catalyst (Fenton´s reagent) caused almost quantitative
oxidative degradation of AOX. For effective hydrodechlorination of 1 and 2 to benzene Raney Al-Ni alloy in 1
wt. % KOH was tested successfully.
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Abstract
Bromamine acid (1-amino-4-bromoanthraquinone-2-sulfonic acid, BAK, Fig. 1 - II.) is an important intermediate
of many organic colorants based on anthraquinone structure and represents the basic component of various
products of dye industry. Bromamine acid can be prepared in a several ways. Conventional method is based on
bromination of 1-aminoanthraquinone-2-sulphonic acid with bromine.
This work describes alternative method for the bromination reaction of 1-aminoanthraquinone-2-sulphonic
acid by using sodium bromide dissolved in aqueous effluents.
This article deals with the new sythetic method for BAK preparation based on the application of aqueous NaBr
obtained as by-product and subsequent minimization of emissions of AOX (Adsordable Organic Halides),
absorbance and chemical oxygen demand (COD) in wastewater.

Introduction
BAK (usually in its sodium salt form) is a valuable intermediate for dyes production, especially for production of
acid and reactive dyes.
The production of 1-amino-4-bromoanthraquinone-2-sulfonic acid is illustrated in Figure 1 2.

O

a) Br2 (H2 SO4konc./I2 )

NH2
SO 3 H

O

NH2
SO 3 H

b) Br2 (H 2SO4 10%)
c) NaBr, H 2SO4, H2 O2

O

O

I.

Br

II.

Figure 13. Production of 4-brom-1-aminoanthraqinone-2-sulfonic acid (BAK; II.) acid by bromination of 1aminoanthraquinone-2-sulfonic acid (ASK; I.)

Bromine is the most common bromination agent used for the bromination of various organic substrates
because of its low price.
The disadvantage of using the bromine is its high toxicity, low boiling point (58°C) and formation of HBr as a byproduct.
Moreover, bromination with liquid bromine leads to only 50% bromine atom efficiency.
In this work we studied the possible utilization of bromides and/or hydrobromic acid for bromination with coaction of oxidizing agents – air or H2O2.
During the bromination reaction wastewater was produced with high content of COD (Chemical Oxygen
Demand) and AOX (Adsordable Organic Halogens). In this work different techniques for treatment of produced
aqueous filtrate including the application of ionic liquids was successfully tested.
The decolorization efficiency of ionic liquid application and effect on lowering of absorbance, adsorbable
organic halogens and chemical oxygen demand were compared with traditional adsorption on charcoal or
Fenton´s oxidation techniques [1].

Alternative method for the preparation of bromamine acid
Alternative method is based on generation of bromine from inorganic bromide using oxidizing agent (Equation
1). Oxidizing agent can be for example hydrogen peroxide or sodium/potassium bromate 2. In our work,
hydrogen peroxide or concentrated sulfuric acid/air were tested as oxidants.
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2 NaBr + H2O2 + H2SO4 → Br2 + Na2SO4 + 2 H2O

(1)

2 NaBr + H2SO4 → 2 HBr + Na2SO4

(2)

2 HBr + ½ O2 → Br2 + H2O

(3)

The main advantage of this process is 100 % utilization of bromine atoms produced by oxidation of Br-.
Bromination with liquid bromine leads to only 50% bromine atom efficiency (formation of HBr).
This alternative method of bromination is connected with higher occupational health and safety due to the
absence of liquid bromine.
On the other hand, the main limitation of application of this alternative method is its cost, which is more
expensive (three times) than in case of liquid bromine application.
However, the cost of the technology can be decrease, when used cheap material or the material which was
produced as by-product as in case of waste CuBr utilization for CuO production. The conversion of CuBr to CuO
using NaOH solution is connected with producing of technological water, which contains about 10 wt.% of
sodium bromide.
Therefore this aqueous effluent (10 wt.% NaBr solution) was tested as the source of bromine for bromination
of 1-aminoantraquinone-2-sulphonic acid for production of bromamine acid.
Bromine was generated from aqueous sodium bromide solution by two methods, entitled „In-situ“ or „Ex-situ“
method.

Bromination by “in-situ” method
In this method, the bromine is generated directly in the reaction flask where bromination is performed. The
experiments were carried out in a 500-mL reaction flask equipped with a dropping funnel, stirrer,
thermometer, and a water condenser.
The general procedure: 1-aminoanthraquinone-2-sulphonic acid was added to appropriate volume of aqueous
10 wt. % NaBr solution, then the reaction mixture was acidified by sulfuric acid (96 wt.%). Then in some cases
appropriate volume of 30 wt.% hydrogen peroxide was added dropwise to the reaction mixture over 20 min.
The reaction mixture was stirred for another 3 hours. During the bromination reaction the samples were taken
for analysis of kinetics. Bromamine acid was isolated by salting out process (addition of Na2SO4, stirred for 60
minutes, 80 °C and filtration) after bromination.
The isolated product was analyzed by HPLC. The reaction conditions and results for the bromination reaction of
ASK with NaBr, H2O2 and H2SO4 are depicted in Table I.
As can be seen from Table I, the maximum selectivity (ASK to BAK) was achieved in experiment 1c. As could be
seen, temperature and addition of H2O2 were influenced the selectivity of the reaction.
Table I
Results of generation bromine and bromination reaction ASK (in-site)
Exp.
1a
1b
1c

Amount
of ASK

Volume of 10
wt. % NaBr
solution

mmol
3

Volume of
H2SO4
(96 wt.%)

mL
20

50
50
100

Amount
of H2O2

Time

Temperature

min.

°C

HPLC
ASK

mmol
40
-

180

83
0

BAK Other
Area%
35.22 52.16 12.51
12.16 24.34 63.5
3.81 95.62

Bromination by “ex-situ” method
In this method, the bromine was generated in the additional vessel (bromine generator, Flask 1). Generated
gaseous bromine is transported to the reaction flask (reaction flask, Flask 2).
The generation of bromine was carried out in a 250-mL flask (Flask 1) equipped with a dropping funnel, and
stirrer, connected with Flask 2 by glass pipeline. The bromination of ASK was carried out in a 250-mL reaction
flask (Flask 2) equipped with a stirrer, thermometer, and a water condenser.
The general procedure:
1-aminoanthraquinone-2-sulphonic acid was added to appropriate a volume of sulfuric acid (96 wt.%) – Flask 2.
The appropriate a volume of aqueous 10 wt. % NaBr solution was added to flask 1 and then solution was
acidified by sulfuric acid (96 wt.%). Then appropriate volume of 30 wt.% hydrogen peroxide was added
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dropwise to the aqueous NaBr over 15 min. The solution was stirred at 90 °C and bromine was transported by
pipeline to flask 2.
Reaction mixture in the flask 2 was stirred for 3 – 5 hours at 83 °C. During the bromination reaction the samples
was taken for analysis of kinetics. Bromamine acid was isolated by salting out process (addition of Na2SO4,
stirred for 60 minutes, 80 °C and filtration) after bromination.
The product was analyzed by HPLC. The reaction conditions and results for the bromination reaction of ASK
with NaBr, H2O2 and H2SO4 are shown in Table II. As can be seen, the maximum selectivity (ASK to BAK) was
achieved in experiment 2b.
Table II
Results of generation bromine and bromination reaction ASK (ex-site)
Exp.
2a
2b
2c

Amount of
ASK

Volume of H2SO4
(96 wt.%)

Volume of
NaBr solution

Flask 1
mL
50
50
100

mmol
6

40

Amount of
H2O2

Flask 2

mmol
100
50
100

120
140

HPLC
Time

Temperature

min
180
300
180

°C
83
0

ASK

BAK

Area %
34.3 65.52
26.5 73.3
47.8 52.05

Application of three methods for wastewater treatment
Wastewater production is connected with desalting process of BAK. According to bromination reaction of ASK
250 ml of wastewater was produced in the lab conditions. Wastewater was isolated and tested by AOX, COD,
BOD and Absorbance methods.
Waste water contaminated by ASK and BAK was treated using three different methods. The first method is
based on the destruction of recalcitrant organic compounds using Fenton oxidation [3]. The second method is
based on adsorption of organic contaminants on charcoal [4]. The third method is based on trapping of ASK and
BAK (Fig.2) from aqueous solution using ionic liquids as liquid ion exchanger according to the patent of
University of Pardubice CZ20120359. Benzalkonium chloride and ferric sulphate were used as the mixture of
ionic liquid and inorganic coagulant [5].
The mass of benzalconium chloride (BAC) to be applied for wastewater treatment was calculated according to
the overall content of compounds with –SO3H group dissolved in wastewater (ASK; BAK).
-

O

NH2
SO3Na

+
O

Cl
CH
H27 C13 + 3
N
H 3C

O

NH2

O

R

CH
H 27 C13 + 3
N
SO3 H C
3

- NaCl

R
R = H (I.)
Br (II.)

Figure 2. Precipitation of ASK and BAK by using benzalconium chloride

The results of the application of these three treatment methods are depicted in Table III.

4rd International Conference on Chemical Technology | ICCT 2016

[395]

Table III
Results of application three methods for waste water treatment*
Used reatment method

Quantity of reactants

Aq. filtrate obtained from isolation of BAK
1 mmol FeSO4/20 mmol H2O2
Fenton´s oxidation
2 mmol FeSO4/30 mmol H2O2

BAC + Fe2(SO4)3

AOX
COD
mg ∙ L-1
6.87
232
1.06
195

BOD/COD
0.007
0.12

0.013

0.89

185

0.16

0.012

0.2

85

0.11

10 g · L-1

0.009

0.09

80

0.12

0.09 mmol + 0.2 mmol

0.003

0.08

138

0.09

5g·L
Sorption on charcoal

Absorbance
1.7045
0.018

-1

*Volume of mixture was 100 mL
When applying of all three methods to waste water treatment, it was found out that all parameters tested
(AOX, COD, biodegradability and Absorbance) decreased rapidly, which can be seen in Table II.
Application of Fenton´s oxidation is suitable method for decolorization of waste water, but only minor decrease
in parameters AOX and COD was observed.
Sorption on charcoal was successfully tested. The highest eficiency of decrease of the parameters AOX, COD
and absorbance was achieved using of charcoal 10 g ∙ L-1 for 2 hours of action with vigorous stirring.
We observed, that application of benzalkonium chloride for precipitation of ASK and BAK is a cheap and
effective method. Efficiency of removal ASK and BAK from solution was more than 98 %, 0.31 grams of BAC per
liter of treated wastewater (according to the Absorbance and AOX parameters measurements).
BOD (biochemical oxygen demand) is another important parameter which was observed to find out the
degradability of compounds present in water.
BOD provides water characterization in terms of biological degradability of organic compounds present.
The ratio between BOD and COD illustrates the biodegradability of effluent. The higher the BOD vs. COD ratio,
the more easier-bio-degradable compounds are present in water.
From values in Table III is evident that the ratio BOD:COD of aqueous filtrate obtained from isolation of BAK is
lower than 0.2. This corresponds with very low bio-degradability of wastewater. When applying all three
methods, the ratio increase significantly from 0.007 to 0.09 – 0.12.

Conclusion
It has been shown that bromamine acid can be prepared selectively by indirect bromination method using
aqueous NaBr solution obtained as by-product. Although direct bromination using liquid bromine is an
industrial process, alternative bromination using NaBr solution could be considered as a potentially useful
process to manufacture BAK.
Application of adsorption on charcoal, precipitation using ionic liquids or Fenton oxidation are suitable
methods for treatment of waste water obtained by production of bromamine acid.
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Abstract
Drained primary coolant from nuclear power plants containing boric acid is currently treated in the system of
evaporators and by ion exchangers. Because their operation is expensive, reverse osmosis was suggested as an
alternative technology. A pilot-plant unit of reverse osmosis was implemented and tested in Temelín nuclear
power plant (NPP). The results of the tests performed in Temelín NPP were used to suggest a configuration of
and operation conditions for a multi-stage semi-batch reverse osmosis system, which could be used in NPPs for
the treatment of the drained primary coolant.
Based on the data obtained during tests performed in Temelín NPP, we calculated operation cost of evaporator
system and compared it with the operation cost of the suggested multi-stage semi-batch reverse osmosis
system. Maximally three-stage reverse osmosis system was taken into account. The operation cost was
calculated for the treatment of 1m3 of the drained primary coolant, which was concentrated to 40 g/l of boric
acid, because such a solution can be recycled back in the NPP.

Introduction
In nuclear power plants (NPPs), evaporators are conventionally used for the treatment of primary coolant.
However, their operation is expensive, therefore reverse osmosis (RO) system was suggested as an alternative
technology. In order to examine technical and economical suitability of reverse osmosis system for primary
coolant treatment in nuclear power plants, we carried out a number of experiments. Based on the obtained
experimental data and knowledge from other fields of industry, we proposed a technological concept replacing
evaporator by reverse osmosis unit. The aim was to design the whole reverse osmosis process in such a way
that solely evaporator would be replaced and minor changes in the remaining technology would have to be
done.
Within this paper, a basic design of the reverse osmosis unit together with basic estimation of its operational
cost is presented. An economical-technical model of a current boric acid regeneration system is presented as
well. Those two models are compared mainly from economical point of view, which gives a good insight into
the operational cost of primary coolant treatment.

Experiments
Details of experiments performed with pilot–plant RO unit in Temelín NPP are given in paper no. 107 by
Bártová et al.

Theoretical-Model development
Evaporator
The present technology for boric acid regeneration is quite complex, thus it was reasonably simplified and
operational cost of evaporator was evaluated. To derive consumption of utilities such as steam, cooling water
etc., a simple enthalpy balance model was developed. Several constrains originating in the actual operational
procedure of boric acid regeneration were included in the model. The partial costs taken into account in the
model are following:

•
•
•
•
•

Steam for heating and evaporation.
Electricity for pumps of cooling water, steam condensate, vapour condensate and boric acid solution.
Ion exchange resins for final treatment of the concentrate and condensate.
Chemicals for ion exchange resins regeneration.
Man work.
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RO technology

R

Evaporator and related cooling and pumping circuits were replaced in the present technology by reverse
osmosis unit. However, degassing station for the permeate stream was left, because the primary coolant
contains dissolved radioactive gases which cannot be separated by the RO.
First, a mass balance model of the RO system was developed in order to predict its separation efficiency and
output streams’ composition. Similarly to the model of evaporator, the RO model is only a mass balance model,
which does not concern hydraulic behaviour of the pumped media. The goal of the model was to predict
stream composition and not RO unit sizing.
To describe dependency of boric acid rejection on pH of the primary coolant, a function interpolating
experimental data measured previously was derived (no physical-chemical calculations were done). To
estimate pumping cost, a function correlating feed concentration with applied pressure needed to achieve a
defined recovery was derived. Pressure values were measured during experiments, so they give accurate
values concerning all effects related to the RO separation (e.g. polarization factor), which would be impossible
to calculate. On the other hand, it sets a strict limitation for such a model.
1.00
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0,80
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0.75
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0.70
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0.60
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pH
Figure 1. Dependency of boric acid rejection (R) on pH of the primary coolant.
The following partial costs were taken into account in the RO model:

•
•
•
•
•
•
•
•
•

Steam for degassing.
Electricity for pumps of cooling water and boric acid solution.
Ion exchange resins for final treatment of the concentrate and condensate.
Chemicals for ion exchange resins regeneration.
Chemicals for pH adjustment (KOH).
Boric acid loss.
RO modules – cost.
RO modules – their treatment as radioactive waste.
Man work.

A semi-batch arrangement of RO unit has been chosen for the purposes of this study (Fig. 2). The simulation
was run for one- to five-stage process; for each case, also the operational cost was evaluated. The results are
depicted in Fig. 3 and 4.
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Figure 2. Semi-batch arrangement of the RO system. Example of three-stage system.
As it can be seen in Figure 11, rejection of boric acid strongly depends on pH of the primary coolant. Higher pH
results in better separation efficiency of boric acid in the RO modulus. However, better separation effectivity is
compensated by the cost of chemicals added for the pH adjustment and by the decreased life-time of ion
exchangers used in the following technology. Thus, the pH adjustment was optimized in the model for one
reference feed concentration of boric acid (12 g/l), which was then used for the cost evaluation in the whole
range of the feed concentrations.
Two hypothetical cases were calculated and analysed within this paper: (1) no pH adjustment of the treated
primary coolant and (2) addition of KOH to increase pH of the treated primary coolant. The first case without
pH adjustment has smaller impact on the consequent technology of the power plant, because the retentate
stream from the RO unit has the same composition as the concentrate stream from evaporator. However,
significantly lower rejection of boric acid leads to rather poor separation efficiency. The second case with pH
adjustment gives better separation efficiency of the RO modulus, but potassium ions are introduced into the
concentrated stream of boric acid, which has to be subsequently treated.

Results and discussion
Comparing operational cost for the concentration of boric acid solution, RO technology can compete with
traditionally used evaporators. Operational cost of the RO system can be significantly lower mainly at lower
feed boric acid concentrations (which are the most frequent ones in NPPs).
Higher pH of the feed primary coolant leads to the higher rejection of boric acid, thus improving separation
efficiency of the RO unit. Higher separation efficiency implies lower operational cost of the RO unit due to the
lower loss of boric acid and lower consumption of ion exchange resins used for the consequent permeate
treatment.
However, higher pH of the primary coolant means higher addition of chemicals for pH adjustment (KOH), which
results in more frequent regeneration of ion exchange resins used for potassium ions removal.
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a)

b)

Figure 3. Separation efficiency of one- to five-stage RO systems used for the treatment of primary coolant a)
without pH adjustment and b) with pH adjustment.

a)

b)

Figure 4. Operational cost of evaporator and RO system used for the treatment of primary coolant a) without
pH adjustment and b) with pH adjustment.

Conclusions
Total operational cost of the RO unit calculated for the concentration of boric acid solution in NPPs shows that
this technology can compete with traditionally used evaporators. The main problem is in addition of new
substances (KOH) in order to enhance boric acid separation efficiency on RO modulus. Thus, attention should
be paid to such membrane separation processes, which can overcome this issue while maintaining excellent
separation efficiency.
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Abstract
Thiobacillus (T.) denitrificans is widely distributed microorganism, which is not toxic and pathogenic. It belongs
to group of chemolithoautotrophic and facultative anaerobic bacteria. It can obtain energy by the oxidation of
elemental sulfur and certain other sulfur-containing inorganic compounds while electrons are released. Under
anoxic conditions, nitrate and nitrite ions are reduced by these electrons. It is environmentally important – T.
denitrificans can be used in processes of alternative methods of removing nitrates from contaminated water.
In this work, we focused on the optimal dosage of phosphorus to the reactor for autotrophic denitrification
using T. denitrificans. The optimal dosage of phosphorus is one of the key factors affecting growth of bacteria
cells and does not lead to secondary contamination of treated water. All experiments were done in batch
reactors and the elemental sulfur was used as electron donor.

Introduction
T. denitrificans is found in soil and water habitants. It is not toxic and pathogenic microorganism and it belongs
to group of chemolithoautotrophic and facultative anaerobic bacteria. In terms of environmental, T.
denitrificans is very important, because this organism can be used in processes of alternative methods of
removing nitrates from contaminated water. It can obtain energy by the oxidation of elemental sulfur and
certain other sulfur-containing inorganic compounds while electrons are released. Nitrate and nitrite ions are
reduced by these electrons and molecules of nitrogen gas are formed under anoxic conditions1-4.
The optimal function of autotrophic denitrification using T. denitrificans is influenced by a number of agents
and factors1, 5-7. In this work, we focused on the optimal dosage of phosphorus to the reactor, which is one of
the key factors affecting growth of bacteria cells and which does not lead to secondary contamination of
treated water.

Experiments
All experiments were done in batch reactors: ten reactors (with volume 1 l) were prepared for testing the effect
of phosphorus at the rate and course of the denitrification processes of bacteria T. denitrificans. All reactors
contained crushed sulfur as electron donor (size fraction from 2.5 to 5.0 mm), crushed limestone for pH control
(size fraction from 3.0 to 4.0 mm), solution of NaNO3 with initial concentration of 100 mg/l NO3- and
suspension of bacterial cells T. denitrificans (optical density of suspension was OD = 0.17).
Table I
Summary of batch experiments and their content
Label
S, CaCO3 - 1:1 [g]

cNO3- [mg/l]

cP-PO43- [mg/l]

K1

100

100

-

K2

200

100

-

P1

100

100

0.5

P2

100

100

1.0

P3

100

100

1.5

P4

100

100

2.0

P5

100

100

3.0
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P6

200

100

0.5

P7

200

100

1.0

P8

200

100

1.5

Two reactors was labeled as a control samples; in all other was added phosphorus in the form of NaH2PO4 in
various concentration ranges. Summary of batch experiments and their content is shown in Table 1. For
growing of Th. denitrificans was used broth S6 – its content is shown in Table II.
The denitrification process in the reactors labeled K1 and P1 – P5 was monitored for 80 days and reactors
labeled K2 and P6 – P8 was monitored 40 days. The values of concentrations of nitrate, nitrite and phosphate,
pH, temperature, redox potential and dissolved oxygen concentration were measured8-13. During the
experiments, it was also verified the presence of bacteria by microscopic techniques.
Table II
Content of S6 broth
Substance

c [g/l]

Na2S2O3

10.0

KH2PO4

11.8

Na2HPO4

1.2

MgSO4.7H2O

0.1

(NH4)2SO4

0.1

CaCl2

0.003

FeCl3

0.02

MnSO4

0.02

Result and discussion
The reduction of nitrate and nitrite ions in all reactors (Figure 1 – 4) shows the adaptation phase of bacterial
cells to environment (lag phase) in the first 20 days approximately. In these 20 days, there can be seen minimal
loss of nitrate ions and formation of a corresponding amount of nitrite ions. There are two explanations for this
effect. Firstly, it is because of lag phase, and secondly, in the system there is still remaining portion of oxygen.
Oxygen has precedence over nitrate and nitrite ions as a terminal electron acceptor in energy metabolism of T.
denitrificans.
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Figure 1. Reduction of NO3- in batch experiments K1 and P1 – P5.

2,0
2.0

K1 - 0 mg/l P
P1 - 0.5 mg/l P
P2 - 1.0 mg/l P
P3 - 1.5 mg/l P
P4 - 2.0 mg/l P
P5 - 3.0 mg/l P

c NO2-, mg/l

1,5
1.5

1,0
1.0

0,5
0.5

0.0
0,0

0

10

20

30

40
t, days

50

60

70

Figure 2. Reduction of NO2- in batch experiments K1 and P1 – P5.
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Figure 3. Reduction of NO3- in batch experiments K2 and P6 – P8.
After finish of the lag phase, there is a massive reduction of nitrate to nitrite ions. Then the nitrite ions are also
degraded. There can be seen the most distinct differences in the rate of reduction of nitrate and nitrite due to
the addition of various concentrations of phosphorus – from the tested concentration range from
0.5 to 3.0 mg/l phosphorus in batch reactors with lower weigh of sulfur and limestone, nitrate reduction occurs
most rapidly at concentration range from 1.0 to 2.0 mg/l of added phosphorus.
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Figure 4. Reduction of NO2- in batch experiments K2 and P6 – P8.
In the case of reactors labeled K2 and P6-P8 (with higher weigh of sulfur and limestone), there cannot be seen
any positive or negative effect of concentrations range of added phosphorus – it is necessary to prolong the
experimental period. From the viewpoint of the rate of nitrite reduction, the best initial concentration of added
phosphorus was from 1.0 to 1.5 mg/l. At higher or lower addition of phosphorus, there was seen undesirable
increased growth of nitrite concentration.

Conclusions
The experiments have shown the correct dosing of phosphorus during the denitrification using bacteria T.
denitrificans for significant speed-up of these processes in batch experiments with elemental sulfur as electron
donor. The obtained results from batch experiments with lower weigh of sulfur indicated, that the best initial
concentration of added phosphorus was from 1.0 to 1.5 mg/l phosphorus from the viewpoint of the
denitrification rate in batch reactors. In the case of batch experiments with higher weigh of sulfur, there cannot
be seen any difference - denitrification processes had same rate.
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Abstract
Recycling technologies help to save energy, materials and environment. This is the main reason of their
popularity. The recovery of semiconductors and metals depends on recycling treatment. A new multi-step
technology, which enables to obtain pure silicon and hydrogen from waste materials, is reported in this study.
The only by-product is magnesium phosphate, which is a desired fertilizer. Magnesium silicide was successfully
prepared from milled silicon photovoltaic (PV) panels and milled Mg obtained from the scrap. The formed
magnesium silicide was then hydrolysed by phosphoric acid to form a mixture of silanes. Gaseous products
(silanes) were separated by cooling below their boiling temperature by liquid nitrogen and then thermally
decomposed by a hot wire, e.g. Pt. This treatment leads to pure silicon and hydrogen release. In this study a
deep-in characterization by various methods (X-Ray diffraction, Raman spectroscopy, Scanning Electron
Microscopy (SEM) with Energy Dispersive X- Ray spectroscopy (EDX), etc.) of prepared samples was also done
to explain the individual influences, e.g. reaction temperature and atmosphere.

Introduction
Magnesium silicide is an inorganic binary compound of magnesium and silicon with formula Mg2Si with a dark
blue colour in a powder form. This eco-friendly material has multiple applications thanks to their physical,
mechanical and chemical properties. It is well known, that it can be also used for preparation of silicon hydrides
(silanes). Silanes, which can be prepared by acidic hydrolysis, are very reactive pyrophoric gases with formula
SinH2n+2. Their instability can be successfully used in preparation of ultrapure silicon and hydrogen by thermal
decomposition1,2. PV panels represent packaged, connected assembly of solar cells. Solar PV panels constitute
the solar array of a photovoltaic system that generates and supplies solar electricity in commercial and
residential applications. There are only available some solar panels that are exceeding 19% efficiency. Owing to
that a single solar module can produce only a limited amount of power, majority of installations contain
multiple modules.
The photovoltaic system typically includes a panel or an array of solar modules, an inverter, and sometimes a
battery and/or a solar tracker and an interconnection wiring. Recently, it has become very attractive, due to
the PV panels utilize only energy of solar light, don’t consume material resources and don’t produce any noise
and toxic gases. The life time of PV module usually lasts 20 - 25 years. After that most of parts including up to
97% of semiconductors (mainly Si) must be recycled. A large number of companies and non-profit organizations
have been engaged in taking-back and recycling operations for end-of-life modules, nowadays. Recycling
possibilities strongly depend on the kind of technology applied in module production3.
Automotive industry is main source of recycled magnesium. Due to the lightest metals used for structural
applications to reduce weight are magnesium alloys. Approximately 1/3 of magnesium ends like new scrap
during fabrication of structural products. It is really inevitable to effectively use primary magnesium and to find
an efficient recycling technology to keep endurable price of magnesium. Magnesium is expensive because of a
high energy consumption process used for its production. The only processes used for magnesium production
are electrolysis of magnesium chloride and silicothermic (Pidgeon process) using reduction of dolomite at high
temperature. There are necessary about 35 kWh for kilogram of primary magnesium. On the other hand
recycling of Mg needs only 3 kWh per kilogram4.

Experimental
Silicon based modules: aluminium frames and junction boxes are dismantled manually at the beginning of the
process. The module is then crushed in a mill and the different fractions are separated - glass, metals, plastics,
Si, etc. At present moment it is possible to recover up to 95% of weight. This process can be performed by flat
glass recyclers since morphology and composition of a PV module is similar to those flat glasses used in the
building and automotive industry. Obtained silicon was then crushed to powder in a mortar. Powdered silicon
was observed by X-ray Photoelectron Spectroscopy (XPS). It was found out less than 5% Si-O. Used powdered
magnesium contained less than 3% Mg-O. The stoichiometric mixture of magnesium and silicon was loaded to
silica tube and vacuum pump (or inert atmosphere) was connected. After 30 minutes of water and bounded
gases desorption, tube furnace was turned on. The reaction temperatures were between 350 – 600°C. The
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pressure was maintained at about 30 Pa, which was a limitation of the used vacuum pump. The reaction time
was 30 minutes. This reaction is described by equation:
2 Mg + Si → Mg2Si (350°C – 600°C/ 30 min. in vacuo)
Prepared magnesium silicide was then hydrolysed by aqueous phosphoric acid to produce silanes and
magnesium phosphate as the only by-product. The hydrolysing reaction is described below:
Mg2Si + H3PO4 (aq.) → Mg3(PO4)2 + SiH4 + Si2H6 + Si3H8 + iso-Si4H10 + Si4H10
Evolved gas was condensed by liquid nitrogen and analysed by Gas Chromatography – Mass Spectroscopy
(GC-MS). The silane was then controlled released into the cuvette with hot platinum wire. Decomposition of
silane was observed by Fourier Transform Infrared Spectroscopy (FTIR). Deposition of silicon was obvious. The
equation of thermal decomposition of silanes is expressed like:
SinH2n+2 → n Si + (2n + 2 )H2

Results and Discussion
It was prepared dark blue powdered material (Figure 1). Raman spectroscopy (Figure 2) and SEM/EDX
(Figure 3) confirmed that it is high homogenous magnesium silicide.

Figure 1. Mixture of starting materials (Mg + Si) (left); Prepared magnesium silicide (right).
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Figure 2. Comparison of standard magnesium silicide from Sigma Aldrich and prepared product.
Figure 2 shows that magnesium silicide was successfully prepared and SEM/EDX Figures 3 show very small
particles and high homogenous product.

Figure 3. Prepared Mg2Si (SEM) (left) and EDX (right)
The following Figure 4 shows products of silane decomposition. It is obvious that the main products are silane
and disilane. Silane is a desired product for hydrogen production with respect to the ratio between hydrogen
and silicon.
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Figure 4. Production of silanes by hydrolysis of magnesium silicide with 25% H3PO4 (GC-MS).
Thermal decomposition of silane is demonstrated as a function of silane decreasing in time. Decreasing of
silane was observed by FTIR (Figure 5).

Figure 5. Silane decomposition in time over hot platinum wire (FTIR).
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Conclusion
Magnesium silicide was successfully prepared by reaction of milled silicon from PV panels with milled Mg from
scrap. It was confirmed by comparison of Raman spectra of standard and prepared material. SEM/EDX analysis
showed that prepared magnesium silicide is really highly homogenous. The major product of subsequent
hydrolysis of formed Mg2Si was a mixture of silanes with majority of silane. In fact, silane is the optimal product
for hydrogen production thanks to the best ratio between hydrogen and silicon. The only by-product of
hydrolysis is magnesium phosphate, a desired fertilizer. The gaseous silanes were successfully separated
(cooled) and thermally decomposed with formation of pure Si and H2. Deposition of pure silicon, which can be
used as a material for new PV panels or other semiconductor components, was indirectly confirmed by FTIR.
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Abstract
In the current work, 12 different Ti-modified clay composites were synthesised. XRD analysis and surface area
measurements have been used to investigate the samples. The influence of the synthesis approach and
adsorption experiment parameters on the final adsorption values of dangerous carcinogen Cr (VI) were
investigated in concentration range from 2 mg/L to 42 mg/L with pH 4 and 6. In the result of the work the
efficiency of carcinogen hexavalent chromium removing can be up to 98.5 % depending on the conditions.

Introduction
The amount of highly concern reports regarding dangerous of hexavalent chromium is increasing. It has been
already proven by the National Institute for Occupational Safety and Health (NIOSH) that all hexavalent
chromium compounds are occupational carcinogens1. Moreover, accordingly to the list the top 275 most toxic
substances the Agency for Toxic Substances and Disease Registry ranked Cr (VI) on the 16th position. The most
dangerous way of chromium penetration to the human body is its inhale and Cr (VI) has been connected with
sinus, nasal and lung cancer. It calls immunity disorders neuropsychiatric disorders, atherosclerosis,
neurodegenerative disorders, congenital disorders, DNA damage, and disruption of bodily processes2.
Chromate dusts and acids can permanently damage eyes if they come into direct contact, and other kinds of
skin contact may lead to allergic dermatitis, corrosion, skin irritation, sensitization, and even ulcers3.
Although chromium hexavalent is dangerous and toxic, it is useful in industrial applications. Workers involved
in electroplating, photography, pyrotechnics, plastics, paints and primers, textiles, leather tanning, and wood
preservation industries are at high risk of exposure2,3.
One of the most important directions in the technology of removing pollutants from different kinds of polluted
waters, is the use of ion-exchange materials in sorption processes, which were derived from cheap and
available compounds. The using of clay minerals as a supply material or substrate is opening a big area for new
generation sorbents obtaining with improved characteristics regarding adsorption and selectivity. Clay minerals
are cheap and can be easily modified by positively-charged modifiers. Thus, recently, much attention is given to
modified clay minerals4,5.
In our current work, we tried to solve the hexavalent chromium problem by the mean of synthesising and
testing of clay based composites, that are able to remove about 98.5 % of Cr (VI) from polluted waters
depending on the conditions.
To do that, muscovite (MMT) has been used as an initial clay mineral due to its high specific area and strong
surface negative-charge, and as a consequence, can be effectively modified by positively-charged compounds
or neutral molecules with the ability to be polarized in the condition of their surroundings.
We chose to synthesise TiO2+ as a modifying agent because of its ability to form TiO2 by the means of
temperature treatment in aqueous solutions. The TiO2 produced has high properties of adsorption6,7, and can
also act as a potent catalyst or photocatalyst.

Synthesis
The full synthesis scheme is represented on the Figure 1.
The initial clay mineral was ordered from Aldrich company. The XRD analysis was used to prove the presence of
muscovite phase. This result is present on the Figure 2.
The synthesis of TiO2+ was performed in acid solution (pH 0.01) because titanium compounds are positively
charged in low pH (Figure 3). To obtain TiO2+, the necessary amount of initial TiCl4 (Aldrich) was dissolved in
water to get the final concentration of 1 µM.
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Figure 1. Synthesis scheme

Figure 2. XRD analysis of the clay mineral
The modification processes: TiO2+ solution was added by drops to the muscovite suspension previously treated
with ultrasounds, whilst stirring. The final ratios were 4, 20 and 40 mmol of Ti/1g of the clay mineral. Time of
their contact was equal to 3 hours. Then, the suspension was separated on two parts. In order to increase pH of
the solutions, mineral water was added to one of them, to the second one – distilled water was added.

Figure 3. Ti4+ state diagram for concentration equal to 1 µM
Then, we used two different approaches to modify the muscovite:
Approach 1: both the suspensions were filtrated and washed to remove the remains of chlorides and TiO2+. The
temperature treatment was performing over 24 hours at 105 °C (samples are marked as 4i, 20i, 40i and 4, 20,
40 with mineral water and with distilled water treatments, respectively).
Approach 2: both the suspensions were evaporated up to the viscous paste on heater at 200 °C, whilst stirring.
To each sample the appropriate water was added again to remove the remains of chlorides and TiO2+. Cleaned
composite was decanted and evaporated up to the viscous paste on heater at 150 °C, whilst magnetic stirring.
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The obtained samples were treated over 24 hours at 105 °C (samples are marked as 4ie, 20ie, 40ie and
4e,20e,40e with mineral water and with distilled water treatments, respectively).

Samples Analysis
The XRD analysis was performed to detect results of the modification (Figure 4a).

Figure 4. The XRD analysis
The shift of the basal peak d = 9.96 for the muscovite mineral was shifted into low angle direction in the case of
samples 4 and 20 due to partial TiO2+ particles intercalation into the interlammelar mineral space. For the
sample 40, this peak was not grown due to total loss of regular sheet structure. The fact is supported by
detected high amount of anatase particles within the composite. These particles were leading to loss of the
regular sheet structure.
The XRD analysis was used for other samples as well (Figure 4b). For each sample set has been observed the
same behaviour – increased amount of the modifier caused anatase phase appearing. Accordingly to the
diffractograms this can be detected from 40e and 40ie, the additional evaporation stage helps to save the sheet
structure because all signature clay mineral peaks were maintained. Significant shift of the basal reflex as such
samples 4 and 20 has, was detected for 4i and 40ie samples.
The surface area and porosity measurements were carried out on several samples to detect differences
induced by modification process (Figure 5).
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Figure 5. Surface area and porosity measurement for MMT, 4 and 20
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The obtained results based on the BET theory calculation:
MMT – 263 m2/g;
4 – 290 m2/g;
20 – 315 m2/g.

Adsorption Expertise
Derived 12 samples were examined in adsorption experiment relative to removing of Cr (VI) compounds from
aqueous solutions, that causes cancer diseases.
1 g of the sample was weighted accurately up to 4th number after point and added to Cr (VI) solution with fixed
concentration and pH. The range of measured concentration was from 2 to 42 mmol/L; the chosen pH: 4 and 6.
The contact time was 4 hours, whilst shaking. The residual concentration was measured by the means of
atomic-adsorption analysis in air flame.
The results are demonstrated on the fig.6.
The efficiency of removal or Cr (VI) from aqueous solution was considerably improved for all samples in
comparison with the initial clay and TiO2. In the current conditions, the most effective sample is 40 pH = 4.

Figure 6. Adsorption experiment isotherms

Statistical Analysis
Multiple linear regression was used to create a model for predicting the amount of chromium removed by
absorption clays from the amount of titanium, temperature, pH applied and the synthesis method used
variables (Figure 7). Regression statistics and coefficients are shown on the Figure 8. Only titanium correlated
significantly with the amount of chromium removed independently (cor = 0.82, p-value = 1.233x10-6). In the
multiple linear model however, both titanium and temperature had significant partial effects with p-values <
0.05. Overall, this linear model using the 4 predictor variables, accounted for 75% of the variance of chromium
removal from the clay adsorption.
The importance of the 4 variables was assessed by removing one predictor variable at a time from the model
and using Anova to compare the difference between the original model and the new one. Removing titanium
gave significant Anova results with a p-value of 4.77x10-7 ***. The second most important variable was
temperature, with an Anova p-value of 0.04 *, with synthesis method third and finally pH being the least
important variable in determining the amount of chromium removed by the adsorbent clay.
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The Figure 7 shows 3 different concentrations of Titanium added and the amount of chromium removed. A two
sample t-test between titanium amounts is highly significant, showing the major impact titanium has on the
amount of chromium removed.
The summary statistics of multiple regression model is represented on the Figure 8.

Figure 7. Box|Whisker Plot

Figure 8. Summary statistics of multiple regression model

Conclusions
In the current work, 12 different Ti-modified clay composites were synthesised. XRD analysis and surface area
measurements have been used to investigate the samples. The influence of the synthesis approach and
adsorption experiment parameters on the final adsorption values of dangerous carcinogen Cr (VI) were
investigated. In the result of the work, we can conclude:
Pure TiO2 and pure muscovite mineral have not good adsorption values (the highest is 5 % of removal);
Efficiency of adsorption was significantly improved by the means of muscovite mineral modification by Ti
containing compounds;
Synthesis approach has a high influence to the final composite properties and pH influence of the adsorption
values depends on the synthesis approach;
The adsorption is occurring mainly on the added Ti-modifier and its OH-groups because of adsorption efficiency
dependents on the amount of Ti-modifier, that was proved by statistical analysis.
Samples 4, 20, 40: synthesis with using distilled water without additional evaporation stage demonstrated high
adsorption results in each Cr (VI) removing experiment caused by TiO2+ particles intercalation inside
interlamellar muscovite space (proved by XRD) that partially re-charged clay mineral surface and created
additional centres to adsorb Cr (VI) from aqueous solutions;
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Samples 4e, 20e, 40e: in the case of adsorption experiment with amount of modifier equals to 4 mmol, the
highest efficiency was demonstrated by 4e sample possibly caused by well-structured frame because of
additional evaporation stage and XRD shift in the low angles direction which proves partial mineral surface recharge. However, 20e and 40e didn’t demonstrate extra good adsorption results because of increased amount
of Ti modified prevents the structuring process;
Samples 4i, 20i, 40i: synthesis with using mineral water showed less removal ability of chromium ions in
aqueous solution than samples obtained in distilled water due to possible reactions of Ti-compounds with free
ions in the mineral water and as a consequence reduced amount of efficient active centres for pollutants
removal.
Samples 4ie, 20ie, 40ie: in the case of these sample, there is two different effects affect the final result. From
the one side, the mineral water was removing Ti-modifier partially with further reducing of adsorption value.
However, the reduced amount of the modified could cause well-structured frame with consequently increased
adsorption efficiency. Ergo, the capacity of these samples is extremely depending on the ratio between
mentioned effects.
pH influence of the final adsorption values depends on the synthesis approach. For distilled water synthesis
method, the lower pH is leading to increase the adsorption values. The mineral water synthesis approach does
not reveal significant pH adsorption dependency. These effects can be explained by the means of different
adsorption mechanism with mainly ion-exchange in the case of distilled water samples and partially
complexation mechanism in the case of mineral water composites.
All in all, we are pleased to report, that high efficient composite adsorbent derived from over-cheap and
available compounds were synthesised and tested. The removal efficiency gained values up to 98,5 % of Cr (VI)
compounds depending on the synthesis condition.
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Abstract
One of the common methods of obtaining glucose syrup for food industry is starch acid hydrolysis, in our case
potato starch. The hydrolysis product contains approximately 40 % of glucose, 2.5 g/kg oxalic acid and small
amount of proteins and dyes. Normally, the acid is removed by precipitation with calcium carbonate and
filtration of the precipitate. Frequently it is used enzymatic hydrolysis, but its product is not suitable for every
application, and so acid hydrolysis has still its place in the market. Our aim was to examine the possibility of
desalting acid hydrolysate using electrodialysis (ED), acid recycling and so eliminate the costs of a carbonate,
acid and waste treatment. Another objective was to improve the taste of the product and to determine the
possibility of simultaneous decolourisation. Economic evaluation of the feasibility of the technology was also
included.

Introduction
One of methods of obtaining glucose (in form of glucose syrup) is acid hydrolysis of starch (Fig. 1). Product of
this process is salinized and has yellowish colour. It obtains approximately 40 – 45 % of glucose, 2.5 g/kg of
oxalic acid, dyes and other impurities. More often it is used enzymatic hydrolysis, but its product is not suitable
for all applications and so acid hydrolysis has still its place on the market.
Formerly hydrochloric or sulphuric acid were used for acid hydrolysis, but the product had unpleasant salty
taste. Therefore now it is used oxalic acid, which is subsequently precipitated by calcium carbonate and
filtered. The oxalic acid is much more expensive, what is reflected in price of the product. Another
disadvantage of acidic hydrolysis product on market is color, which the product of enzymatic hydrolysis doesn’t
have.

Strach
syrup

Oxalic acid

Calcium
carbonate

Activated
carbon

Hydrolysis

Neutralization
(precipitation)

Activated
carbon

Filter Press

Evaporizer

Calcium
oxalate,
dye

Water
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Figure 1. Process flow diagram of actual state
The factory we are thinking about process 2 000 tons per year. This corresponds to acid consumption of 5 t per
year which costs 5 500 EURO. The consumption of calcium carbonate for neutralisation is 10 t per year for
4 400 EURO. Total annual costs of chemicals are therefore 9 900 EURO.

Experimental part
Suggested solution is including the electrodialysis after hydrolysis and activated carbon (Fig. 2). From the
solution will be removed acid without necessity of precipitating with calcium carbonate and subsequently
filtration. At the same time it will be possible again to use cheap acid like hydrochloric or sulphuric, without
negative effect on the taste.
A problem can occur with concentrating of impurities separated together with acid on ED. It will be necessary
to replace the acid after several number of cycles.
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Experiments were performed on laboratory unit EDR-Z with a membrane area of 0.064 m2. During experiments
have been processed over 60 kg of starch hydrolysate. All the tests were take place at 35 – 40 °C.
The conductivity end value for terminating the desalting process was set on 300 µS/cm, which corresponds to
the value of current product after precipitating of oxalic acid with calcium carbonate.
The testing run in two series in the first it was examined basic functionality and parameters, in the second
series were carried out four 8-hours long test with aim to maximize the stress of membranes. In the three last
test the concentrate was diluted by demi water to the constant value of conductivity (about 10 mS/cm).
Before the long “stress” tests were two short tests carried out, the first (C-2L-1) as running-in the membranes
and the second (C-2L-2) for comparing. After the long tests took place one short comparative test (C-2L-3) than
chemical cleaning (CIP) and the last comparative test (C-2L-4). (Fig. 3)

Results and Discussion
In all tests it was achieved sufficient desalting of the syrup (300 µS/cm).
In the first series the possibility of acid starch hydrolysate desalting was confirmed. Simultaneously the
decolouration of product was observed.
From the conductivity course (Fig. 3, Fig. 4, Fig. 5) we can say, that the efficiency of the process was not
decreasing during the tests and so the membrane fouling didn’t take place.

Figure 3. Course of diluate conductivity in short comparative tests
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Figure 4. Course of diluate conductivity in long “stress” tests

Figure 5. Course of concentrate conductivity in long “stress” tests
According to absorbance values (Table I) of individual streams (feed, diluate, concentrate), measured by 420
nm, we can say that colour of product (diluate) was in the first series 44 % lower and in the second series 31 %
lower than by the raw feed material.
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Table I
Average value of absorbance in stream and ratio of contained colour
Absorbance (by 420 nm)
Stream

1st series

2nd series

Feed

1.79

100 %

1.2

100 %

Diluate

1.00

56 %

0.83

69 %

Concentrate

0.16

4,5 %

0.25

6,3 %

Part of the colour (approx. 4.5 % resp. 6.3 %) pass to the concentrate, the rest (approx. 40 % resp. 25 %) was
probably caught on the membrane. Despite the relatively high loss of colour (catching on membrane) during
the experiments was shown no effect on operating parameters. Subsequent standard chemical cleaning has
been effective.
On membranes was caught minimum of mechanical dirt and clot. The annex membranes were significantly
coloured from the diluate side (Fig. 6). But the membrane colouring has no effect on speed of desalination.

Figure 6. The electrodialysis stack after disassembling (left diluate chamber, right concentrate chamber)
Because of the transfer of dye to the concentrate it will not be possible to recycle the acid indefinitely, acid will
need to be replaced after certain number of cycles. The colour returned in process by acid recycling will be
again removed on ED.
By the experiments we achieved concentration of oxalic acid 3.984 g/l in concentrate (residue in diluate
164.5 mg/l). If the acid has to be used again, it must be more concentrate to not dilute the glucose to much.
Now the hydrolysis takes place in 0.25% oxalic acid.
The losses of product (glucose) to concentrate were in the first series 2 % and in the second 0.5 %. In case of
acid recycling are these not a real losses, because the glucose will be returned to the next batch together with
the acid. The glucose will be lost just from the last batch before acid exchanging.
For setting the frequency of acid exchange it would have to do another operating tests.
Average demi water consumption for concentrate dilution during long tests was 0.15 kgdemi/kgfeed.
For factory mentioned above we can save significant part of costs on chemicals (9 900 EURO) using
electrodialysis for acid recycling and potential replacing of oxalic acid for hydrochloric or sulphuric.
At the same time we can expect increasing interest in the product, because of the discoloration. It will be
necessary to concentrate the acid before reusing (probably by ED), this brings another expenses, which we
can’t quantify now.
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As mentioned above total annual costs of chemicals are 9 900 EURO for current technology. After counting the
operating expenses and capital expenses (divided to ten years) for proposed technology we got annual
expenses 13 200 EURO, i.e. 6.6 EURO per ton.
The expenses difference between current and proposed technology is 3 300 EURO per annum to proposed
technology disadvantage. Therefore feasibility depends on the possible increase in product price.

Conclusion
Desalting of glucose syrup after acid hydrolysis potato starch to the required conductivity using electrodialysis
is possible. Alongside particular decolouration of the product takes place. A part of the colour pass to the
concentrate, another part catches on the membrane, what doesn’t decrease speed of the process either in
long-term operation.
It is possible to eliminate significant part of expenses on acid and hydroxide by acid recycling. But because of
colour concentrating in acid it can’t be recycled indefinitely and after some time it should be replaced for fresh.
Another expenses brings the need of acid concentrating before its reuse.
By current prices is the proposed technology unfeasible from the economical point of view.
Thanks to the colour reduction of the product it can be expected increase of interest in the product and thus
the possibility of price increasing. However, this assumption we can’t verify.
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Abstract
Copper is one of the radionuclides present in the used decontamination solutions. Its separation is possible
through selective sorbents, e.g. chelating sorbents. The most common chelating sorbents have iminodiacetic
(IDA) functional group. Another option is to use weakly acidic cation exchangers with carboxylic or phosphonic
group. In this study, we observed the sorption of copper ions from a solution of citric acid by five different
types of commercial sorbents: Amberlite IRC 748, Amberlite IRC 86, Amberlite IRC 747, Lewatit Mono plus TP
207, Lewatit CNP80. Batch experiments were carried out in aqueous solutions of citric acid of various
concentrations and of various pH values for each type of the tested sorbents in order to find practical operating
conditions for the selected sorbents. Our results showed that sorbents with IDA funtional group are better
option for sorption processes with the presence of citric acid than weakly acidic cation exchangers with
carboxylic or aminophosphonic group.

Introduction
Corrosion is one of important factors in power plant safety. From time to time, it is necessary to decontaminate
corroded parts of the reactor. This is realized by the use of decontamination solutions. The decontamination
method used in VVER-type pressurized water reactor is called AP-CITROX1. The AP-CITROX procedure is an
eight-step process, including an oxidizing pre-treatment of the surface with alkaline potassium permanganate
followed by washing with a concentrated mixture of citric and oxalic acids to remove the contaminated surface
layer, and washing with water2.
The used decontamination solutions contain corrosion products in different quantities and with different
amount of radioactivity. Further processing and storage of the used decontamination solutions is then
dependent on its radioactivity, therefore it is convinient to remove radioactive compounds from the solutions.
The decontamination solution contains following metals: zinc, cobalt, nickel, copper, iron and manganese.
Metals separation is possible through selective sorbents, e.g. chelating sorbents and ion exchange3.
Various techniques are used for removal of metals: precipitation-filtration, ion exchange, reverse osmosis,
oxidation-reduction, solvent extraction and membrane separation. Ion exchange is the most effective and the
most common one for this purpose because the sorbents can be easily recovered and reused by regeneration
operation4. According to previous studies various types of sorbents (weakly acidic cation exchanger, chelating
sorbents, weakly basic anion exchanger) can be used for removal of heavy metal ions from water and industrial
wastewaters using ion exchange technique5,6,7.
Chelating sorbents are a special type of sorbents. These sorbents are selective to metal ions in appropriate pH
value. A chelating sorbent essentially consists of two components: the chelate forming functional group and
the polymeric matrix. If the selectivity of the sorbents is determined mainly by the chelating group, other
analytical properties of the sorbents, namely the capacity, kinetic features, mechanical and chemical strength
and regeneration depend on the polymeric matrix8. The most common chelating sorbents have IDA functional
group. Chelating sorbents are produced by chloromethylation of polystyrene with divinylbenzene and than
with reactions with ammonia and chloroacetic acid. These sorbents adsorb metal ions with combination of
ionic and coordination interactions instead of electrostatic interactions9.
The aim of this study is to provide experiments with chosen sorbents and find suitable operating conditions for
the separation of metals from mixed aqueous solutions of citric acid.
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Experimental
For the separation of metals from decontamination solutions of citric acid were chosen five different types of
commercial sorbents: Amberlite IRC 748, Amberlite IRC 747, Amberlite IRC 86, Lewatit Mono plus TP207,
Lewatit CNP80 (table I).
Table I
Basic specification of selected sorbents10,11,12,13,14
Selected sorbents
Quality
parameter

Amberlite IRC 748

Amberlite
747

Matrix

polystyrene

polystyrene

polyacrylic

polystyrene

polyacrylate

Functional group

aminophosphonic
group

iminodiacetic
acid

carboxylic
acid

iminodiacetic acid

carboxylic
acid

Ionic form
shipped

Na+

Na+

H+

Na+

H+

1.35 eq.L-1

4.10 eq.L-1

2.2 eq.L-1

4.3 eq.L-1

as

Total exchange
1.75 eq.L-1
capacity

IRC Amberlite IRC
Lewatit
Lewatit Mono plus
86
CNP80
TP207

Equilibrium adsorption experiment
All types of sorbents were put in demineralized water. After the sorbents swelled, they were washed and
decanted in order to remove dirt and dust particles. After this treatment, all sorbents were converted to Na+
form and H+ form. In order to obtain the ion exchange equilibrium data, batch experiments were carried out in
aqueous solutions of various concentration of citric acid (1, 2.5, 5 and 10 g.L-1). A specified amount of resin in
hydrogen and sodium form (0.25 ml) was added to polyethylene bottles containing 250 ml of aqueous solution
containing 5 mg.L-1 of copper. The bottles were sealed and placed in constant temperature (23 °C) for 49h to
reach equilibrium. Sorption efficiency was observed in following time intervals: 1h, 2h, 4h, 24h, 48h and 49h.
Aqueous samples were analysed by atomic absorption spectrometry.

Effect of pH on adsorption
Batch experiments were carried out in aqueous solutions of citric acid (1 g.L-1) of various pH values in order to
find practical operating conditions for the selected sorbents. The pH was adjusted to 3, 4, 6, and 8 using dilute
NaOH. The adsorption experiment procedure was similar to the equilibrium adsorption experiment as
described previously.
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Discussion and result analysis
The experimental results and the relevant observations are compared by ion concentration uptake to solid
phase and sorption efficiency in percentage. The ion concentration uptake to solid phase was computed using
the following balance equation (1):
9Œ‰ Œ = ∗ [c
° ®. Is- ± 91=
®
[c ∗ › ∗ ¯1 ∗ 1000
Where: ρ0 is concentration of ions in the initial solution [mg.L-1], ρi is concentration of ions at the output in the
sampling time [mg.L-1],q is amount of captured ions by cation exchanger [eq.L-1], Vs is volume of solution [L],Vr
is volume of cation exchanger [L], MA is molecular weight [g.mol-1], z is ion charge.
Percentage adsorption was calculated using equation (2) as follows:

%

dr ∗d ∗-‰‰
dl

[%] (2)

Where: A is sorption efficiency [%], c0 is inlet concentration [mg.L-1], ci is concentration of ions at the output in
the sampling time [mg.L-1]

Equilibrium adsorption experiment
In table II sorption efficiencies in percentage of tested sorbents are shown. All experiments with the
concentration of citric acid 10 g.L-1 were unsuccessful and many experiments with concentration of citric acid 5
g.L-1 likewise. Based on the results of the performed batch experiments it can be assumed that the presence of
citric acid complicates the sorption process. Experiments were performed with sorbents in hydrogen and
sodium form. Hydrogen form was more efficient in most cases. It is possible that the hydrogen form helps to
cleave complexes and allows sorption of copper. Lewatit TP 207 Monoplus in sodium form had the highest
value of the sorption efficiency (34%), in less concentrated solutions. Also Amberlite IRC 748 had high values of
the sorption efficiency in both hydrogen and sodium forms.
Table II
Percentage adsorption of selected sorbents in experiments with different concentration of citric acid
1 g/L
2.5 g/L
5 g/L
10 g/L
Amberlite IRC 748
31 %
19 %
32 %
H+
Amberlite IRC 748
23 %
31 %
Na+
Amberlite IRC 747
23 %
23 %
18 %
H+
Amberlite IRC 747
12 %
Na+
Amberlite IRC 86
30 %
29 %
H+
Amberlite IRC 86
26 %
28 %
Na+
Lewatit Mono plus
21 %
28 %
29 %
TP207 H+
Lewatit Mono plus
34 %
32 %
TP207 Na+
Lewatit CNP80 H+
26 %
26 %
17 %
Lewatit CNP80 Na+
10 %
10 %
-
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Effect of pH on adsorption
In order to study the effect of pH on the copper adsorption from aqueous solution of citric acid (1 g.L-1) by
Amberlite IRC 748 and Lewatit Mono plus TP207, the initial pH of the solution was varied within the range of 38. The results show that the pH value is very significant for the performance of sorbents. Both tested sorbents
had low value of sorption efficiency in experiments with pH 6 and 8. The effect of pH 3 and 4 on the removal of
copper by the sorbents is shown in Fig. 1, 2. The results (Fig. 1, 2) also show that both sorbents had bigger
amount of captured copper ions in experiments with pH 3.

Figure 1. concentration uptake of Lewatit TP 207

Figure 2. concentration uptake of Amberlite IRC 748
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The effect of pH 3 and 4 on the removal of copper by the sorbents expressed by percentage adsorption is
shown in Fig. 3.

Figure 3. percentage adsorption

Conclusions
Batch experiments were carried out in aqueous solutions of citric acid of various concentrations and of various
pH values for each type of the tested sorbents in order to find practical operating conditions for the selected
sorbents. Chelating sorbents are commonly used sorbents for the removal of metal ions from different
aqueous solutions. Those containing heavy metal ions and complexing agents require special attention. The
conclusion based on the results of the performed batch experiments is that the presence of citric acid
complicates the sorption process. As it can be clearly seen in table II all experiments with the highest
concentration of citric acid were unsuccessful. Many experiments with concentration of citric acid 5 g.L-1 also
showed zero sorption efficiency. Lewatit TP 207 Monoplus had the highest value of the sorption efficiency in
less concentrated solutions. Although it was the highest value, it is not considered as satisfactory for
technological processes. The effect of pH value on adsorption was observed on two sorbents with IDA
functional group, Lewatit TP 207 Monoplus and Amberlite IRC 748. From these experiments it can be seen
(Fig.1,2) that sorption process is possible with pH 3 and 4. Higher sorption efficiency was obtained in the
experiment with pH 3 for both tested sorbents. Sorbents with IDA funtional group are better option for
sorption processes with the presence of citric acid than weakly acidic cation exchangers with carboxylic or
aminophosphonic group.

Acknowledgement
The authors gratefully acknowledge the support from the Research centre Řež and University of chemistry and
technology in Prague.

4rd International Conference on Chemical Technology | ICCT 2016

[427]

Nomenclature
IDA
Na+
H+
NaOH
ρ0
ρi
q
Vs
Vr
MA
z
A
c0
ci

imidoacetic
sodium
hydrogen
sodium hydroxide
concentration of ions in the initial solution [mg.L-1]
concentration of ions at the output in the sampling time [mg.L-1]
amount of captured ions by cation exchanger [eq.L-1]
volume of solution [L]
volume of cation exchanger [L]
molecular weight [g.mol-1]
ion charge
sorption efficiency [%]
inlet concentration [mg.L-1]
concentration of ions at the output in the sampling time [mg.L-1]
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Abstract
There are efforts supported by legislative to finish waste dumping in Czech Republic till the end of year 2024.
Landfill operator has to count with this fact of the continuous landfill enclosing and has to think about
subsequent remediation and cultivation of landfill sites, which takes at least another 20 years especially when
dealing with the landfill leachate. We present in this contribution our concept of a technology for landfill
leachate treatment with utilization of electromembrane unit. Our technology consists of the flotation unit, the
filtration, the reverse osmosis and the electrodialysis. We have carried out separate tests for each
technological step with samples taken from a local landfill. Our main goal is the proposal of full capacity plant
(2.5 m3 h-1) insert in a transport container. The contribution of each unit in the purification process is
summarized and discussed.

Introduction
Landfill leachate treatment is one from the main ecological and technological problem that needs to be deal
with by every operator of the active and also closed landfills. Composition of the leachate varies during seasons
and concentration of each contaminant depends on several other conditions i.e., landfill age, type of the stored
waste, local processing by microorganisms or chemical reactions, environment, etc. The nature deals with
various types of pollution by several “self-cleaning” processes, however it is essential to use more efficient
technique in places, where the waste accumulation is too high. Such places present a risk of contaminants
breakthrough in the groundwater and/or surface water. The efficient technique should generally deal with all
mentioned problems. Best purification results are commonly reached by the utilization of membrane processes
i.e., reverse osmosis, electrodialysis, ultra- and nano- filtrations. However landfill leachate is not suitable for
the direct processing by membrane technologies. A proper pre-treatment has to be included before the
membrane technology. Completed set of units (technology with pre-treatment) should also satisfy demands on
the simple control, the mobility and the compactness to suit available on-site area limits. The design of such set
is here suggested. Our design utilizes several processing devices connected in a certain order, which are placed
in the mobile container.
Our suggested technology consists of the flotation unit, the sand filtration, the iron removal filtration, the
reverse osmosis and the electrodialysis respectively. The membrane processes (reverse osmosis and
electrodialysis) are connected in a way to minimize waste disposal as much as possible. Technology can process
up to 2.5 m3 h-1 of the landfill leachate so it can be also run in bigger landfills.

Experiments
The designed technology was completed according to scheme shown in Figure 1 and tested at leachate sample
taken from a local landfill. Composition analysis together with other indicators of the leachate taken during
different seasons is summarized in Table I. Technology can be divided in to three steps: I) flotation, II) filtration
and III) membrane separation. Due to the seasonal variability of the leachate composition it is necessary to
properly optimize especially the flotation step. Subsequent steps are dependent on the water quality that is
produced by the flotation. In case of the filtration the input water quality influences the frequency of the
rinsing and in the case of membrane processes it influences the production rate and cleaning demands.
The flotation step replaces function of the nature marsh, where should be removed organic contaminants and
undissolved solids. The subsequent sand filtration removes the rest of solids and flocks that pass through the
flotation unit. The iron removal filter was added to significantly decrease the amount of unwanted Fe3+ ions
before the reverse osmosis, where these ions cause a damage of membranes. Iron ions are commonly
presented in the leachate and they are also dosed as the coagulation agent to the flotation. The reverse
osmosis is the main purification unit. It produces demineralized water, which can be released to the nature or
utilized in some other applications. The retentate from the reverse osmosis continues to the electrodialysis,
where it is concentrated to minimize the disposal waste. The diluate from the electrodialysis is returned before
the reverse osmosis to decrease the concentration of the reverse osmosis feed water, which leads to the less
demands on the reverse osmosis. The only waste from the technology is the flotation foam, the water from the
filter rinsing and the highly concentrated waste water from the electrodialysis concentrate circuit. The foam
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and the concentrate should be treated as a hazardous waste. In case of proper flotation function, the
subsequent sedimentation tank could be skipped and water can directly flow to filters.

Figure 1. Technology scheme.
Table I
Analysis of landfill leachate taken in August (Sample 1) and November (Sample 2) 2015.
INDICATOR
SAMPLE 1 SAMPLE
UNIT
INDICATOR SAMPLE 1
2

SAMPLE
2

UNIT

CODCR

696

1660

mg/l

Mn

0.44

0.929

mg/l

CONDUCTIVITY

9.36

14.7

mS/cm

Na+

959

1960

mg/l

TEMPERATURE

23.5

23.5

°C

Ni

<0.5

<0.5

mg/l

PH

8.14

7.52

–

P sum.

3.66

3.78

mg/l

TOC

135

316

mg/l

Pb

<0.5

<0.5

mg/l

AL

<0.5

<0.5

mg/l

S

49.4

56.2

mg/l

AS

<0.5

<0.5

mg/l

Si

12.1

12.4

mg/l

BA2+

<0.5

<0.5

mg/l

Sr

0.76

1.17

mg/l

CA2+

98.1

168

mg/l

Zn

0.453

0.472

mg/l

CD

<0.5

<0.5

mg/l

F-

1.12

1.56

mg/l

CR

<0.5

<0.5

mg/l

Cl-

1090

1360

mg/l

CU

<0.5

<0.5

mg/l

NO2-

1.28

1.42

mg/l

FE

2.43

2.68

mg/l

NO3-

15.9

69.2

mg/l
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K+

674

1230

mg/l

PO43-

6.95

19.5

mg/l

MG2+

111

182

mg/l

SO42-

103

378

mg/l

Results and discussion
The proper function of the flotation unit requires dosing of the coagulation and the flocculation agent. The
dose of the coagulation agent was estimated according to determined value of CODCr, which was in our case
1660 mg l-1 and the dose was se to 1.6 g of Fe2(SO4)3 per 1 l of the leachate. Dosing of the flocculation agent
Sokoflok 59 was kept according to the agent producer (approximately 12 ml per 1 m3 of processed leachate).
The pH during flotation was kept at value 8.0. The flotation unit was able to process 3.6 m3 of the landfill
leachate per hour, meanwhile it removes a major part of undissolved solids and decrease the concentration of
organics. During experiments it was found that the higher efficiency can be obtained with the higher dosing of
chemicals, but then the operational costs also grow. Higher dosing increases demands on the reverse osmosis
which needs to remove more chemicals than necessary. Finding optimal conditions suitable for the average
leachate composition during different seasons is our long term goal.
Experiments were carried out with approximately 4 m3 of the landfill leachate. This amount was not sufficient
for the filter mass balance. According to the measured pressures, there was no significant filter clogging so the
rinsing water loss was not estimated. However the technology counts with the returning of the rinsing water
back to the accumulation tank before the flotation unit, to minimize technology waste disposal.
The reverse osmosis was equipped with special antifouling membrane. No chemical dosing for the better
performance was presented. The reverse osmosis removed up to 98 % of all dissolved compounds in the
filtrate. The amount of the retentate presents approximately ¼ from the whole feed. We reached the retentate
mineralization up to 20 g l-1. This solution was processed by the electrodialysis. The electrodialysis was set to
work in the batch mode, but in can be also run in the continuous mode in case of the higher reverse osmosis
production rate. Acquired electrodialysis diluate had mineralization as low as 3 g l-1 and it has been returned to
the accumulation tank before the reverse osmosis. The concentrate has mineralization as high as 60 g l-1. The
amount of the concentrate presents approximately 25 % of the input retentate from the reverse osmosis. The
electrodialysis experiment is shown in Figure 2. It was observed that the desalination of the reverse osmosis
retentate can be carried even less than suggested 5 mS cm-1 however the operational costs caused by the
electricity consumption rises. Here is a space for the process optimization to fulfill customer demands on the
quality and/or the operational costs.
The continuous purification process is shown in Figure 3. According to summary analyses in Table II the purified
water contains not negligible amount of the ammonia. To remove also this compound it would be necessary to
implement also some biological pretreatment. Releasing of the produced water in to the nature has to be
considered by a local office.

Figure 2. Diluate conductivity decreases during electrodialysis process. Straight horizontal line marks the
demanded 5 mS cm-1 conductivity. Line with dots represents measured data.
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Figure 3. Raw leachate (left), water after flotation (middle), reverse osmosis permeate (right).
Table II
Summary analysis of the output water from each technology step.

Indicator

Leachate Flotation Filtration

Reverse osmosis
(permeate)

Electrodialysis
(diluate)

COD [mg l-1]

1660

693

680

7

1440

Non-dissolved
solids [mg/l-1]

81

62

19

<5.0

38

Dissolved solids
[mg l-1]

4956

4693

4686

153

748

530

526

527

42

21

378

167

169

<5.0

148

2+

168

84

82

0.2

33

+

1960

878

897

37

114

14.7

10.3

10.3

0.3

6.3

Cr

N

amon

[mg l-1]

2-

SO [mg l-1]
4

Ca [mg l-1]
Na [mg l-1]
Conductivity [mS
cm-1]

Conclusion
Our designed technology proofs self as a suitable plant capable to treat the landfill leachate, however more
tests needs to be carried out also on hazardous landfills to confirm the plant versatility. Nowadays solution
carried out by landfill operators is the transportation of the leachate to the nearest sewage disposal plants.
Such solution costs range from 4 € to 10 € per 1 m3. However this solution is not suitable for every landfill (i.e.,
hazardous landfill have certain disposal and transportation limits). Operational costs of our technology were
estimated to be 3 € per processed 1 m3 of the leachate. Electricity consumption presents approximately one
third of the operational costs. The rest was consumed by costs on dosing chemicals. The main problem of our
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technology is the acquisition costs which presents approximately 225000 €. This price cannot be reached by
small landfills, which are mainly stand in Czech Republic. Nevertheless it can be expected that legislative efforts
will be supported by national or European funds, which could gain access to our technology even for smaller
landfills.
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Abstract
Incineration of municipal waste is accompanied by the formation of dioxins. Dioxins can be eliminated by
changing the combustion substrate composition or by selecting the proper combustion process parameters.
These measures must be always completed by a tertiary cleaning of combustion gases with the use of an
activated carbon. Carbon black Chezacarb™, which is one of the UNIPETROL´s products, has proven to be a
suitable adsorbent for this purpose. In the recent years it has been tested in some waste incinerators and
showed high adsorption efficiency for dioxins in comparison with other types of charcoal. Carbon black
Chezacarb™ also adsorbs mercury vapour often present in combustion gases.

Introduction
The partial oxidation process (POX) is one of the key processes for an industrial production of hydrogen from
the heaviest fractions and residues of crude oil. During the gasification a part of the raw material is
transformed into "undesirable" soot. In the company Unipetrol RPA this soot is separated, granulated and
transformed in a special unit to yield a successful product – carbon black Chezacarb™, which is typically used
not only as a filler in plastics but also as an adsorbent for the adsorption of gaseous pollutants and for
wastewater treatment. Chezacarb™ has unique properties, which are listed in the following tables I – II5,6.
Table I
Basic specification products Chezacarb™
Parameter
Spec. surface area (ads. N2), [m2 g-1]
Iodine adsorption, [mg g-1]
DBP absorption, [mL (100 g)-1]
Toluene extractable, [% wt.]
pH value
Volatile matter (105 °C), [% wt.]
Ash content, [% wt.]
Sulphur content, [% wt.]
Fines contents, [% wt.]
Sieve residue 0.045 mm, [ppm]
Bulk density, [g L-1]
Appar. density after tamping, [g L-1]
Pellets hardness avg., [g]
Pellets hardness hardest, [g]
Specific electrical resistance, [Ohm.cm]
Vanadium content, [ppm]
Nickel content, [ppm]
Iron content, [ppm]

Test method
AC – 10
ASTM D 6556 815-1005
ASTM D 1510 1010-1140
ASTM D 2414
365-400
DIN 53553
< 0.1
EN ISO 787-9
7.0-9.0
EN ISO 787-2 max. 0.30
DIN 53586
max. 0.38
ASTM D 1619 max. 0.23
ISO 13322-2
max. 5
ASTM D 1514
max. 50
ISO 1306
min. 118
EN ISO 787-11 140-160
ASTM D 3313
max. 10
ASTM D 3313
max. 20
Philips method max. 50
RTG
max. 1200
RTG
max. 500
RTG
max. 300

AC – 20
min. 810
1000 – 1200
350 – 420
< 0.1
7.0 - 9.5
max. 0.50
max. 0.4
max. 0.3
max. 8
max. 50
min. 115
140-160
max. 10
max. 20
max. 70
max. 2000
max. 1000
max. 500

AC – 30
min. 800
min. 900
min. 340
6.5-9.0
max. 0.80
max. 0.9
max. 0.5
max. 15
max. 500
min. 115
max. 10
max. 20
max. 80
max. 3000
max. 1500
max. 1000

AC – 50
900 – 1100
1050-1200
390-450
< 0.1
6.5-9.0
max. 0.80
max. 1.6
max. 0.6
max. 10
max. 50
min. 115
< 150
max. 10
max. 20
max. 80
max. 5000
max. 2500
max. 1800

Various adsorbents, commonly based on an activated carbon, are used to remove dibenzodioxins and
dibenzofurans from flue and incineration gases. Due to their size, molecules of dioxins are hindered to undergo
internal adsorption - they adsorb mostly only on the particle surface. The access to the microstructure of
common adsorbents is thus limited and they are not fully utilized. This is valid for common types of activated
carbon, but not for Chezacarb™ whose internal structure is the open due to its form of solid agglomerates6.
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Table II
Basic specification products Chezacarb™
Parameter
Spec. surface area (ads. N2), [m2 g-1]
Iodine adsorption, [mg g-1]
DBP absorption, [mL (100 g)-1]
Toluene extractable, [% wt.]
pH value
Volatile matter (105 °C), [% wt.]
Ash content, [% wt.]
Sulphur content, [% wt.]
Fines contents, [% wt.]
Sieve residue 0.045 mm, [ppm]
Bulk density, [g L-1]
Appar. density after tamping, [g L-1]
Pellets hardness avg., [g]
Pellets hardness hardest, [g]
Specific electrical resistance, [Ohm.cm]
Vanadium content, [ppm]
Nickel content, [ppm]
Iron content, [ppm]

AC – 60
min. 800
min. 950
min. 380
6.5-9.5
max. 0.80
max. 1.7
max. 0.6
max. 20
max. 500
min. 112
max. 80
max. 6000*
max. 3000*
max. 2500*

AC – 70
min. 800
min. 950
min. 390
6.5-9.5
max. 0.80
max. 1.8
max. 0.7
max. 20
max. 500
min. 112
max. 30
< 8000*

AC – 80
min. 800
min. 950
min. 390
6.5-9.5
max. 0.80
max. 2
max. 0.8
max. 20
max. 500
min. 112
max. 20
< 8500*

AC – 90
min. 800
min. 950
min. 390
6.5-9.5
max. 0.80
max. 5
max. 0.9
max. 20
max. 500
min. 105
max. 10
-

AC – 95
min. 800
min. 950
min. 390
6.5-9.5
max. 0.80
max. 5
max. 1.0
max. 20
max. 500
min. 105
-

Note. *apporoximate value, the exact value is not guaranteed.

Experiences with using the adsorbent Chezacarb™ in waste incineration plants
Dioxins are toxic substances formed inter alia as a result of the incineration of substances in the presence of
chlorine and its compounds. The formation of dioxins is observed in two temperature regions:

•

high temperature (500-800 °C)

•

low temperature (200 to 400, respectively, 600 °C).

One of the sources of dioxins, which arise from combustion processes, are incinerators. Dioxins are usually
removed by adsorption processes using carbon adsorbents which includes Chezacarb™ (see below).
In the past, the carbon black Chezacarb™ was tested and utilized in the adsorption of dioxins from the
combustion gas in various waste incinerators. A summary of the results is in table III.
Table III
The achieved efficiency of adsobtion using Chezacarb™ in waste incineration plants (note: PCDD/F is sum PCDD
and PCDF)
Incinerator
Dosage sorbent per
I-TEQ PCDD/F
dry combustion gas
Inlet
Outlet
Capture efficiency
[g Nm-3]
[ng Nm-3]
[ng Nm-3]
[%]
SAKO Brno (2002-2006)
0.06
4.63
0.0229
99.51
OLO Bratislava
0.056
1.4
0.005
99.64
Dekonta (locality I)
0.36
5.6
0.045
99.20
Dekonta (locality II)
0.18
4.6
0.009
99.80
Trmice
0.08
2.4
0.0098
99.59
Strakonice
0.1
3.46
0.0084
99.76
The dosage of Chezacarb™ in waste incineration plants required special equipment that consists of a pellet mill
and a screw dispencer opening into the flue gas line (see figure 2). Powder Chezacarb™ was separated from the
flue gas with fabric filters1-5.

Testing the adsorbent Chezacarb™ in metallurgical plants
It is known that carbon black Chezacarb™ can be used for the cleaning of combustion gas from dioxins that are
generated during incineration. Dioxins are, however, also found in the waste gases formed during the pre4rd International Conference on Chemical Technology | ICCT 2016
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treatment of iron ore, which is performed in foundries when sintering the mixture of materials prior to their
feeding into the blast furnace. Other major pollutants are particulate matter and acid gases expressed as SO2,
Cl- and F-. To improve the environmental operation, steel companies looked for solutions to cope with these
emissions. This procedure was industrially tested in the Arcelor Mittal Steel and US Steel Kosice.
Main acidic pollutants were removed by a dry process in the reactor using the calcium hydroxide. The activated
carbon Chezacarb™ was also dosed to the reactor, simultaneously.

Figure 1. The unit for combustion gas purification using the adsorbent Chezacarb™ in metallurgical plants
Table IV
Results of using Chezacarb™ in removing dioxins
Locality
I-TEQ PCDD/F
inlet

outlet
-3

Arcelor Mittal Steel Ostrava
US Steel Kosice

Capture efficiency

[ng Nm ]
4.56
1.38

-3

[ng Nm ]
0.015
0.042

I-TEQ PCDD/F
[% rel.]
99.67
96.96

In both cases, a reduction of dioxins far below the desired value which according to specification was 0.4 ng m-3
of gas under normal conditions was achieved. The consumption of Chezacarb™ was below 0.2 g m-3 of flue gas
under normal conditions. The cleaning efficiency in Arcelor Mittal Steel was 26.6 times higher than the
requirement of the customer and in US Steel Kosice 9.5 times higher, respectively.

Adsorption tests on pelleted Chezacarb™
The above described results were obtained with a powdered Chezacarb™ which was dispersed into the flue gas.
The following tests were performed with pelleted Chezacarb™ of a particle size about 1 mm which was filled in
a static adsorber. The tests were carried out on a pilot combustion unit, which was burning a plastic mixture
(84.7 % wt. polyethylene, 5.3 % wt. polyvinyl chloride and 10 % wt. polyethylene terephthalate). The
combustion furnace for the production of dioxins contains two adsorbers and contactless cooler which was
placed between the adsorbers. Combustion gases from the furnace were fed to the 1st adsorber filled with a
mixture of CaO and CaCO3. There, the main part of the dioxins was removed at a temperature of 830-950 °C
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using residence time of 2-3 seconds, the remaining of dioxins were removed in the 2nd adsorber, which was
filled with Chezacarb™ at 100-150 °C, i.e. above the dew point of cooled flue gases, using a residence time of 912 s7.

Figure 2. The pilot unit for the adsorption tests of dioxins
Table V
The overall efficiency of the unit removing dioxins
Pollutant
Sampling point Corrected concentration to
ref. O2 content
[ng Nm-3]
inlet

0.000256

outlet

-

inlet

0.098

outlet

0.0012

inlet

0.099

outlet

0.0012

inlet

0.00052

outlet

0.00011

inlet

1190

outlet

320

I-TEQ PCDD

Efficiency
[% rel.]
100.0

I-TEQ PCDF

98.8

I-TEQ PCDD/F

98.8

I-TEQ PCB

78.8

Concentration PAH

73.1
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Experiments and results in the mercury removal using Chezacarb™
Static measurements for the determination of the adsorption capacity
After the dioxins adsorption tests were performed in the combustion unit, the adsorbent Chezacarb™ was
removed from the 2nd adsorber and the adsorption capacity for mercury was compared with the original
unused adsorbent using a laboratory static measurement. Measurement results of the adsorption capacity of
mercury show that the adsorption capacity after adsorption tests of dioxins has approximately doubled, from
66 to 128 g kg-1 of Chezacarb™.
Concentration of Hg in Chezacarb, g Hg kg-1
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Chezacarb before pilot test
Chezacarb after pilot test
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Figure 3. A comparison of the adsorption capacities of Chezacarb™ at 125 °C before and after use

Dynamic measurements of the mercury adsorption process
The gaseous phase containing mercury vapour flows through the adsorbent. The gas is saturated with mercury
vapour in two heated Drechsler type gas washing bottles containing mercury. The gas is introduced into the
adsorption column after separation of particulates and aerosols of mercury. The lower part (input) of the
adsorber was equipped with a 300 mm high layer of glass balls having a diameter of 4 mm. The glass balls are
used to heat the gas to a temperature of 125 °C. The adsorption bed has a diameter of 38 mm and a height of
30 mm.

4
Thermostat
125 °C

3

5

2
1
Nitrogen

6
1
2
3
4
5
6
7
8
9a,b
10

7

8

- adsorber with a glass jacketed
- filler of glass balls for heating the gas
- silica or glass wool
- adsorbent Chezacarb™
- washer with a solution of 4% K2Cr2O7 in 20% HNO3
- washer with a solution of 5% NaOH
- drying column with a silica gel
- gasometer
- washer with mercury (for saturation gas with mercury)
- blank washer

Air

9

Thermostat
80 °C

9

1

Figure 4. The unit for the dynamic measurements of mercury adsorption at 125 °C
The bath temperature for the saturation of gas with mercury vapour and the temperature of the gas leaving
the adsorber are measured using a thermometer. The gas flow was controlled by a rotameter. The exact
4rd International Conference on Chemical Technology | ICCT 2016

[438]

amount of flowed gas was subtracted from the wet gas meter. The residence time in the adsorber was 1.4 s.
Gas analyses were performed using two fritted gas washing bottles with a solution of 4 % wt. of potassium
dichromate in 20% wt. nitric acid.
These tests showed that the sulphur content in the carbon black significantly affects the efficiency of
absorption. When using powdered carbon black disposed in a defined volume of the adsorbent bed, the weight
of the adsorbent used was lower than in the case of pellets, resulting in lower efficiency of adsorption (see
figure 5).
The average efficiency of adsorption in 10 hours of test, %

100
90
80
70
60
50
40
30
20
10
0

Figure 5. The results of dynamic measurements of mercury adsorption

Conclusions
The results of the adsorption tests showed that the carbon black Chezacarb™ adsorbs mercury vapours. An
important factor which influences the adsorption capacity of carbon black Chezacarb™ for mercury is the
content of sulphur compounds bonded in the carbon. An interesting finding is the fact that after an adsorption
of chlorinated hydrocarbons from the combustion of mixed plastics the mercury adsorption capacity increased.
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Abstract
Pharmaceuticals diclofenac and naproxen belong to class of non-steroidal anti-inflammatory drugs (NSAIDs).
These substances are very often found in outlets of WWTP or in surface waters, because among all classes of
pharmaceuticals, they are frequently prescribed and purchased.
These substances have by their nature a strong biological effect, so non-target organisms are affected. For
example diclofenac causes cytological malformations of liver tissue within a concentration 28 μg/L (O. mykkis).
Sensitive organisms to naproxen are crustaceans, where the EC50 for (C. dubia) is 330 μg/L, but degradation
products of this drug are significantly more toxic. EC50 for degradation products of naproxen to C. dubia are less
than 100 μg/L.
Diclofenac and naproxen (500 μg/L) were from model water samples removed by heterogeneous
photocatalysis in 4L batch reactor. After irradiation of the catalyst, the system produces •OH radicals, which
causes destruction of the organic substance. As the catalyst used was 0.5 g/L titanium dioxide (TiO2, Precheza
a.s.). As a source of UV radiation was used UV LED diode Luminus, with peak wavelength at 365 nm. At the
same time the effect of hydrogen peroxide (H2O2) or effect of pH was determined. Samples were
preconcentrated by solid phase extraction (SPE) and analyzed by high performance liquid chromatography
(HPLC). At the same time characteristics and capability of pharmaceutical removal from inlet of WWTP were
discussed.

Introduction
Pharmaceutical active compounds have been recognized as a group of environmental micro pollutants. This
interest is due to incomplete removal in wastewater treatment plants (WWTPs) and active biological effect of
these substances at low doses. Residues of pharmaceuticals were detected in natural waters, but outputs of
WWTPs were identified as a main source of pharmaceutical introduction into ecosystems. Subsequently at
these environmentally relevant concentrations chronic toxicity on non-target organisms occurs1-4.
Naproxen [(S) 6-methoxy-α-methyl-2-naphtalene acetic acid] is a member of nonsteroidal anti-inflammatory
drugs (NSAIDs). As well as diclofenac (2-(2-(2,6-dichlorophenylamino)phenyl)acetic acid is a member of NSAIDs.
These two pharmaceuticals are ubiquitously presented in surveyed surface waters. Also these two substances
were found in a bile of wild species A. brama and R. Rutilus5.
These two substances were removed from water samples by heterogeneous photocatalysis. The system of
heterogeneous photocatalysis is always composed of catalyst, which is oxide or sulphide of transition metals.
After irradiation of the catalyst surface, the catalyst itself become polarized and the radicals are generated.
These radicals are able to cause oxidative degradation of the organic substance6-9.

Experimental
Stock solutions of the drugs were prepared by dissolving of the appropriate amount of diclofenac or naproxen
in tap water. The catalyst suspension of TiO2 was prepared by dispersion of appropriate amount of oxide in
distilled water by ultrasonication. A 4L batch reactor was used for purpose of heterogeneous photocatalysis.
The drug content was 500 μg/L and the catalyst content was 0,5 g/L. System was aerated (Secoh air pump) and
stirred at a speed of 650 rpm. As a source of UV irradiation, LUMINUS UV-LED system (4, 9A) was used. It
consists of 12 UV LED diodes with a peak emission at 365 nm. The lamp was placed over the reaction vessel.
During irradiation, the samples were taken at 20 minute interval. Experiments lasted 1 hour. Additional
experiments with pH adjustment (pH 3 and 10) or H2O2 (0.5 g/L) addition were evaluated. Hydrogen peroxide
was added at the beginning of the experiment. Prior analysis, samples were 5 minutes centrifuged using
Eppendorf centrifuge 5804 R at a 8 000 rpm. Samples were preconcentrated at a solid phase extraction (SPE)
manifold (Macherey-Nagel) using Oasis HLB (Waters) preconcentration columns. For condition, 20 mL of
methanol, 6 ml deionised (DI) water and 6 mL of DI water at pH 4 was used. 200 mL of the sample was
preconcentrated at a constant value of 35 kPa. Than 12 mL of methanol/acetonitrile 1:1 was used for an
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elution. Samples were concentrated to 3 mL, than reconstituted using 2 mL of H2O. diclofenac and naproxen
were analysed using High performance liquid chromatography (HPLC). As a stationary phase, reverse phase
Nucleosil C18 was used. As a mobil phase, acetonitrile and water 3:4 was used. Drugs were detected by diod
array or fluorescent detector. Using these separation conditions, the retention time of naproxen was 5.3 min
(measured at 237 nm) and diclofenac 8.8 min (at 273 nm).

Results and discussion
Fig. 1 shows removal efficiency of diclofenac by various processes after 1 hour experiments. Effect of UV
irradiation at the absence of catalyst was evaluated. It was found that this effect on diclofenac removal is
relatively slow mainly due to high emission wavelength of the UV system used. Using UV photolysis only 17%
removal of the diclofenac occurred. Combining UV with TiO2 the conversion was achieved almost 100 %,
indicating strong oxidising effect of the system. Subsequently, removal rate was explored after the addition of
hydrogen peroxide H2O2. There was a significant influence of H2O2 on removal rate of the diclofenac. For
example after 20 min of photocatalysis with H2O2 the removal rate is more than 70 % faster than without
peroxide.
Same experiments were carried out in case of naproxen removal as shown as in Fig. 2. After UV photolysis the
removal of the drug was slightly higher than in case of diclofenac. The efficiency of UV photolysis was 25 %.
Using heterogeneous photocatalysis the efficiency of the process was 82 %. Combination of photocatalysis with
hydrogen peroxide showed increased removal rate of the drug mainly in first 30 min of the experiment, where
the removal rate was about 80 % faster. In time this reaction rate became slower due to exhaustion of the
H2O2. In both cases the elimination of the drug is equivalent to heterogeneous photocatalysis without H2O2.
The influence of Ph during heterogeneous photocatalysis was explored. The pH of the system was modified by
0,1 molar HCl or NaOH. From the graph at the Fig. 3 it is evident that the adjustment to acidic area is very
advantageous for diclofenac removal. After 40 minutes of experiment, diclofenac has been already eliminated
from water. On the other hand in alkaline area the removal efficiency did not differ from heterogeneous
photocatalysis at neutral pH. Similar results were achieved in case of naproxen removal (Fig. 4). During acidic
pH there was 92% removal of this pharmaceutical. Again, conversion of naproxen in alkaline conditions was
comparable to the photocatalysis in neutral pH.
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Figure 1. Degradation of diclofenac using photolysis, heterogeneous photocatalysis and photocatalysis with
hydrogen peroxide
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Figure 2. Degradation of naproxen using photolysis, heterogeneous photocatalysis and photocatalysis with
hydrogen peroxide

c/co

11

0.5
0,5

0
0

10
TiO2/UV

20

30
t (min)
TiO2/UV/H+

40

50

60

TiO2/UV/OH-

Figure 3. Degradation of diclofenac at different pH
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Figure 4. Degradation of naproxen at different pH
Furthermore, basic parameters and capability of heterogeneous photocatalysis were evaluated for surface
water from river Labe. Samples were taken in Pardubice, March 2016. Here is located the central flow of the
river. Flow was approximately 60 m3/sec. In Table 1 are shown water quality parameters before and after
photocatalytic process. Best results were given for COD removal, where the efficiency was 27 %, and TOC
removal (10 %). Despite the COD decreased, BOD5/CODCr ratio remained stable at a value 0.35 indicating good
biodegradability of the water. Good results were also evaluated for absorbance at 254 nm, where 50%
decrease of absorbance occurred. Also in case of microbial removal was heterogeneous photocatalysis
advantageous.
Table I
Basic parameters of surface water from Labe
Parameter

Before photocatalysis After photocatalysis

Ph
Conductivity (μS/cm)
ORP (mV)
CODCr (mg/L)
BOD5 (mg/L)
TOC (mg/L)
N-NO3- (mg/L)
N-NO2- (mg/L)
P-PO43- (mg/L)
Absorbance254 (ZF)
Enumeration of microorganisms (CFU)

8
330
32
16.6
5.7
6.3

8.15
350
53,5
12.2
4.6
5.8

69.4

68.9

0.59

0.56

0.096

0.255

15.3

7.5

4.9x103

0.7x103
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Conclusion
Heterogeneous photocatalysis was proved as a feasible method for treatment of waters containing
pharmaceutical residues. Photocatalytic processes showed impressive results in diclofenac and naproxen
removal. These values are varying from 90 % to almost 100 % for naproxen and diclofenac. Removal rate can be
enhanced by H2O2 addition or acidic pH conditions. In acidic pH 100% and 92% removal for diclofenac and
naproxen occurred. In case of real water determination the best results were obtained for COD removal, while
BOD5/CODCr ratio remained stable at value 0.35. This topic can be considered as an interesting introduction to
the study of pharmaceutical residues in real water samples. Next experiments will be dealt with trace analysis
of drug residues in real water samples and coupling heterogeneous photocatalysis with drug removal in surface
water.
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Abstract
Planet Earth, precisely speaking its surface shell, might be considered as a huge, multiphase, batch, biochemical
reactor heated by the Sun, whose energy is a unique resource. The Sun ensures our earthly life unconditionally;
moreover, it compensates the heat losses of the land, water and ice by radiation emitted from the Earth
surface to its surrounding space at night. It is evident that in this macro-reactor the complex transport
phenomena occurs in phases; involving mass, heat and momentum. Obviously such a responsive batch system
can be only limited by resources of carbon materials utilized in energy production for industrial and chemical
processes8.

Introduction
Generally, we are surrounded by various useful chemical substances. Chemical transformation of substances
occurs not only in our immediate surroundings. Chemical reactions of various molecules take place in
atmosphere, oceans, ground nature, living plants, and animals; i.e. in all living organisms, including ourselves.
The comfort of contemporary life is highly appreciated. Nobody would like to return to previous centuries,
where people could only walk or use the horse transport. At those times, average life expectancy was much
shorter than today, approximately only several decades. The development in the field of chemistry has
significantly improved the living standard of human population. People have learned how to treat chemical
products properly, appropriately and safely. Moreover, they know how to make use of them for their benefit
and how to recycle waste materials by a sophisticated chemical processes application.
Chemical industry represents an essential part of entire national production and in this context it is worth
mentioning that production is primarily related to fossil raw materials – as in the case of minerals and ores
used for the production of inorganic products (e.g. fertilizers, pigments for paints, metallurgy, materials for the
manufacture of glass, ceramics, etc.), or coal, oil and gas being used for the production of variety of organic
products (e.g. polymeric materials, pharmaceuticals, food supplements, paints, protective equipment,
agricultural drugstore and fragrances, cosmetic goods, etc.). Chemical processes are generally involved in the
production of diverse building materials, clothing, footwear, consumer electronics, as well as mobile phones or
sport’s equipment. Last but not least, they are tightly related with food and drink water production, cleaning
municipal and industrial waste water, removing harmful pollutants from exhaust gases from thermal power
stations, cars and vehicles, etc.
Intensive agricultural production is necessary to ensure a sufficient amount of food for the globally growing
population. This requires a massive production of inorganic fertilizers which artificially enrich the exhausted
land by biogenic and trace elements. There would be no chance to maintain the current life standard and fight
starvation in certain countries if all the sorts of various plants and crops promoters, fertilizers, and other
protective substances were not used. Concerning the issue of human resources associated with the sector of
agriculture, due to advanced technologies, for example in the Czech Republic, the number of people employed
is much lower compared to the previous centuries although the domestic agricultural production provides a
crucial part of our food consumption. This trend also reflects progress in information technologies,
telecommunications, biotechnology, gene manipulation, etc.

Limited Raw Materials in Global Batch System
Future development regarding the quality of our life and associated with those aspects mentioned above could
be discussed; mainly the future image of chemistry and chemical technology after exhausting all fossil fuel
carbon raw materials and other rocks of the Earth's crust containing various essential elements. According to
the British Petroleum Co.’s estimate made in 2009 the extractable oil reserves amount to 1258 billion barrels
worldwide. Considering the current annual oil consumption, this number suggests an estimate of further 42
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years of possible drawing at maximum before all the worldwide resources of oil have been depleted. Similar
estimates have been made regarding natural gas and coal and the results suggest 60 respectively 122 years1.
Obviously, the upcoming impacts of these activities are crucial and changes concerning energy (absence of gas
for heating of buildings), transport (absence of motor fuels) and agriculture (depletion of arable land area due
to plant production for biofuel used for agricultural machines) are becoming unavoidable and necessary.
However, let’s look at the whole matter from the chemistry, chemical, food and pharmaceutical industries
perspective now.
The exhaustion of fossil raw material resources from the Earth’s crust will influence land, water and air
transport dramatically. The absence of coal coke necessary for iron and steel production will influence the
whole field of engineering and construction industry. The energy intensive production of aluminium will also
become an illusion. Polymer materials such as polysaccharides (cellulose), natural rubber, or polyamidesproteins will be the only natural materials available.
Operational conditions and technology of mining methane by fracking shale gas have still been under the
process of testing and will not be discussed here, since there is no sufficient amount of findings, an economic
balance sheet independent of the influence of current raw material prices on the stock exchanges and data
expressing the impact of mining on the underground water and land environment.
It seems interesting to mention here the carbon sources for the chemical production of our ancestors. One
source regarded fermentation processes based on raw sugar (cane, beet, honey, fruit, etc.). It provided
aliphatic alcohols, ethers and particular acids, aldehydes and ketones within chemical conversion. The other
source was connected to fats (lard, butter), fish oil, beeswax and oil crops (olive, sunflower, canola, mustard,
flax, coconut, Palm wax and others), which has always been appreciated for its exceptional nutritional value
and also used to be transformed by hydrolysis into soap. Even today they are the source of significant higher
aliphatic acids (after the reduction of relevant fatty alcohols) and glycerol.
The basic existential questions of understanding the functions of natural processes are generally being
discussed within particular subjects at primary schools. Every individual school child learns about the water
cycle in nature. The older ones get even further and learn about how to generate carbon dioxide when burning
fuel and how it relates to the activities and production associated with cells of plants by photosynthesis.
However, we encounter the question of how the cycle between the components of our environment relates to
other elements in the periodic system.
For example, phosphorus, an important biogenic element, is an element involved in phospholipids, which are
one of the basic building blocks of cell membranes of all living organisms. Therefore, it represents the main
ingredient in fertilizers. Its source, however, are natural phosphates occurring in the resources of only few
countries. Phosphorus for fertilizer consumption in EU countries amounts to 1.4 million tonnes per year. Most
of the phosphorus ends up in municipal waste water, sewage sewerage systems and only a small quantity is
recycled back to the soil as manure and compost. Therefore, the EU has currently been financing a complex
project PhosFarm, coordinated by the Fraunhofer Institute for Interfacial Engineering and Biotechnology IGB in
Stuttgart, whose goal is to develop a technology for recycling phosphorus from the waste with the use of
enzymes forming at the last stage magnesium ammonium phosphate2.
It is certainly good that after many decades of collecting only old iron scrap, non-ferrous metals, broken glass
and paper, nowadays, even polymers, plastic waste and electronic parts have been collected. The collection of
these waste materials might, of course, seem a bit one-sided considering the fact that not only energy but also
great effort are required to sort and reprocess it and make it actually economically profitable. Nevertheless,
resources of raw materials and elements waiting in the Earth’s crust to be mined have been substantially and
rapidly becoming depleted.
The European Commission in its report from 2014 has identified dominant critical raw materials available only
in isolated sites in the world3. The mining share connected with 16 critical raw material elements and related to
particular countries is illustrated in Table I.
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Table I
Share of world mining 16 critical raw materials in the World3
The raw material
Country
mining share%
Rare earths (hard)

China

99

Niobium

Brazil

92

Beryllium

USA

90

Rare earth (light)

China

87

Antimony

China

87

Magnesium

China

86

Tungsten (Wolfram)

China

85

Gallium

China

69

Magnesite

China

69

Graphite

China

69

Platinum metals

SAR

61

Germanium

China

59

Indium

China

58

Fluorite

China

56

Silicon-metal

China

56

Cobalt

Congo

56

The data show that China has the absolutely dominant position regarding the volume of rare mining elements.

Unrealistic „Sustainable Development“
Political speeches and main stream mass media often use the phrase of the sustainable development of society
to influence public feelings. Every intelligent person respects the forces, rules and laws of the Nature. One of
the most famous laws is the law of conservation of mass and energy. It is based on the fact that obviously and
on a global scale only limited natural resources of raw materials are available and that the unlimited
development of society is from a long-term perspective absolute non-sense. This poses a question of
hypothetical development associated with further questions of where, why, when and at the expense of
who,…?
In case the current standard and quality of life is considered reasonable, it is necessary to speak only about
sustainable steady state and/or stagnation. It is worth mentioning that all elements drawn from the Earth's
crust do not recycle with 100% efficiency. This century is characterised by the culmination of world oil
production, and similar situation relates to natural gas and coal. These fossil carbon raw materials are useful for
both the energetic and the chemical applications. Rotting biomass could create them naturally again, but
within the perspective of many millions of years. Regarding this, the attenuation of the development of society
will appear sooner or later, which rises following question:
What will happen when all stocks of fossil resources of the Earth's crust will have been depleted?
Such intrusive question should be of an interest not only to futurology, but also to each thoughtful person. In
this context, interdisciplinary fields of chemistry, chemical technology, biotechnology and process engineering
hold a specific position.
Therefore, we must henceforth imagine that all future products will be dependent on consistent recycling, and,
as mentioned above, economic branches necessary for any developed society will be dependent on renewable
sustainable carbon associated with chemical industry.

Carbonaceous Materials for Future
Undoubtedly, carbon containing raw materials are a pillar of chemical technology in the current development
stage of mankind. It is also evident that consumption rate does not correspond with their real utilization rate,
which is actually much higher. According to the recent data provided by the European Chemical Industry
Council (CEFIC Conseil Européen des Fédérations de l'Industrie Chimique) the findings related to EU carbon raw
materials for chemical products are as follows3: Oil 68%; Natural gas 21%; Charcoal 1%; Agricultural products
9%.
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These figures express grim prospects for all chemical technology based on fossil carbon materials. Their
replacement by biomass or agricultural products seems entirely illusory because their massive transformation
into desired chemical products is impossible due to the conflict with the production of food for the growing
population worldwide.
However, within upcoming decades, an enforced transition of chemical industry to the bio-chemical based
technology, focusing on a more thorough utilization of biological waste of all kinds and not only on the
different advanced generations of biofuels, might be expected. For this purpose, the European Commission
established in 2014, the consortium of groups of representatives of EU Member States which, in accordance
with the framework programme for research and innovation in the European Union the HORIZON 2014-2020,
should draw up common initiatives of the BBI – the "Bio-Based Industries". The aim is to create bio-refineries
for deeper use of bio-resources and bio-waste for the production of the so-called bio-chemicals, whose
production could achieve the expected level of 20% in 2020. Simultaneously, based on a report of the
Association CEFIC, affordable organic-raw materials for the chemical industry of the EU will represent the
following amounts of main commodities (in millions of tonnes per year): Bio-ethanol 1.59; Vegetable oils 1.57;
Starch and sugar 1.56; Natural rubber 1.24; Pulp 0.89; Animal fat 0.50; Glycerol 0.47; Other 0.74 , etc.

Renewable Energy Systems
The currently modern term "renewable energy" is from the physical point of view absolute nonsense. Even
primary school children learn that energy does not arise and cannot be destroyed, it is just convertible. From
the global point of view of the planet Earth, (excluding a small part of geothermal energy, which is of course
also limited), all available energy comes to Earth only from the Sun. This applies not only to the direct energy
flux periodically changing during day/night and the annual period causing transient temperature gradients in
the atmosphere, but also to the oceans and continents. The secondary effect of the energy flux from the Sun
depends on:

•
•
•

Dynamic movement of air in the atmosphere (wind energy)
Water evaporation and condensation cycle (hydropower)
Photosynthesis of organic carbon bio-materials (plants, wood), which are subsequently
transformed via anaerobic process to fossil products (coal, crude oil, natural gas). ¨

The basic contradiction of development processes in the nature and in economically motivated consumption
consists in significantly different time scale processes of the carbon transformation cycle9,14, shown in Figure 1.
Our genuinely immodest and insufficiently humble human civilization of the last two centuries breaches the
below cycle substantially.

Plants
transformation 100 mil. years

Fossil Raw Carbon

1 year photosynthesis
1 - 50 years
biosynthesis

gasification 1 - 5 min.

CO2
10 - 60 min. incineration

Chemicals
Figure 1. Carbon cycle and typical time of chemical and biological carbon transformations9,14
Indeed, the share of time constants of the charring of biological material transforming to fossil carbon raw
materials and the process of photosynthesis is at least 200 000 000 times smaller!9.
Current trends in energy utilization in any form are not at all sustainable in a long term perspective. The issue is
not just technical or being a balance sheet, it involves all the environmental, economic and social aspects.
Moreover, nuclear fusion is also not a general solution, since the chemical technology arises very complicated
and yet unresolved issues (massive production of fuel, i.e. heavy isotopes of hydrogen, and very resistant
materials for extreme conditions) which cannot be omitted and excluded from the development of necessary
other technologies aiming at recycling all elements of nature scattered in old and waste articles.
From the very beginning of our modern period, humanity is tightly connected with development and inventions
considerably motivated by the desire to have a more comfortable life. This corresponds to the saying: "laziness
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is the driving force of progress". This approach reflects an absolute absence of modesty, disrespect for nature
and lack of humility. Succeeding generations will definitely condemn our lifestyle as profligate and greedy due
to the fact that we were able to recklessly deplete all fossil carbon resources which had been stored in the
Earth's crust for hundreds millions of years.

Depletion of Resources and Economic Unsteady State of the World
It is necessary to deal with the fact that due to the reckless depletion people will have to do without many
products. They will need to rely on renewable resources and technologies based on photosynthesis and bioprocesses. There has already been an "oil crisis" in 1974 providing the first signals that insufficiently humble life
is not all right. People became aware of the dwindling resources of raw materials and increasing environmental
pollution. Some of the largest states with a noticeably growing trend of population, especially China and India,
had to adopt certain measures to regulate the birth rate. However, political tensions between rich and poor
countries on fossil raw materials, drinking water and other sources of raw materials continued, which has
basically led to several war expeditions, euphemistically called as "violent conflicts and military missions". The
future development and future trends of the population on the Earth according to the Population Division of
the UN is available on web, see4.
The problem of the development of the population on the Earth was first formulated by Thomas Robert
Malthus in 1798. In about 170 years, in 1968, Paul Ehrlich published his book "The Population Bomb". Almost
simultaneously, in 1970 in the USA, there was the first oil crisis due to the culminating crude oil consumption.
A forecast of future development was initiated by the establishment of the international Ehrlich‘s Association
"Rome Club". The world's most important and respected authorities carried out a study and demonstrated the
model simulated future trends of civilization on Earth, built on a series of assumptions and parameters.
Subsequently, the famous book by Meadows et al.: "Limits to Growth" (1972) was published. It was based on
the future forecasts and model simulation. Two years later, the UNITED NATIONS declared the year 1974 the
„Year of the Environment“.

Population Explosion and its Context
The dynamic growth of human population on Earth and the unprecedented and uneven growth of its wealth is
the main cause of environmental degradation. Simultaneously, limited supplies of raw materials, necessary to
ensure comfortable life of the population and the steady decline of arable land area for food production
unavoidably result in polarization of the sentiment among people, regions, states, or even civilizations, which
subsequently could result in local conflicts. The agency Oxfam International strongly warns about this and
emphasizes the necessity to solve this phenomenon. Its experts report that in the year of 2016 1% of the
richest people reaches the same value of wealth as the rest of population, i.e. 99% of the inhabitants of the
planet! Regarding the findings presented at the 45th World Economic Forum held in Davos (January 2015) this
appeal might come too late, see5.
Human population, similarly to all other biological systems, is a very sensitive complex system. Multiple
interactions among individuals of the populations are absolutely essential. To analyse the behaviour of human
population, a very simple kinetic model has been formulated14. This model was based on a few acceptable
assumptions, which allowed the level of the development of mood pitfalls in society to be assessed. Such
models were applied on the behaviour of closed biological systems (logistic equation for modelling the growth
of populations of animals), or mathematical models used in ecology. Such models used the classical ideas of
Lotka and Volterra6. The competitive Lotka–Volterra equations are a simple model of the population dynamics
of species competing for some common resource which described, for example, the behaviour of the closed
community consisted of both the predator (a fox) and the prey (a rabbit). Analogously, we can apply the
dynamic model to the spread of infection during pandemics (the ratio of healthy and sick persons); we can
assess the relations between the rich and the poor; or we can assess the relations associated with borders
demarcated in some country or even on a global scale. The dynamic model can also be applied regarding a
population's transition from a stable state (steady state with stable economics) through periodic cycles
(transient economic deflation-inflation changes) to aperiodic, chaotic fluctuations, which can be considered as
deterministic chaos. Such dynamic models can describe the behaviour of some particular complex systems and
help understand various processes in the Nature.
To summarize, it seems obvious that the sooner people gain knowledge and understanding of transparent
processes of carbon cycles the easier it will be to direct the human existence towards the respect to the Nature
and achieve harmony with it. Nevertheless, we can expect that the transition from the excessive consumption
in some parts of the world to the moderate and resource-friendly consumption will undoubtedly be distressful.
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Future Problems of Mankind
The growth of the world's population results in an increasing amount of waste with a damaging impact on the
quality of the ENVIRONMENT. It relates with the lack of adequate quantities of clean WATER and insufficient
amount of arable land for FOOD production. Moreover, it relates with the issues of cultivation and feeding
livestock. The quality deterioration has an evident impact on the health condition of population and yields of
agricultural crops. The process of penetration of undesired substances into the environment is directly
analogous with the biosynthesis of antibiotics used for medical purposes against inflammatory diseases for
dozens of years.
Natural supplements and antibiotics belong to the most important pharmaceutical substances, necessary to
ensure the solid HEALTH of population and fight with EPIDEMICS successfully. Based on biotechnology, using
large fermenters and specific micro-organisms within the aerobic process of synthesis is connected with the
presence of oxygen in the environment of an aqueous solution of nutrients containing all the necessary
biogenic elements and trace elements. The main nutrients in the solution folder, the carbon foldercarbohydrates and oligosaccharides, are also present, similarly to nitrogen, sulphur and phosphorus as
ammonium, phosphate and sulphate ions. What is typical for this process is the increase in biomass and
metabolites which have the desirable antibiotic properties. Another aspect associated with the increase in
human POPULATION on the Earth is the gradually increasing amount of environmental pollution substances
which are poisonous and endangering life, i.e. of antibiotic nature.
Furthermore, another serious problem is the uneven development of population on the Earth. Gradual
depletion of natural resources, reduction of the area of fertile land per capita leads to an uneven distribution of
POVERTY can subsequently cause various conflicts. TERRORISM and WARS are basically determined by the
relations among people and the level of satisfaction and dissatisfaction. EDUCATION and TRAININGS
underpinning modest, peace, altruism and reducing envy might help control passions among people.

Conclusion
The image of the future chemical production without fossil raw materials and the life standard of current
advanced civilization are in strong contrast. The sooner people accept this fact, the more time there will be
adapt to more modest conditions.
There are still a few crucial questions to be answered:
• Are we ready for the moment when the basic fossil fuels (oil, natural gas, coal, oil sands and shale) have
been exhausted completely - not only for energy purposes but also concerning chemical processes?
• What are the limits to our possibilities in the search of alternative paths of further development of the
human population?
• Will the alternative recycling processes help humanity?
• Will the Nature and society outlast the crucial period or collapse?
• What will be then?
The current period of time has been the subject to various reflections and publications, such as7-14.
The American space agency NASA have also warned in its recent study HANDY (Human and Nature Dynamics7 )
before the collapse of global civilization.
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Abstract
This work was focused on production of hydrolytic enzymes (mainly protease and lipase), including proposal of
suitable culture medium from waste sources. Enzymes were produced by strains Aureobasidium
pullulans CCM F-148, Aspergillus oryzae CCM F-172 and Phanerochaete chrysosporium CCM 8074T. The
cultivations were carried out in submerged mode in mineral medium supplemented by waste substrates such
as wheat bran, rape bran and sawdust.
The aim of this work was also to compare possibilities of stabilization of produced enzymes. As a way to
improve enzyme stability encapsulation techniques have been investigated.
The study was focused mainly on selection of suitable material for enzyme encapsulation, optimization of the
encapsulation process, determination of encapsulation efficiency and testing of activity of encapsulated
enzymes in different conditions. Encapsulation of selected commercial proteases and lipase was tested, too.

Introduction
Enzymes can be produced using alternative sources of nutrients, such as agro and industrial residues. These
wastes are very promising and cheap sources for various industrial and biotechnological purposes.
Mainly microbial protease is one of the most important commercial extracellular enzymes and plays an
important role in biotechnological processes1. Proteases are a group of enzymes whose catalytic function is to
hydrolyze peptide bonds2. These enzymes have found wide clinical applications as pharmaceutical preparation
for wound healing and as digestive aids in the treatment of gastrointestinal disorders and tissue inflammation
as well as commercial applications in the food, beverage and other industries1,2. Commercial proteases are so
the most significant industrial enzymes and accounting for approximately 60% of the total global trade of
enzymes2.
Nevertheless, industrial applications are often limited by a lack of long-term operational stability and difficult
recovery and reuse of the enzyme. These obstacles can often be overcome by stabilizing the enzyme. Enzymes
can be stabilized by immobilization and thus they are less sensitive to their environment. In addition,
immobilization ensures that the biocatalyst can be readily recycled, which reduces the cost of utilization.
Different methods are used to immobilize enzymes. In principle, enzymes are immobilized via three major
routes (i) binding to a support, (ii) encapsulation or entrapment, or (iii) cross-linking (carrier free)3,4.
Although stabilization of enzymes has been of interest for many years, new opportunities for stabilizing
enzymes with improved intrinsic and operational stabilities have arisen with the development of nanomaterials
and nanostructured materials. These materials can offer large surface areas, pores sizes tailored to protein
molecule dimensions, functionalized surfaces and multiple sites for interaction5.
Immobilization of enzymes within porous matrices has been utilized to improve their stability and recovery. In
these techniques, the enzymes are trapped within a porous matrix that isolates them from direct contact with
the surrounding medium. On the other hand, small molecules (such as co-factors, substrates and products) can
easily diffuse into and out of the porous matrix, which enables the enzyme to maintain its activity. Enzymes can
be trapped within porous matrices using several approaches, including physical entrapment, physical bonding,
and/or covalent bonding. The main advantage of physical approaches to encapsulation is that no chemical
modification of the enzyme is required to form a covalent linkage with the hydrogel network. Furthermore,
these physical approaches do not typically cause pronounced changes in enzyme structure and activity, while
still enabling the enzymes to interact with the substrate molecules. Porous matrices are forms often from
synthetic or natural polymers. These materials are easy to prepare, have a wide range of structural and
functional properties, and may be biocompatible and biodegradable6.
Especially hydrogel beads are used widely for the encapsulation and protection of active components. These
encapsulation technologies are utilized in medicine, pharmaceutics, agriculture, and the cosmetic industries for
the development of controlled-release delivery systems6,7.
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Hydrogel beads can be fabricated using a variety of methods, but gelation method is one of the simplest and
cheapest3. Although such delivery systems are widely employed, problems associated with their stability and
permeability are often encountered, thereby limiting their general application7.
In this work production, purification, characterization and stabilization of extracellular proteases and lipases
from selected moulds strains were tested. The aim of this work was obtaining active and stable enzyme for
industrial application mainly for cosmetic and pharmaceutical industry.

Experiment
Fungal strains
Aureobasidium pullulans F-148, Aspergillus oryzae F-172 and Phanerochaete chrysosporium 8074T were
purchased from Czech Collection of Microorganisms, Brno, Czech Republic.
Media and culture conditions
Cultivations were carried out in 500 mL Erlenmeyer flaks containing 200 mL of the medium. The flaks were
incubated at 28 °C for A. oryzae and A. pullulans and at 37 °C for P. chrysosporium in a rotatory shaker at
120 rpm. To study the effect of inducers on hydrolytic enzymes production selected materials (wheat bran,
rape bran and sawdust in amount of 5.0 g) were applied into Erlenmeyer flaks.
The fungal cultures were harvested at the third, sixth, tenth and thirteenth day of cultivation. All the
cultivations were performed in triplicate.

Enzyme assays
The supernatants obtained after biomass separation were analyzed for the enzyme activity and extracellular
proteins. Proteins were determined by Hartree–Lowry method.
Proteinases were determined using azoalbumin (5 mg/mL in 100 mmol/L phosphate buffer pH 8) as a
substrate. The mixtures of enzyme (100 μL) and substrate (100 μL) were incubated for 30 min at 30°C. After
that, unreacted substrate was precipitated by 410 μL of 10% trichloroacetic acid, removed by centrifugation,
and the products were measured spectrophotometrically at 440 nm. Enzyme activity was defined as amount of
enzyme required to cause an increase of 0.001 A440/min under the reaction conditions.
Lipase activity was determined using p-nitrophenyl palmitate. Lipolytic enzymes cleave this substrate to form
colored product p-nitrophenol, which is determined by spectrophotometry. Into the tubes were pipetted 2.5
mL buffer pH 8, 2.5 mL of substrate (p-nitrophenyl palmitate, 1.35 g/mL) and 1 mL of supernatant. Tubes were
incubated for 30 minutes at room temperature. Subsequent increase in absorbance was measured at 410 nm.
Lipase activity was defined as the amount of p-nitrophenol released from p-nitrophenyl palmitate by the
enzyme; based on the time and quantity of the supernatant (nmol∙min-1∙mL-1).
Stabilization of produced enzymes
In this work screening and optimization of polymers for enzyme encapsulation were conducted. Selection of
suitable polymer, concentration of polymer and gelling solution and also time of gelling were investigated.
Particles were prepared from following materials: alginate, chitosan and starch. The particles were prepared by
the method based on the principle of gelation and cross-linking polymers using encapsulator machine
Büchi B-395 Pro. The size/diameter of resulting particles was in range of 200 µm to 1000 µm.
For encapsulation were used enzymes produced by selected fungi and also following commercial hydrolytic
enzymes: trypsin, bromelain and lipase.
The prepared particles were separated from unencapsulated enzymes by filtration and washed with deionized
water. The supernatants were combined and used to determine the amount of unencapsulated enzyme.
Encapsulated and unencapsulated enzyme activities were used to estimate the entrapment efficiency (EE).
Entrapment efficiency was also determined by measuring the amount of entrapped protein. The percent of
entrapment efficiency (EE, %) was then calculated according to the following equation:
EE%

total contetnt of protein or total enzyme activity free content of protein or unencapsulated enzyme activity
total content of protein or total enzyme activity

The physicochemical evaluation of particles during storage in model conditions was performed. Particles with
encapsulated enzymes were stored in distilled water and hydrogel and release of enzyme was monitored.
Determination of activity encapsulated enzymes was determination by spectrophotometric methods. Activity
of released enzymes was tested, too. Preservation of enzyme activity was comparable with activity of stored
enzymes without encapsulation.
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Result and Discussion
Production of enzymes
In this work application of waste materials (wheat bran, rape bran and sawdust) were applied as inducers of
enzymes production. Enzymes were produced by selected mould strains and mainly production of extracellular
proteases and lipases were observed.
Table I
Determination of protease activity

substrate

glucose

wheat bran

rape bran

sawdust

protease activity (µmol.ml-1.min-1)
organism
time of cultivation (days)
A. oryzae
A. pullulans
3
10.50 ± 0.15
0.00 ± 0.00
6
24.17 ± 0.22
0.17 ±0.03
10
48.33 ± 0.63
0.00 ± 0.00
13
46.50 ± 0.31
0.00 ± 0.00
3
116.33 ±1.23
0.17 ± 0.05
6
90.00 ± 3.60
0.00 ± 0.00
10
62.00 ± 0.35
1.33 ± 0.05
13
65.00 ± 0.20
14.33 ± 0.55
3
69.50 ± 0.15
4.33 ± 0.09
6
0.00 ± 0.00
11.33 ± 0.63
10
110.17 ± 6.50
10.83 ± 0.25
13
94.50 ± 0.42
37.00 ± 0.60
3
25.22 ± 0.11
5.17 ± 0.05
6
55.67 ± 0.35
4.50 ± 0.02
10
49.33 ± 0.20
4.67 ± 0.01
13
43.50 ± 0.19
3.00 ± 0.00

P. chrysosporium
8.83 ± 0.12
8.17 ± 0.08
6.67 ± 0.05
12.17 ± 0.25
2.83 ± 0.00
6.67 ± 0.12
0.00 ± 0.00
6.67 ± 0.10
84.00 ± 3.20
80.67 ± 0.32
96.17 ± 2.38
0.00 ± 0.00
4.67 ± 0.23
1.67 ± 0.05
2.00 ± 0.02
2.67 ± 0.00

Activities of enzymes were analyzed in supernatants obtained after biomass separation. The highest production
of proteolytic enzymes was observed for A. oryzae (Table 1). Moreover, fungal strains A. oryzae and
P. chrysosporium were able to producing of proteinases and lipase in the simple medium without any inducer.
The highest production of lipase was observed for P. chrysosporium.
High enzyme production were observed primarily on wheat bran, where was also recorded the highest enzyme
activity the third day of cultivation of A. oryzae (protease activity 116.33 ± 1.23 µmol.ml-1.min-1) Very good
production of enzyme was recorded on rape bran, too. The highest lipase activity 27.63 ± 0.95 nmol.ml-1.min-1
was determinated the third day of cultivation of P. chrysosporium on wheat bran.
The supernatants were purified before future use. In this work methods based on difference in size of
molecules (gel filtration and ultra filtration) were used. Purification and isolation were confirmed by gel
electrophoresis PAGE-SDS.

Encapsulation efficiency
After isolation and purification the produced enzymes were used for encapsulation. In this work some natural
polymers were used for capsules preparation. Particles were prepared from alginate, chitosan and starch.
Further, particles were prepared also from mixture of two polymers.
Previous study has demonstrated that various parameters as size and shape of hydrogel beads, choice of
polymers and their concentration, concentration of precipitation solution, nozzle diameter and hardening time
may influence of encapsulation and stability of enzyme.
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Table II
Determination of encapsulation efficiency of enzymes - expressed as % of entrapped protein
alginate 1%
alginate 2%
chitosan 1%
chitosan 2%
bromelain
82.2 ± 4.8
78.7 ± 8.9
84.6 ± 4.5
66.0 ± 3.3
trypsin
41.0 ± 2.0
53.8 ± 3.2
66.3 ± 5.4
35.5 ± 5.0
enzymes from A.O.
68.7 ± 1.3
68.4 ± 3.8
71.7 ± 2.9
52.8 ± 4.2
The highest encapsulation efficiency for most of tested enzymes was found in chitosan particles, but more
stabile were enzymes in alginate particles. It can be said that as the most suitable materials for enzyme
encapsulation combination of chitosan-alginate were detected.
Enzyme stability
The physicochemical evaluation and mechanical stability of microparticles during storage in model conditions
were performed using a light microscopy. Stability of tested enzyme and amount of released enzyme were
monitored by spectrophotometric methods. The highest stability of particles was determined during long-term
storage in acidic conditions (Table III).
Table III
Stability of alginate particles in different conditions during storage – 1 month- expressed as % of released
protein
acetic acid 3%
water
ethanol 10%
oil/water 1:4
bromelain
3.5 ± 0.1
7.7 ± 0.2
10.6 ± 0.6
31.5 ± 3.2
trypsin
14.5 ± 0.3
32.6 ± 1.5
59.7 ± 2.3
76.6 ± 5.0
However, in the case encapsulation of mixture of produced enzyme a lower stability was achieved (Table IV).
But the higher stability of particles with enzymes was measured during storage in hydrogel.
Table IV
Stability of alginate particles in different conditions during storage - expressed as % of released
protein - 1 month
storage
polysaccharide
enzyme from A.O. enzyme from A.P. enzyme from P.CH
conditions
water
45.2 ± 3.6
58.1 ± 2.8
99.8 ± 3.2
1% alginate
gel
45.8 ± 5.8
50.0 ± 4.5
69.4 ± 3.9
water
43.6 ± 0.9
61.8 ± 2.3
100.1 ± 2.5
2% alginate
gel
38.9 ± 4.9
57.9 ± 7.0
68.4 ± 6.7
During long-term storage improved of stability encapsulated forms of the enzyme by comparison with
unencapsulated enzyme was confirmed (Table V).
Table V
Stability of encapsulated and unencapsulated enzymes during storage in cosmetic gel- expressed as % of
original enzyme activity - 4 weeks
A.O.
A.P.
P.CH.
encapsulated
95.40 ± 4.23
100.50 ± 3.80 101.12 ± 4.75
protease
unencapsulated
37.94 ± 4.18
93.33 ± 9.50
90.91 ± 6.35
encapsulated
105.09 ± 9.15
98.45 ± 6.94
99.98 ± 3.83
lipase
unencapsulated
80.09 ± 7.53
58.70 ± 4.23
66.09 ± 7.17
Table VI
Activity of gel beads - expressed as % of original encapsulated enzyme activity – after 4 weeks storage in water
conditions
A.O.
A.P.
P.CH.
1%A
99.89 ± 2.31
97.37 ± 3.65
100.17 ± 2.10
protease
2%A
89.53 ± 3.58
0.00 ± 0.02
101.18 ± 8.13
1%A
102.21 ± 7.28
20.69 ± 1.09
35.95 ± 4.28
lipase
2%A
100.95 ± 5.55
26.68 ± 2.17
55.05 ± 1.99
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Stability of prepared particles during passage through the digestive tract was tested, too. Stability of particles in
artificial stomach fluid, intestinal juice and finaly in bile juice were measured. Measurements were carried out
before and after exposure to the digestive juices incubated at 37 °C. All types of prepared polysaccarides
particles were stable in artificial stomach fluid, no significant degradation of particles was observed and the
amount of released enzymes was not higher tha 20 %. Conversely in intestinal juice were particles unstable
and the amount of released enzymes was higher than 60 %.

Conclusion
Production of enzymes was successful on all waste substrate. The best producer of protease for A. oryzae was
found, mainly on wheat bran. The best production of lipase for P. chrysosporium on rape bran as a substrate
was determined. Encapsulation of produced enzymes into polysaccharides particles could be a promising
alternative for the enhancement and enlargement of enzyme activity. The disadvantage of prepared
polysaccharides particles was a higher amount of enzyme released during long term storage in aqueous
solutions and/or low activity of the enzyme Immobilized in gel beads without the need for releasing enzymes.
Nevertheless, encapsulated enzymes can be used for controlled release of proteases in wound healing and as a
part of pharmaceutical preparative because of ability of prepared particles to maintain their integrity during
passage through the gastrointestinal tract until reaching the target destination. Encapsulated enzymes can be
also used as delivery systems in digestive tract, for example as food supplements for enzyme therapy.
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Abstract
It is known that 99% of microorganisms can attach to surface and form biofilm. In the biofilm mode of growth,
microorganisms have different phenotype and are more resistant to environmental stresses, including host
immune system and antibiotics, than their planktonic counterparts. They produce a mixture of extracellular
polymeric substances that forms the surrounding matrix. Matrix is responsible for adhesion to surfaces and
also for the increased resistance of cells to external influences. Therefore, formation of these sessile
communities and their resistance is the source of chronic infections. Metal nanoparticles can be one of the
possible alternatives as an effective antimicrobial agent. Because of their physical and chemical properties,
nanoparticles can easily penetrate cell membranes into the cytosol and interact with macromolecules. These
interactions lead to a number of changes in cellular physiology, which can be lethal. Therefore, the aim of this
study was to compare the influence of gold and silver nanoparticles on model pathogen microorganisms
(bacteria, yeast) in planktonic and biofilm growth. Potential antimicrobial activity was tested by adding the
nanoparticles for 24 hours. Achieved results might be important in the further research of using nanoparticles
as an alternative to commonly used therapeutics.

Introduction
Many pathogenic microorganisms have developed a mechanism of resistance to commonly used therapeutics
and disinfectants and can cause serious complications, not only in medicine, but also in many industrial
devices. In addition, most of these microorganisms have the ability to colonize surfaces and create structured
communities called biofilms. Cells in the biofilms have a different phenotype from their planktonic
counterparts. They produce a mixture of extracellular polymeric substances (EPS) that form the surrounding
matrix which take most of the structure of the biofilm. Matrix is not involved only in adhesion to the surface,
but is also responsible for increased resistance of the cells to external influences1. Biofilm architecture includes
also a dense network of channels and pores providing transport of nutrients, signaling molecules and other
substances2. Resistance of microorganisms in the biofilms to antibiotics might be a thousand times higher in
comparison with planktonic cells. For example in medicine, infections associated with the colonization of
surgical implants are serious complications. Diseases caused by biofilm populations are usually long term,
characterized by slow development, the ability to resist the host immune system and only a temporary
response to antimicrobial therapy3. The development of biofilm infections can lead to the removal of infected
device as the only possible treatment, while conventional antibiotic therapy is not sufficient4. Due to lack of
effective antibiotics for the treatment of these infections, it is necessary to find new antimicrobial agents, that
can decrease or inhibit ability of microbial cells to adhere, prevent colonization and thereby the infection. One
of the potential treatments of the biofilms appears to be metal nanoparticles that show antimicrobial and
antibiofilm activity3, 5. Antimicrobial effect of metal nanoparticles is determined by their small size and large
reaction surface that allow nanoparticles penetrate cell membranes into the cytosol and interact with
macromolecules. These interactions can lead to a number of changes in cell physiology that can be lethal6.
Unlike antibiotics, nanoparticles can affect multiple targets in metabolism, so they can combine effect of many
antimicrobial agents. Therefore, possible development of microbial resistance is unlikely7. Antimicrobial effect
of metal nanoparticles is also dependent on size and shape, while smaller particles show higher antimicrobial
effect as same as particles with more edges.
Silver is long known for its antimicrobial activity. For antimicrobial activity positive charge on the Ag+ ions is
critical, while allowing electrostatic interaction between positively charged nanoparticles and negatively
charged cell membrane. It is suggested that silver nanoparticles inhibit respiratory enzymes, enzymes
necessary for ATP synthesis, also affect replication of DNA and can induce generation of free radicals. In
comparison with silver, gold nanoparticles show weaker antimicrobial effect. On the other hand, gold have
exceptional binding properties so it can be used to enhance biomolecular interactions8.
The aim of this study was to compare the influence of silver and gold nanoparticles on the growth of potential
pathogens. Microorganisms that have been selected for experiments were gram-negative bacteria Escherichia
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coli and yeast Trichosporon cutaneum. Influence of nanoparticles was studied in the suspension growth and in
the biofilm growth.

Materials and methods
Microbial strains and cultivation conditions
Gram-negative bacteria Escherichia coli DBM 3125 was obtained from the Collection of Microorganisms from
UCT, Prague and yeast Trichosporon cutaneum CCY 30.5.10 was obtained from Culture Collection of Yeast,
Institute of Chemistry, Slovak Academy of Science. Stock cultures were stored at -70 °C and pre-cultured, for 24
hours (E. coli) or 48 hours (T. cutaneum), aerobically at 37 ˚C (E. coli) or 30 °C (T. cutaneum) before each
experiment, in Luria Broth medium in the case of E. coli or Nutrient broth in the case of T. cutaneum. The
experiments were also carried out in these growth media.

Nanoparticles
Silver and gold nanoparticles were obtained from the Department of Solid State Engineering, UCT Prague and
were prepared according to Slepička et al.9. Both types of nanoparticles have broad size 20 nm and are
stabilized in the mixture of PEG/H2O. Nanoparticles were stored at room temperature.

Antimicrobial activity
The range of concentrations of nanoparticles added to the cell suspension was from 10 mg. L-1 to 50 mg. L-1 for
silver and from 40 mg. L-1 to 180 mg. L-1 for gold. The cultivation was carried out in pre-sterilized, polystyrene,
100-well microtiter plates using Bioscreen C analyser (Oy Growth Curves Ab Ltd., Finland) by monitoring optical
density (ODwideband = 420–580 nm). A volume of 30 μL of standard cell suspension of microorganisms (OD600 nm =
0.2), appropriate volume of nanoparticles solution and growth medium were added to each well of the plate,
so the total volume was 300 µL. Nanoparticles free controls were included. Plates were incubated for 24 h at 37
°C and 30 °C respectively. The minimum inhibitory concentrations (MICs) were assigned as the lowest
concentration that did not allow visible growth after incubation overnight. Experiments were performed with
five replicate wells for each concentration.

Antibiofilm activity
The influence of nanoparticles on biofilm formation was carried out in commercially available pre-sterilized,
polystyrene, flat-bottomed, 96-well microtiter plates (TPP AG, Switzerland). To each well of the plate, 100 μL of
standard cell suspensions in growth medium (OD600 nm = 0.6) and appropriate volume of nanoparticles to reach
the concentration were added. Also growth medium was added so the total volume was 250 µL. Nanoparticles
free controls were included. Plates were incubated for 24 hours at 37 °C and 30 °C respectively.

Biofilm formation
Biofilm formation was evaluated using CellaVista device. CellaVista is fully automated microscope with the
image analysis and evaluation algorithm. Parameters and algorithm were selected according to Kvasničková et
al.10. Each well of the plate was washed twice with phosphate-buffered saline (PBS) and inserted into CellaVista
device. Twenty five images of each well were taken (20 x objective) and evaluated by Cellavista image analysis
software. Experiments were performed with sixteen replicate wells for each concentration.

Total biomass evaluation
Each well of the plate was washed twice with phosphate-buffered saline (PBS) and 200 µL of crystal violet
solution (0.1 %) was added for 20 minutes. After that time, each well was washed again with PBS and 200 µL of
ethanol (96 %) was added for 10 minutes. Absorbance of 100 µL of that solution was measured at 580 nm by
the microplate reader Infinite M200 PRO (Tecan Group Ltd., Switzerland). Experiments were performed with
eight replicate wells for each concentration.

Cell viability
Each well of the plate was washed twice with PBS and 50 µL of MTT solution in PBS (1 mg/mL) with 60 µL of
glucose solution in PBS (0,0574 g/mL) were added and incubated at appropriate temperature (30 °C and 37 °C
respectively) in the dark until crystals of formazan appeared. After MTT incubation, 100 µL of washing solution
was added and plate was shaking for 30 minutes to dissolve crystals of blue formazan. Absorbance of 100 µL of
that solution was measured at 570 nm by the microplate reader Infinite M200 PRO (Tecan Group Ltd.,
Switzerland). Experiments were performed with eight replicate wells for each concentration.
The effect of nanoparticles was compared to negative controls without any nanoparticles. The control in all
experiments was assigned as 100% to allow direct comparison of nanoparticles influence.
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Results
The results from the experiments are shown in the Figures 1 – 4. Figure 1 shows the influence of silver
nanoparticles on the growth of E. coli. In the suspension, the growth decreased as the concentration of silver
nanoparticles increased. However, minimum inhibitory concentration was not found. Same trend was noticed
with the total biomass and biofilm formation, both parameters decreased as concentration of nanoparticles
increased. However, as other parameters decreased, cell viability was almost not affected even under the
influence of the highest concentration of silver nanoparticles.

Suspension growth, Total biomass, Cell
viability, Biofilm formation [%]

The effect of gold nanoparticles on the growth of E. coli is shown in Figure 2. In comparison with silver, gold
shows weaker antimicrobial effect and higher concentrations are needed. According to total biomass, the
amount was higher in comparison with control until the concentration of 140 mg. L-1. However, suspension
growth and biofilm formation was decreased. As same as silver, neither the gold did not affected cell viability.
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Figure 2. Influence of gold nanoparticles on Escherichia coli
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Silver nanoparticles showed higher effectiveness against T. cutaneum, while minimum inhibitory concentration
was found for suspension growth to be 30 mg. L-1 (Figure 3). Biofilm formation was decreased up to 80 % with
the concentration of 50 mg. L-1 of silver nanoparticles. In comparison with E. coli, cell viability was more
inhibited.
Suspension growth of T. cutaneum was inhibited under the influence of gold nanoparticles (Figure 4) as well as
biofilm formation. However, total biomass was almost not affected. Cell viability was decreased under the
concentration of 80 mg. L-1 and under higher concentrations of nanoparticles remained almost the same.
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Figure 3. Influence of silver nanoparticles on Trichosporon cutaneum
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Figure 4. Influence of gold nanoparticles on Trichosporon cutaneum

Conclusion
The effect of silver and gold nanoparticles against bacterial strain Escherichia coli DBM 3125 and yeast strain
Trichosporon cutaneum CCY 30.5.10 in the suspension and biofilm growth was studied. It has been proved, that
T. cutaneum is more susceptible to both silver and gold nanoparticles than E. coli. In addition, higher resistance
of biofilm was proved in comparison with suspension. However, it has been shown, that nanoparticles are
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promising alternative as an antimicrobial agent. Those experiments were performed as screening experiments
and obtained results will be used in future work.
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Abstract
Application of the silicone rubber as a membrane has several advantages. For example silicone rubber is
hydrophobic and nonpermeable for water and polar compounds but permeable for organic compounds; it is
cheap, flexible, chemically and thermally resistant material; it is possible to change its extractive properties by
swelling it with organic solvents. In this work we proposed the hybrid system for extractive biotransformation
of chemical specialties consisted of mixed tank bioreactor with immersed silicone rubber membrane module.
As the model solute, 2-phenylethanol was chosen due to its strong inhibition effect that allows to produce only
4 g/L of 2-phenylethanol in fed-batch bioreactor. As the first step, the solute partition coefficient in extraction
system solute-silicone rubber-water and the solute diffusion coefficient in silicone rubber membrane was
necessary to measure. As the second step, the extractive capabilities of the capillary silicone membrane
module were tested in series of extraction experiments in membrane bioreactor at different operative
conditions. As the third step, mathematical model of hybrid system was programmed in MATLAB and verified
using the experimental data.

Introduction
In many biotransformation productions performed in ordinary batch or fed-batch bioreactors product
inhibition of a production strain strongly decreases the yield and the effectivity of the process. The way how to
overcome it is to apply an extractive biotransformation, which means to continually remove the product from
the fermentation broth. Nowadays, application of membrane bioreactor with immersed capillary membrane
module are the promising solution for that case. Very important is to choose the right type of membrane for a
given bioproduction. In this work we proposed the hybrid system for extractive biotransformation of chemical
specialties that consisted of 3 L mixed tank bioreactor with immersed silicone rubber membrane module. As
the model solute, 2-phenylethanol (PEA), the well known rose aroma was chosen due to its strong inhibition
effect that allows to produce only 4 g/L of PEA in ordinary fed-batch bioreactor1. There are several possibilities
of PEA removal from the bioreactor: two-phase extraction2; adsorption3; pervaporation4, or immobilized
solvent extraction5.
Membrane extraction is commonly used in many applications where product removal from the fermentation
medium is required6,7 and it was found to have many advantages compared to conventional extraction; e.g.
high interphase area, defined arrangement of phase flows, absence of emulsions formation, density difference
between liquids is not required, easy scale-up, etc. Mathematical description of this process is also well
managed7,8.
Application of the silicone rubber as a membrane material has several advantages. For example silicone rubber
is nonporous, hydrophobic and nonpermeable for water and polar compounds but permeable for organic
compounds; it is cheap, flexible, chemically and thermally resistant material; it is available in various thickness
in sheet or tube form; it is possible to change its extractive properties by swelling it with organic solvents. In
the literature there can be find several papers that deals with the application of silicone rubber membrane for
liquid-liquid membrane extraction to remove the pollutants from the waste water9 or using it in swelled form
to extract hydrophobic products of biotransformation productions10,11.
In this work, as the first step, the solute partition coefficient in extraction system solute-silicone rubber-water
and the solute diffusion coefficient in silicone rubber membrane was necessary to measure. As the second
step, the extractive capabilities of the capillary silicone membrane module were tested in series of extraction
experiments in membrane bioreactor at different operative conditions. As the third step, mathematical model
of hybrid system was programmed in MATLAB and verified using the experimental data.
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Materials and methods
Experimental equipment
Membrane extraction experiments were carried out using equipment consisting of two main parts: a
mechanically stirred tank bioreactor and an immersed hollow fiber membrane module (Figure 1). The shell of
the bioreactor was made of glass, the bottom and cover of stainless steel. Dimensions of the bioreactor were:
outer height×width of 30×21 cm; inner height×width of 25×15 cm. Its working volume was in the range of 2.53.5 L. It was equipped with a Rushton turbine stirrer (6 blades, 6.7 cm in diameter) driven by an electric motor
that allowed fluent regulation of the stirrer speed from 200 to 1000 rpm. A circular sparger made of a stainless
steel tube was installed below the stirrer. Flow rate of the compressed air was regulated by the valve and
measured by the rotameter. Temperature of the liquid in the bioreactor was regulated using the double
bottom of the bioreactor that served as a heat exchanger and was connected to a thermostat. The temperature
was measured using a thermometer immersed in the liquid inside the bioreactor. The bioreactor was also
equipped with a pH and an oxygen probe.

Figure 1. Scheme of bioreactor with integrated immersed silicone rubber membrane. (EMS – electromagnetic
stirrer, FI – flow indicator, MP – membrane pump, pH – pH probe, pO2 – oxygen probe, THS – thermostat, TI –
temperature indicator).
Membrane module used for the membrane extraction was manually manufactured in our laboratory using the
silicone rubber tube DRINKTEC SILICKON 002x003 purchased from TOMIRTECH, s.r.o (Liptovský Mikuláš,
Slovakia). The tube was VMQ type of silicone rubber made of vinyl-methyl-polysiloxane with the outer
diameter of 3.1 mm and the wall thickness of 0.5 mm. Membrane module consisted of four separate 4 m long
tubes coiled around baffle structure of the bioreactor. Terminations of the tubes were connected with
polyprophylene tubes that led to the distributor and the collector placed above the cover of the bioreactor.
The membrane module was installed at the bottom of the bioreactor. The inlet and outlet of the membrane
module were connected with flexible tubes led to a glass vessel with the water phase. The water phase was
stirred with electromagnetic stirrer and pumped through the module using a membrane pump (Liquiport, KNF
Flodos, Sursee, Switzerland) installed at the inlet of the membrane module.
The swelling of the membrane module was carried out by immersing the separate silicone tubes to the distilled
water and pumping the dodecane through the tubes for 12 h. After that the dodecane was drained out of the
tubes and the traces of dodecane were washed up with water. The swelled silicone tubes were then coiled and
fixed around the baffle structure of the bioreactor, tube terminals were connected with the distributor and the
collector, the membrane module was placed inside the bioreactor and flooded with the distilled water.
Equilibrium experiments
In equilibrium experiments, distribution of PEA between the aqueous phase and silicone rubber was
investigated. At the beginning of the experiments, 0.4 mass % solution of PEA with distilled water was
prepared. Then about 0.21 g of silicone rubber (cut to small pieces), some volume of water and some volume
of the PEA solution up to 1.2 mL of total volume were placed in eight 1.5 mL vials to reach the beginning PEA
concentration in water phase in the interval from 0.75 g/L to 3.75 g/L. The vials were mixed in the vortex mixer
for 24 h at room temperature (22 °C) to achieve equilibrium. Vial with PEA concentration 2.25 g/L was prepared
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twice and mixed for 48 h. About 400 µL of the water phase was then sampled and used for the analysis. The
equilibrium experiment was also performed with the silicone rubber swelled with dodecane. The swelling of
the silicone rubber was carried out by immersing the cut pieces of the silicone tube to the dodecane for 12 h
and then drying it with a filtration paper.
Diffusion coefficient measurements
To create the function and accurate mathematical model of the hybrid system with integrated silicone
membrane module it was necessary to know the diffusion coefficient of the transported solute in the silicone
rubber. For this purpose the decrease of PEA concentration in small volume of liquid caused by PEA adsorption
to the silicone tube was needed to measure. For the measurement it was desirable to minimize the liquid
volume and to maximize the mass of silicone tube immersed in the liquid. The intensive mixing of the liquid
allowed to consider the liquid as ideally mixed and to neglect the resistance of PEA transport in liquid film at
the outer side of the silicone tube.
For experiment the 62 cm long silicone tube was twisted to the spiral using copper wire filling the inner of the
tube. The spiral dimensions were about 1.5 cm of diameter and 6 cm of length. The terminals of the tube were
connected together in the inner sector of the spiral using plastic connector. The spiral was placed in the
graduated cylinder about 2 cm above its bottom. At the beginning of the experiment about 35 mL of the PEA
solution (PEA concentration about 4.2 g/L) was poured inside the cylinder and the measurement started. The
level of the liquid in the cylinder was about 2 cm over the spiral and the liquid was continuously stirred at 800
rpm. The measurement lasted for 180 min. The samples (400 µL) were taken every 10 or 20 min using the
micropipette and were placed to the sealed vials. To get the PEA diffusion coefficient the measured data were
fitted with the calculated course of the PEA adsorption to the membrane applying the routine programmed in
the MATLAB comprising the application of the Fick’s second law and the last square method.
The measurement of the diffusion coefficient was also performed for the silicone rubber tube swelled with
dodecane using 46.7 cm long normal silicone rubber tube swelled to the length of 62 cm. The swelling of the
silicone tube was carried out by its immersing the dodecane (with sealed terminals) for 12 h and then drying it
with a filtration paper.
Extraction experiments
The experimental apparatus was used to measure the extraction kinetics of PEA from its water solution in the
bioreactor to the water phase placed in the reservoir. The extraction experiments (E1-E4) were performed at
different conditions in the bioreactor comprising the aeration of the bioreactor or the presence of the baker’s
yeasts in the PEA solution. At the beginning of the experiment, the reservoir was filled with about 0.3 L of
distilled water mixed at 300 rpm by an electromagnetic stirrer. The water phase was then pumped from the
reservoir to the membrane module and back to the reservoir. After the membrane module was deaerated the
flow rate of the liquid circulated through the module was set to the required value. Then 2.4 L of prepared PEA
solution with or without biomass (biomass concentration 20 g/L) was poured to the bioreactor and the
extraction started. If it was needed, according to extraction experiment, the aeration of PEA solution in the
reactor was turned on and maintained at 800 L/h. For all extraction experiments the liquid in the bioreactor
was stirred at 500 rpm. The system was tempered at 25 °C. The circulation flow of the liquid in the reservoir
was maintained at 0.29 L/min (0.39 L/min for swelled membrane).
The extraction took 31 h to reach the equilibrium between the bioreactor and the reservoir. Samples (400 µL)
were taken from the bioreactor and the reservoir with a micropipette at 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 24
and 31 h and they were poured to vials sealed with a Teflon® septum. For experiments performed with the
biomass the samples (3 ml) from the bioreactor were placed to 10 ml test tubes and processed for the analysis
by centrifugation and filtration.
After the extraction experiments, the water phase was drained from the membrane module and from the
bioreactor. Then the vessels were three times flushed with distilled water and left flooded with water for 24 h
to remove traces of biomass and to extract PEA trapped in the silicone rubber of the membrane module back
to the water phase. After this step, the bioreactor and the membrane module were drained and then dried for
24 h with air flowing through them. For swelled membrane module drying with air was not applied and the
membrane module was left totally flooded from outside and inside with distilled water.
The process of the membrane extraction of PEA in the hybrid system was simulated using a mathematical
model programmed in MATLAB. Detailed information on the equations and derivation of the mathematical
model for an immersed capillary membrane contactor used in a similar hybrid system was published in our
previous paper12 using the equation for prediction of particular mass transfer coefficient for silicone rubber
membrane taken from the paper11.
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Results and discussions
Equilibrium experiments
The measured PEA partition coefficients (k) (PEA concentration in the silicone rubber divided by the PEA
concentration in water phase in equilibrium state) between silicone rubber and water are shown in Figure 2.
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Figure 2. Dependence of PEA partition coefficient in equilibrium system PEA-water-silicone rubber on PEA
concentration in water phase. Partition coefficient for normal silicone rubber (a); Partition coefficient for
silicone rubber swelled with dodecane. Equilibrium data (points) vs. calculated data (lines).
For the normal silicone rubber (not swelled) the value of PEA partition coefficient strongly depends on the PEA
concentration in the water phase (Figure 2a). At higher PEA concentrations the k value stabilizes at value of
0.75, at lower PEA concentrations k is strongly increasing, which is positive for PEA transport at low PEA
concentrations in the bioreactor (higher k value induces higher PEA transport through the membrane). The
same trend is also visible for silicone rubber tube swelled with dodecane (Figure 2b), but the stabilized k value
is about 0.6 at higher PEA concentrations and its increase at lower PEA concentrations is not as sharp as for
normal silicone rubber. This observation is in good agreement with the fact that the PEA partition coefficient
for dodecane is 0.5 and its presence in the silicone rubber swelled with dodecane decreases the k value of the
sole silicone rubber. For the necessity of the mathematical model for the hybrid system the measured
dependence of PEA partition coefficient on PEA concentration in the water phase was fitted using the Eq. 1 for
the normal silicone rubber and Eq. 2 for swelled silicone rubber.
(1)
k = 0.647 x −0.11
k = 1.292 x −0.392
(2)
Diffusion coefficient measurements
In the literature it is possible to find some correlations9 to predict the value of diffusion coefficient of solutes in
the silicone rubber but its accuracy is controversial. Fitting the value of diffusion coefficient and comparing the
calculated and measured data for PEA concentration decrease induced by PEA adsorption to the silicone rubber
tube are shown in Figure 3. We obtained the PEA diffusion coefficient 7.26x10-11 m2/s for normal silicone
rubber (Figure 3a) and 2.97x10-10 m2/s for silicone rubber swelled with dodecane (Figure 3b). So the swelling of
the silicone rubber with dodecane increases the PEA diffusion coefficient four times. During the swelling the
density of the silicone rubber decreases from 1.15 g/cm3 to 0.98 g/cm3 and all dimensions of the silicone
rubber increases 1.33 times. The molecules of dodecane fills the space between the vinyl-methyl-polysiloxane
chains and decreases the density and viscosity of the material.
For comparison, according to the Wilke–Chang equation the PEA diffusion coefficient in water is 9.59x10-10
m2/s and in dodecane 1.21x10-9 m2/s. So the PEA diffusion coefficient measured in silicone rubber swelled with
dodecane is 3 times lower than in the water and 4 times lower than in dodecane.
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Figure 3. Dependence of PEA concentration on time during diffusion coefficient measurement for PEA diffusion
inside the silicone rubber. Measurement for normal silicone rubber (a); Measurement for silicone rubber
swelled with dodecane. Measured data (points) vs. calculated data (lines).
Extraction experiments
To verify the prediction of the mathematical model with the experimental data and to observe the influence of
the biomass, the aeration and the modification of the membrane (by swelling it with dodecane) on the
extraction process the set of four extraction experiments (E1-E4) was carried out at the different conditions.
The extraction kinetics of PEA for experiments E1, E2 are shown in Figure 4 and the extraction kinetics for
experiments E3, E4 are displayed in Figure 5. The empty points show the experimental data measured using the
analysis of the samples taken from the bioreactor and the reservoir. Lines represent the prediction of the
mathematical model.
The first extraction experiment (E1) was performed with PEA solution without presence of the biomass and
without aeration in the bioreactor (Figure 4a). It can be observed that the equilibrium between the PEA
solution in the bioreactor and the water phase in the reservoir was reached in almost 20 h. The accuracy
between the simulated and the predicted data was very good. The experiment E2 (Figure 4b) was performed
with the presence of the biomass with concentration 20 g/L in the PEA solution in the bioreactor. The course of
the extraction kinetics is practically the same as for experiment E1, but there is visible small deviation between
the mathematical model prediction and the experiment that can be caused by the presence of biomass as
mathematical model did not involve it. But the observed deviation can be considered as negligible.
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Figure 4. Extraction kinetics of PEA from water solution in the bioreactor to water phase in the reservoir
performed in hybrid system. Comparison of experimental data (points) with mathematical model prediction
(lines) for extraction experiment E1 performed without aeration and biomass in the bioreactor (a); and for
extraction experiment E2 performed without aeration and with biomass in the bioreactor (b).
Figure 5a shows the measured extraction kinetics of extraction experiment E3 performed with the presence of
aeration and biomass in the bioreactor, which simulated the conditions in the bioreactor during the real PEA
production. As can be seen, the difference between the mathematical model and the experiment is quite
visible but not critical. During the experiment it was observed that the aeration induced notable sticking of the
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air bubbles to the tubes of the membrane module, especially at the places between the module and the glass
wall of the bioreactor. The bubbles were dynamically vibrating, moving along the tubes, sticking and unsticking.
So some notable part of the membrane module was constantly blocked by these bubbles and thus was not
available for the PEA transport.
Swelling of the silicone tubes with the dodecane caused about 1.33 times increase of all dimensions of the
tubes. That means that the outer diameter of the tube expanded from 3.1 mm to 4.1 mm, inner diameter
expanded from 2.1 mm to 2.8 mm, the tube thickness expanded from 0.5 mm to 0.65 mm and the length of the
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Figure 5. Extraction kinetics of PEA from water solution in the bioreactor to water phase in the reservoir
performed in hybrid system. Comparison of experimental data (points) with mathematical model prediction
(lines) for extraction experiment E3 performed with aeration and biomass in the bioreactor (a); and for
extraction experiment E4 performed without aeration and biomass in the bioreactor with membrane swelled
with dodecane (b).
tubes expanded from 4 m to 5.32 m. Accordingly, the increase of all tube dimensions increases also the surface
area of the tubes but not 1.33 times, but 1.332 times, which is 1.769 times. So the overall contact area available
for PEA transport was increased from 0.156 m2 to 0.276 m2. This fact, considering also 4 times increase of the
PEA diffusion coefficient, accelerated the PEA transport and allow to reach the equilibrium of PEA
concentration in the bioreactor and the reservoir from 20 h in the previous extraction experiments (E1-E3) to 5
h in extraction experiment E4 (Figure 5b) despite the fact that the thickness of the tubes was increased and the
PEA partition coefficient was decreased, which is disfavourable for the PEA transport through the silicone
membrane.

Conclusion
The silicone rubber membrane module proves as very well usable for in-situ water-water extraction of PEA
from the fermentation medium during the extractive biotransformation. The aeration and the presence of the
biomass in the bioreactor have only negligible impact on PEA transport through the membrane. Swelling of the
silicone rubber with dodecane decreases PEA partition coefficient but increases PEA diffusion coefficient and
the active area of the membrane module and thus increases the PEA mass transport through the membrane.
The mathematical model of the hybrid system with integrated silicone membrane module was verified on the
set of extraction kinetics data for normal silicone membrane module and also for silicone membrane module
swelled with dodecane. For further work, it is necessary to analyze the stability of the swelled membrane
module and to test the proposed hybrid system on the real PEA production with continual PEA extraction.
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Abstract
Natural 2-phenylethanol, which is a well-known rose aroma, is produced from L-phenylalanine in a growth
related biotransformation process using Saccharomyces cerevisiae. Considering strong inhibitory effect of
produced 2-pheylethanol on microorganisms, production improvement can be made by integration of product
removal system into the reaction unit creating a hybrid reactive - separation system. In this work, a reactive
unit of hybrid system is represented by bioreactor for 2-phenylethanol production and separation unit consist
of a capillary membrane module and adsorption column. Separation of 2-phenylethanol from other
components of fermentation medium is provided by a capillary membrane module, which can be used for
dialysis or pertraction. In both application 2-phenylethanol is transported from fermentation medium to
another aqueous phase, which is called dialysate or stripping phase, respectively. Dialysate or stripping phase is
than pumped through the adsorption column, where 2-phenylethanol is selectively removed. Purified aqueous
phase from the column is recycled back to the capillary membrane module. The main aim of the presented
work is to study the possible yield increase of 2-phenylethanol using capillary membrane module and
adsorption interconnected with the bioreactor in one hybrid system.

Introduction
Biotechnological production of various chemical is often desired as it has numerous, mainly economic
advantages over classical chemical processes. Generally, in biotechnological processes are held at lower
temperatures and pressures as chemical processes and often more valuable compounds are produced from
cheaper sources. On the other hand, the reaction rate could be too low for profitable production. Low reaction
rate can be characteristic for a specific production or it can be a result of biocatalyst inhibition. One option to
overcome an inhibition is to selectively remove an inhibitor from reactive system. Thus a hybrid system is
created by integrating a removal system into the reactive system.
Suitable production for a study of hybrid systems is a biotechnological production of 2-phenylethanol. 2Phenylethanol (PEA) is a higher aromatic alcohol, with a characteristic rose-like scent. Its main applications are
in food industry or cosmetics, where, according to the legislation, only a natural PEA may be used1. PEA
considered as natural can be produced by yeasts, Saccharomyces cerevisiae. In the growth conditions biomass
transforms L-phenylalanine to PEA according to the Ehrlich metabolic pathway2. Problem of biotechnological
production of PEA is in its strong inhibitory effect on the biomass, which stops the growth of biomass as well as
biotransformation at concentration of 4 g/L3. In order to avoid or suppress inhibitory effect of product
separation techniques may be integrated with fermentation process to create a hybrid system for PEA
production. Applicable separation techniques for continual PEA removal in hybrid system include absorption
into polymeric particles4, adsorption5, extraction into organic solvent creating a two phase system directly in
the reactor6 or using a membrane module for membrane based solvent extraction followed by distillation7.
Purposed hybrid system for biotechnological production of PEA consists of an aerobic fed-batch bioreactor,
membrane module and adsorption column. Feed from the bioreactor is led to the external membrane module,
where product removal from fermentation medium takes place. In the membrane module may dialysis or
pertraciton proceed. In case of dialysis PEA is transported through the pores of membrane to the aqueous
solution, which is called a dialysate. And in case of pertraction, PEA is transported through supported liquid
membrane entrapped in the hydrophobic pores of a support material to the aqueous solution, which is called a
stripping phase. Dialysate or stripping phase on the outlet of the membrane module is subsequently led to the
adsorption column, where adsorption of PEA occurs and purified aqueous solution is than led back to the
membrane module.
Aim of this work was to test individual separation steps and their ability to remove PEA and also to test
integration possibilities of these processes. Mathematical models of individual processes were assembled and
compared with experimental measurements.

4rd International Conference on Chemical Technology | ICCT 2016

[469]

Experiments
Dialysis experiments
The possibility of dialysis use in hybrid system was investigated in a series of five dialysis experiments, which
were conducted on an aperture with external membrane module. Experimental apparatus consisted of
membrane module and two vessels for tube and shell side of membrane module. Detailed description of
experimental apparatus can be found in work by Mihaľ et at.8 Experiments were carried out in hydrophobic
membrane module produced by Microdyn-Nadir (Wiesbaden, Germany). Membrane characteristic are detailed
in Tab. I. For pore wetting was isopropanol used, which was circulating on the both side of membrane.
Subsequently, to replace isopropanol in membrane pores whole system was rinsed multiple times by water.
Table I
Characteristics of membrane module.
Provider
Module type
Dimensions of module
Fiber material
Overall contact area, m2
Number of fibers
Inner shell diameter, mm

MD 020 CP 2N
28 x 540 mm
Polypropylene
0.1
40
20

Microdyn-Nadir
Outer fiber diameter, µm
2600
Inner fiber diameter, µm
1800
Pore diameter, µm
0.2
Effective fiber length, mm
470
Fiber wall thickness, µm
400
Porosity / tortuosity
0.8/2.25

Kinetics of dialysis was measured with five different aqueous solution of PEA, which were varying in
concentrations of biomass in the model PEA solutions. At the beginning of the experiment, an aqueous solution
of PEA was poured into tube-side vessel and to the shell-side vessel was demineralized water poured.
Membrane pumps were set to give approximately same volumetric flow. Samples were taken from the
dialysate (shell-side vessel) and analyzed as described in work by Mihaľ et al.8 Concentrations in the tube-side
vessel were calculated based on a mass balance. Mathematical model of dialysis was based on mathematical
model of extraction presented in the work of Mihaľ et al.8

Adsorption experiments
In adsorption experiments adsorbent Macronet NM270 (Purolite, Philadelphia, USA), which has a styrenedivinylbenzene matrix. The ability of Macronet NM270 to adsorb PEA was investigated in the work of Šimko et
al.9, where they found out that this adsorbent is also able to adsorb L-phenylalanine, which is a precursor for
the biotransformation. Maximum adsorption capacity of both, PEA and L-phenylalanine, are comparable but
the affinity coefficient for PEA is by an order higher, which is in favor of selective PEA adsorption. The basic
characteristics of Macronet NM270 can be found in work of Šimko et al.9 Kinetics of adsorption was
investigated in fixed bed adsorption column, where breakthrough curves were measured. Adsorbent was
placed to a fixed bed column (Technosklo, Držkov, Czech Republic) with maximum volume of 70 mL, through
which was a solution of PEA pumped. Performed were three experiments varying in the input concentration of
PEA and in volumetric flow rate through the column. Mathematical model of fixed bed adsorption was solved
as a heterogeneous model, where mass balances of liquid and solid phases were used.

Biotransformation in hybrid system
PEA was produced in aerated fed-batch bioreactor, where L-phenylalanine was transformed to 2-phenylethanol
using Saccharomyces cerevisiae. At the beginning of the experiment, the bioreactor was filled with 2.2 L of the
fermentation medium: a solution of demineralized water with corn steep, essential micro and macro
components, grow factors, and glucose in the concentration of 5 g/L. After the pH adjustment, tempering, and
aerating of the system, 13.6 g of lyophilized baker’s yeasts were added to the fermentation medium and let to
activate for half an hour. Then, 22 g of crystalline L-phenylalanine were added to the fermentation medium and
the biotransformation started. The bioreactor was fed with a water solution of glucose (J ZÀ , starting after 1 h)
and crystalline L-phenylalanine (JÁÂW , starting after 17 h) with different feeding rates, which are summarized in
Table II.
Bioreactor was aerated at air flow rate of 500 L/h and after 17 hours of production aeration was increased to
800 L/h. Bioreactor was connected to the membrane module further interconnected with the adsorption
column. In the membrane module was dialysis of PEA performed, where the volumetric flow rate on the tubeside was 0.59 L/min and on the shell-side 0.20 L/min. Adsorbent in the adsorption column was several times
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changed and during adsorbent change dialysis was disabled. Mass of the adsorbent in the column is also
summarized in Table II. Configuration of the hybrid system is presented in Fig. 1.
Table II
Summary of changes during biotransformation experiment.
Column operation
Column
Adsorbent
Time, h JÁÂW , g/h
Time, h
J ZÀ , g/h
time, h
diameter, m weight, g
17
1,3
1
12.2
6 - 39,5
0.053
67.13
47
0,6
47
6.5
41,5 - 54
0.02
19.93
70
12.6
54 - 67
0.02
23.06
67 - 78
0.02
24.38
Concentration profiles of biotransformation experiment was predicted also by the mathematical model
consisting of: mathematical model of biotransformation (consisting of a cybernetic model of biomass growth10
with co-inhibition model for PEA and ethanol inhibition3 and with PEA and L-phenylalanine balance based on
constant yield coefficients taken from the biotransformation experiments), mathematical model of membrane
extraction8 and heterogeneous model of adsorption.
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Figure 1. Scheme of hybrid system consisting of bioreactor, membrane module and adsorption column.

Pertraction experiments
Pertraction in membrane module may be used as an alternative process for PEA separation, where PEA is
transported from one aqueous solution to another aqueous solution through a supported liquid membrane.
For pertraction experiments was used the same experimental apparatus as in dialysis experiments and with the
same membrane module. Before experimental measurements a supported liquid membrane for PEA
pertraction had to be created in the pores of a support material by impregnating the membrane pores with
octane. Kinetics of pertraction was measured at similar experimental conditions as were used in the dialysis
experiments, where varying concentrations of biomass in the model PEA solution was used. Mathematical
model of pertraction was based on mathematical model of extraction presented in the work of Mihaľ et al.8

Results and discussion
Dialysis experiments
To investigate the effect of biomass present in PEA solution five dialysis experiments were performed.
Parameters of the individual dialysis experiments as initial concentration of PEA ('Á,1,‰ ) and biomass ('* Y ) in
the tube-side vessel, total volume in tube-side ([Vc ) and shell-side vessel ([cc ) and volumetric flow rate ([Ã ) on
both sides of membrane module are shown in Table III.
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Table III
Parameters of dialysis experiments.
'Á,1,‰ , g/L
Experiment
'* Y , g/L
D1
0.00
2.61
D2
5.4
2.66
D3
18.4
2.79
D4
27.4
2.71
D5
38.6
2.77

[Vc , L
0.828
0.811
0.777
0.797
0.776

Ã , L/min
[Vc
0.87
0.87
0.87
0.87
0.87

[cc , L
0.720
0.776
0.794
0.808
0.807

Ã , L/min
[cc
0.87
0.87
0.87
0.87
0.87

Examples of two kinetics measurements of dialysis, where concentration of biomass in tube-side vessel was 5.4
and 38.7 g/L are shown in Fig. 2. As it can be seen, the agreement of the mathematical model with the
experimental data is quite good. But the adapted mathematical model of dialysis was unable to satisfactorily
predict the course of dialysis and therefore, the value of overall mass transfer coefficient calculated from
correlation equations had to be corrected by fitting a correction constant for given dialysis experiment. The
value of correction constant (ΔdYX ) indicates how many times faster does the experimental dialysis preforms
over the prediction of mathematical model.
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Figure 2. Experimental measurement of dialysis (D2, D5) with different concentrations of biomass. Lines on the
graphs represent the predictions of model with corrected value of overall mass transfer coefficient.
Dialysis was generally proceeding faster than the mathematical model predicted. This might be caused by a
convective flow through membrane, which was observed by changes in weight of tube-side vessel. The value of
correction constant had overall decreasing trend with the increasing concentration of biomass used in the
tube-side vessel. This tendency can be observed in experiments with higher concentration of biomass by latter
settling of equilibrium in the system. A linear equation describing the decrease in overall mass transfer
coefficient was obtained, which was later used in a mathematical model of hybrid system. Results of these
experiments indicates that membrane fouling occurs, which had a negative impact on the kinetics of dialysis.

Adsorption experiments
The ability of PEA to adsorb on the surface of the adsorbent in fixed bed column was investigated in the
measurement of breakthrough curves. Performed were three experiments with different input concentrations
and volumetric flow rates. Characteristics of individual adsorption experiments as inlet concentration of PEA
('Á,1 ), volumetric flow rate through column ([Ã ), particles diameter (a… ) and mass of used adsorbent (ÅTp ) are
shown in Table IV.
Table IV
Parameters of adsorption experiments in fixed bed column.
Experiment
'Á,1 , g/L
[Ã , L/min
A1
0.026
1.208
A2
0.015
3.822
A3
0.023
3.796

a… , µm
500
500
500

Å1Æ , g
7.28
7.02
7.07
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Figure 3. Measured breakthrough curve in two experiments with different volumetric flow rate. Lines on the
graphs represent the predictions of mathematical model.
Examples of two measurements of adsorption in fixed bed column, where the main difference was in
volumetric flow rate through the column are shown in Fig. 3. From this experiments we can see that lower the
volumetric flow rate the longer it takes to saturate the whole bed of adsorbent by PEA. Results of
heterogeneous mathematical model of fixed bed adsorption column are describing experimental data well.
Parameters of model like coefficient of mass transfer11, coefficient of axial dispersion, and effective diffusion
coefficient12 were calculated by correlation equations.

Biotransformation in hybrid system
Biotransformation in hybrid system was proceeding for 78 hours, when concentration of PEA was gradually
rising for the first 42 hours of the experiment. The highest concentration of PEA in the bioreactor was
measured 4.1 g/L in the 42nd hour. This high concentration of PEA has killed a part of biomass population which
can be observed in the Fig. 4, where concentration of biomass started to stagnate after this high concentration
of PEA was reached. Mathematical model of hybrid system was unable to react well to this event and after
decrease of PEA concentration, mathematical model did not see any obstacle in biomass growth.
80

12
Biomass
Ethanol

70

2-PEA
L-Phe
Glucose

10

Concentration [g/L]

Concnetration [g/L]

60
50
40
30
20
10
0

8
6
4
2
0

0

10

20

30

40

50

60

70

80

Time [h]

0

10

20

30

40

50

60

70

80

Time [h]

Figure 4. Results of biotransformation experiment, where points represent experimental data and lines results
of mathematical model of whole hybrid system.
Experimental concentration of glucose shows that in first hours of biotransformation accumulation occurred,
which might be a result of longer lag-phase of biomass growth. On the other hand, concentration of ethanol
during this experiment was described well, even when changes in aeration of reactor were made. During the
experiment 36 g of PEA was produced and 86 % of PEA was adsorbed on the surface of adsorbent.
From the experimental results we can conclude that we were unable to set experimental condition, where the
rate of PEA production and PEA removal would be approximately the same. In the first half of the experiment
rate of PEA production was higher than the rate of PEA removal resulting in its increasing concentration in
reactor significantly affecting the biomass growth. In the second half of the experiment the rate of PEA removal
was higher resulting in its decreasing concentration in bioreactor. In early stages of the experiment we were
unable to keep concentration of PEA under inhibition level (2 g/L), mainly caused by slow membrane
separation by dialysis. Reasons of slow rate of dialysis were small overall contact area of used membrane
module and membrane fouling, which occurred further reducing the contact area.
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Pertraction experiments
Kinetics of pertraction was compared to dialysis in five measurements in comparable experimental condition,
which are shown in Table V.
Table V.
Parameters of performed pertraction experiments.
'Á,1,‰ , g/L
Experiment
'* Y , g/L
[Vc , L
P1
0
2.46
0.66
P2
5.1
2.56
0.80
P3
19.9
2.58
0.80
P4
29.6
2.55
0.81
P5
39.7
2.56
0.80

Ã , L/min
[Vc
0.77
0.86
0.86
0.84
0.86

[cc , L
0.59
0.77
0.77
0.77
0.77

Ã , L/min
[cc
0.44
0.86
0.56
0.84
0.86

Examples of two kinetics measurements of pertraction, where concentration of biomass in tube-side vessel was
5.1 and 39.7 g/L are shown in Fig. 5. As it can be seen, the agreement of the mathematical model with the
experimental data is very good. Predictions of overall mass transfer coefficient from correlation equations were
not corrected, as it was in case of dialysis and all pertraction experiments were satisfactorily described by
mathematical model. Equilibrium in the system was reached later, in comparison to dialysis but this difference
is not that significant. Regardless of the concentration of biomass in the tube-side vessel, the equilibrium in
each measurement was reached after 5 hours, which means that the kinetics of pertaction is not dependent on
the concentration of biomass, as it was in case of dialysis.
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Figure 5. Experimental measurement of pertraction (P2, P5) with different concentrations of biomass. Lines on
the graphs represent the predictions of mathematical model.

Conclusion
The aim of this work was to study the applicability of adsorption coupled with membrane separation for
removal of 2-phenylethanol from fermentation medium during biotransformation. A commercial adsorbent
was used for PEA adsorption from model solution. The possibility of PEA removal from aqueous solution was
studied in a series of adsorption experiments in fixed bed column. Results of these experiments show that
adsorption could be used for PEA removal in hybrid system and also a heterogeneous mathematical model of
adsorption was assembled, which was describing experimental data very well. Membrane module was firstly
used for dialysis of PEA, where PEA was transported from model aqueous solution of PEA to another aqueous
solution through porous membrane. In dialysis experiments membrane fouling occurred and decrease in rate
of dialysis was observed. This decrease was directly connected to the concentration of biomass present in
model solution of PEA and dependency between rate of dialysis and biomass concentration was obtained.
Constructed hybrid system was used for 78 hours reaching average volumetric productivity of 0.16 g/L/h, even
though it was strongly affected by inhibition. Inhibition was caused by high concentrations of PEA in the
bioreactor, which were reached because of slow PEA removal rate by separation part of hybrid system. Weak
point of hybrid system was the dialysis of PEA in membrane module. Improvements in hybrid system could be
made by increasing the contact area or by reduction of membrane fouling. Alternative in which membrane
fouling should not occur is pertraction, where pores of membrane module are filled by immiscible liquid. As a
supported liquid membrane was octane chosen. In pertraction experiments similar condition as in dialysis
experiments were used and results show that the biomass concentration does not negatively affect the rate of
pertraction, therefore pertraction should be more suitable for use in hybrid system than dialysis.
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Abstract
The aim of the presented paper is to compare two possible ways for natural aroma, 2-phenylethanol (PEA),
production. In classical technology, biochemical production of 2-phenylethanol proceeds in a batch aerated
bioreactor with biotransformation of L-phenylalanine (L-Phe) to 2-phenylethanol using yeasts Saccharomyces
cerevisiae in growth conditions followed by several separation operations (microfiltration, extraction,
distillation). Because of the very strong inhibitory effect of PEA on the production strain, maximal PEA
concentration (4 g/L) can be reached after about 24 h, after which the production strain cannot grow anymore.
To increase the PEA production, a hybrid system with a membrane module immersed in the bioreactor for
continual removal of PEA from the fermentation broth is proposed.

Introduction
In the past two decades, natural compounds with high added value produced by biotechnological processes,
are extremely important in the food, pharmaceutical, and cosmetic industries; especially flavours and
fragrances represent a quarter of the world market in food additives 1. Biocatalytic production of food aromas
is usually connected with strong inhibition effect of the product on the production strain or its enzymatic
apparatus. In the past decade, strong academic and industrial interest has been devoted to hybrid reactive –
separation systems. Integration of reaction and separation steps into one operation unit can save raw materials
and shift the chemical equilibrium towards the desired product; moreover, it saves capital and operational
costs. There are no general rules for optimal hybrid system design for a given process 2-4. The process synthesis
involves the identification of the optimal path to reach the desired product from a given starting point, and of
the desired quality with respect to all constrains 5. The majority of new processes are not built in a greenfield
site but they become a part of an already existing factory; therefore, all company rules have to be respected
and considered. On the other hand, because of the batch character of the technology, a new process can utilize
several existing unit operations (microfiltration units, batch distillation unit, etc.). Mathematical modelling is a
useful tool for optimal design of operational units, basic performance conditions and consequence of unit
operations for a new process, and distinguish between several alternatives of the process (e.g. between a
simple batch process vs. a hybrid system), see Fig. 1.
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Problem definition
Process specification
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- heuristics
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...
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algorithms

Model library:
- batch operational
units
- hybrid units

Validation
Constrains:
- technological
- environmental
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- economical
- company rules
....

Process design
selection

Required experiments:
- estimation of model
parameters
- models validation

Figure 1. Scheme of the new process design

System design and modelling
2-Phenylethanol is used as rose like aroma with strong antimicrobial properties. It is widely used not only in
cosmetic, perfumery and food industries, but also as a substrate for other (bio)syntheses of flavour or
pharmaceutical valuable compounds (e.g. phenylethylacetate, phenylacetic acid). A comprehensive review of
recent advances in biotechnological production of 2-PEA was published in 6. 2-PEA is produced by the
biotransformation of L-phenylalanine (Phe) using the yeasts Saccharomyces cerevisiae in growth conditions in
an aerated bio reactor, when Phe is the sole nitrogen source for the yeasts 7. Main drawback of this
bioconversion is strong 2-PEA growth inhibition of the production strain, starting from the concentration of 2
g/L, while at 4 g/L, the yeasts growth (and 2-PEA production) is stopped, which occurs approximately after 24
h; thus, conversion of PEA and yield of 2-PEA are very low and the concentration of biomass increases up to 15
g/L. The classical batch process is depicted in Fig. 2.

0

1

2

24 h

3

biotransformation
4 g/L PEA, 15 g/L biomass

1

2

24 h

biotransformation
4 g/L PEA, 15 g/L biomass

Separation part

3

2

1

time

biotransformation
4 g/L PEA, 15 g/L biomass

Separation part

Figure 2. Classical production of 2-PEA in a batch aerated bioreactor. 1- preparation of the bioreactor for
fermentation (cleaning, filling, …); 2 – biotransformation, 3- emptying of the bioreactor.
Separation part depends on the required form of 2-PEA, for instance, after the microfiltration of the
fermentation broth, 2-PEA is extracted from the permeate by membrane based solvent extraction with
regeneration of solvent by distillation.
Mathematical model of the bioreactor has to describe the increase of biomass and products concentration, as
well as the consumption of substrates: oxygen, glucose (Glu, main energy source) and Phe. Glucose can be
metabolized by two different pathways depending on the availability of dissolved oxygen and glucose
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concentration in the fermentation broth. In the oxidative pathway, carbon dioxide and water are formed.
When aeration is not sufficient enough and glucose concentration is high, ethanol (EtOH) is formed, which has
also an inhibitory effect on the production strain. Therefore, material balance of ethanol should be
incorporated into the model (including its stripping from the fermentation broth into the gaseous phase).
Kinetic model was proposed in [8] with an extension of Phe conversion to 2-PEA using constant yield coefficient
introduced in 9 and inhibition kinetics determined in 10. In Fig. 3, a comparison of two simulations of a
mechanically stirred tank bioreactor (high value of kLa) is presented. In simulation A), substrates were
continually fed into the reactor; in simulation B), glucose feeding was regulated to avoid ethanol production. It
can be observed (Fig. 3) that the model predicts biomass growth up to 15 g/L, with maximal concentration of 2PEA being 4 g/L. Regulation of the feed of Glu significantly decreased GLU and EtOH concentration.
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Figure 3. Simulation of a batch bioreactor for 2-PEA production: A) simulation with constant feed of glucose
and PEA; B) simulation with regulated feed of glucose to avoid ethanol production.
When the hybrid system with membrane based solvent extraction of the product, 2-PEA, (drawn in Fig. 4) is
assumed, several possibilities of system configuration with the aim to keep the product concentration in the
fermentation broth below 2 g/L can be proposed. Two of them are depicted in Fig. 5; in Fig. 5A, fermentation
media are pumped through a microfiltration membrane module, retentate is turned back to the bioreactor,
permeate is fed to the membrane module with a hydrophobic membrane, on the permeate side of which, the
product is extracted by an organic solvent from the fermentation broth. The extract is concentrated in a simple
distillation unit, regenerated solvent is circulated into the membrane module, raffinate from EM without 2-PEA
is turned back to the bioreactor. In Fig. 5B, extractive membrane module is immersed directly into the
bioreactor, e.g., the use of a microfiltration unit is avoided.
Because it can be assumed that biomass concentration will increase up to 15 – 20 g/L in the hybrid system, the
MF unit model has to take into account also membrane fouling, which strongly depends on the membrane
properties, trans membrane pressure and biomass properties. To simulate depletion of permeate flux as a
function of biomass concentration, data from 11 were used.

0

1

2

1

70 - 80 h
biotransformation in hybrid system
2 g/L PEA, up 50 g/L biomass
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time

biotransformation

membrane microfiltration and extraction

regeneration
of extractive
solvent

membrane separation

concentrated product in solvent for purification

Figure 4. PEA production in the hybrid system using an immersed membrane module for the extraction of PEA
connected with continual regeneration of the extractive solvent: 1 – preparation of the bioreactor (emptying,
cleaning, filling, …); 2 - biotransformation
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biorector
retentate

distillate

E+FM
MF

permeate

fermentation
broth

regeneration
unit (distillation)
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unit (distillation)
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solvent
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H1
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Figure 5. Scheme of two membrane based solvent extraction hybrid systems: H1) bioreactor connected with a
microfiltration unit (MF), permeate of which is fed to the membrane module (EM) with continuous
regeneration of solvent; H2) bioreactor with an immersed membrane module for the extraction of the product
directly from the fermentation broth with continuous regeneration of solvent.
Simulation of such systems is demonstrated in Figs. 6. and 7. In Fig. 6, time profiles of the main compounds of
interest are depicted. Because of membrane fouling, the permeate flux from MF slowly decreased, and
consequently, less 2-PEA was removed by extraction in EM and its concentration in the fermentation broth
slowly increased, above the limiting concentration for biomass growth. As it can be seen in Fig. 6A, biomass
concentration reached approx. 60 g/L after 80 hrs. When hybrid system H2 was simulated, no problems with
membrane fouling occurred, extraction of the product to the solvent was very effective and the concentration
of 2-PEA was below the limiting 2 g/L during the simulation; therefore, at the end of the simulation,
concentration of biomass was about 90 g/L. According to these facts, production of 2-PEA in hybrid system H2
exhibits higher efficiency. In Fig. 7, a comparison of the overall produced mass of 2-PEA in the bioreactor and
the overall extracted mass of 2-PEA in both hybrid systems is presented. For comparison with the classical
batch biosynthesis, specific productivity (in grams of 2-PEA in unit volume per unit time) in all simulated
systems were compared in Fig. 8.
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Figure 6. Simulation of hybrid systems with continual removal of 2-PEA from the fermentation broth for: A)
system H1 depicted in Fig. 5; B) system H2 depicted in Fig. 5H1.
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Development and verification of mathematical models were published in our previous papers, 9, 11, 12.
Therefore, only a comparison of the experimental and simulated results is presented. In Fig. 9a, the comparison
of experimental data from the process in hybrid system H2 with the simulated ones is presented, showing a
very good agreement of the simulated lines with the experimental points of all compounds of interest. To test
the model accuracy, simulated biomass growth and ethanol concentration time profile are presented for two
different model assumptions in Fig. 9a:
model does not consider stripping of ethanol from the fermentation broth – in Fig. 9a, dot - dashed
line and the corresponding biomass concentration profile drawn by a dashed line,
model considers ethanol stripping from the fermentation media - dotted line for ethanol and solid line
for biomass concentrations.
It can be observed that the kinetic model correctly involves the inhibitory effect of ethanol on the biomass
growth (and consequently on 2-PEA production), and therefore if ethanol is not stripped from the fermentation
media, its concentration increases above the inhibitory level, which can be observed as the decreasing rate of
biomass growth (dashed line in Fig. 9a). On the other hand, when stripping of EtOH is considered in the model
equations, biomass growth is described by the model correctly (solid line in Fig. 9a). In Fig. 10, the
experimentally produced and extracted mass of 2-PEA and the volumetric productivity are compared with the
simulated data. It can be seen that up to approx. 50 – 60 hrs, the simulated and experimental data are in good
agreement, then, the real productivity of 2-PEA rapidly decreases, which is not described by the model.
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Figure 8. Specific 2-PEA productivity in the batch
bioreactor (BT1 -non regulated Glu feed into reactor, BT2
– regulated Glu feed) and in hybrid systems H1 (BT3) and
H2 (BT4).

From Figs. 6 – 8 it can be concluded that hybrid system H2 is more efficient than hybrid system H1 and a simple
batch bioreactor, and thus it can be used in the following consideration.
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Figure 9. Comparison of experimental (points) and simulated (lines) data for biotransformation experiments
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Figure 10. Comparison of experimental (points) and simulation (lines) data for the biotransformation
experiment performed in hybrid system H2: produced, 2-PEA (□, solid line), extracted 2-PEA (○), volumetric
productivity of 2-PEA (△, dotted line.); data from [12]

Although, it is necessary to point out that mathematical models used for the simulation of the hybrid systems
did not considered several facts which can negatively influence the process efficiency but which cannot be
easily included into the model, like:
ageing of biomass, death and decomposition of yeasts cells in time,
consumption of essential micro and macro components from the fermentation broth,
negative influence of side product of cell metabolism, e.g. various organic acids,
possible solubility of the extracting solvent in water, and possible negative effect of the dissolvent
solvent on the biomass, as well as any losses of solvent during the operation of the system,
possible extraction of other compounds, not only 2-PEA, from the fermentation media into the
solvent.

Practically all model parameters (kinetics, mass transfer coefficients in the bioreactor and membrane module,
V-L equilibria for the distillation unit) were taken from literature.

Conclusion
In this paper, the possibilities of biotechnological production of natural aromas are discussed. Because these
products have very strong inhibitory effect on the production strains, the aim was to design a hybrid system
with in situ removal of the product from the fermentation broth. As a model system, biocatalytic synthesis of 2phenylethanol was chosen. Three systems were studied:
- classical fed-batch bioreactor where the process was performed until the concentration of the product
reached the mortal concentration for the production strain,
- hybrid system H1 depicted in Fig. 5 with continual removal of 2-PEA via two membrane modules,
microfiltration and membrane based solvent extraction with continuous regeneration of the solvent,
- hybrid system H2 (Fig. 5) with a membrane module immersed in the bioreactor for direct membrane based
solvent extraction with continuous regeneration of the solvent.
Differences between these three concepts were studied by mathematical modelling and simulation of systems
behaviour. The models were verified by experiments, which proved that:
developed mathematical models describe the studied systems with appropriate accuracy and can be
used for design, optimization and scale-up of real systems,
hybrid system H2 with membrane module immersed in the bioreactor provides the best productivity
for a long time operation,
main disadvantages of hybrid system H1 are the need of a microfiltration unit, which can fail during
the long time until the concentration of biomass reaches very high values - 60 g/L, with respect to 15
g/L reached in a simple fed - batch bioreactor.
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Hybrid system H1 can be build using commercial membrane modules, if necessary doubled, while hybrid
system H2 requires an immersed membrane module made for the given type of bioreactor. In system H2, some
loss of the solvent can be observed.
Economic analysis, taking into account investment and performance costs, has to be done before the final
decision on the best suitable system. In any case, the concept of the proposed hybrid system seems very
suitable for biotransformation processes where in-situ product removal is necessary to improve their
efficiency, as it is very compact, highly effective, resistant to failures and mathematically describable, which
enables its future scale-up and optimization.
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Abstract
The work is dealing with usage of various waste materials as potential carbon source for production of
microbial biopolymers. Mainly lignocellulosic waste has been tested for biotechnological production of
biopolymers, namely polyhydroxyalkanoates and extracellular polysaccharides. Chemical and enzymatic
hydrolysis or combination of both were applied to following lignocellulosic materials; spent coffee ground,
waste wood, apple pomace and wheat bran. As the result of hydrolysis process, relatively high concentration of
fermentable sugars is formed, but also wide range of inhibitors can be generated (e.g. furfural, levulinic acid,
polyphenols). Several extraction steps were used for detoxification of hydrolysates. Waste frying oil, cheese
whey or waste glycerol has been also used for production of biopolymers which are mentioned above.

Introduction
Polyhydroxyalkanoates (PHAs), have attracted much attention in recent years due to their varied mechanical
properties, biocompatibility and biodegradability. The high costs of raw material and relatively low conversion
rates are the two main problems in large-scale industrial production of PHAs 1. Extracellular polysaccharides
represent another important group of microbial biopolymers. Aureobasidum pullulans is a black yeast-like
species that is particularly known for its biotechnological significance as a producer of the biodegradable
extracellular polysaccharide pullulan. Aureobasidium can produce a variety of enzymes that can be used in the
degradation of lignocellulose substrates.
With the annual generation of 80 billion tons, lignocellulosic materials have a great potential for the production
of a wide variety of industrial and commodity products including paper, lumber, bioethanol, biodegradable
polymers (e.g. PHAs) and a range of fine chemicals 2. The structural portion of cellulosic biomass is a composite
of cellulose chains joined together by hydrogen bonding. These long cellulose fibres are in turn held together
with hemicellulose and lignin, allowing growth to large aerial plants that can withstand weather and attack by
microorganisms and insects. Application of hydrolysis to lignocellulosic biomass may leads to form fermentable
monosaccharides such as glucose and xylose 3.
Next to the lignocellulosic material the cheese whey is also very common waste which can be easily converted
by many microorganisms to the valuable products. Cheese whey, representing about the 85-95% of the milk
volume, constitutes a waste and surplus material from dairy and cheese industries in many regions of the
world. Bovine whey is not only a cheap raw material, but also causes severe disposal problems because of the
huge amounts generated and its high organic matter content 4, 5. The enzymatic hydrolysis of whey proteins
increases their solubility in water and modifies their functional properties 6 Whey is a fairly dilute product with
a total solids of about 6.5%. The solids are basically consisted by lactose, whey protein, ash, lactic acid and fat.
Cheese whey contains approximately 4.5% (w/v) lactose, 0.8% (w/v) protein, 1.0% (w/v) salts and 0.8% (w/v)
lactic acid 7.
Lipid based substrates are also very attractive because they contain low amount of water which makes them
more stable against microbial spoilage and the cost of their transportation is lower than in water rich
substrates. In particular, plant oils represent very promising group of lipid substrates which attract attention of
numerous researchers dealing with production of PHAs. Apart from noble plant oils, there are also attempts to
utilize waste oils such as waste frying oils for the production of PHA. These potential sources provide numerous
advantages over noble oils - they do not compete with human food chain, their utilization does not place
demands on agricultural land and; moreover, potentially problematic waste is transformed into the high value
product 8.
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Experiment
Lignocellulosic waste was treated by chemical and enzymatic hydrolysis and/or by combination of both. The
hydrolysis processes were also combined with application of heat (121 °C/ 15 min). All hydrolysis were carried
out with concentration 100 g/l of lignocellulosic waste material. Enzymatic hydrolysis was also applied in case
of whey used for production of PHA, protease from Bacillus licheniformis. Proper mineral salt media was
prepared for a purpose of biopolymers production, waste substrates served as sole carbon source. All oily
waste substrates and enzymatic hydrolysed cheese whey were used for PHA production by Cupriavidus
necator. Oily substrates were present in mineral salt media in concentration of 20 g/l. Bacillus megaterium,
Bulkholderia cepacia, Bulkholderia sacchari were tested for PHA production on lignocellulosic waste materials.
Production of PHA continued for 72 hours, 30 °C, for all PHA producing bacteria strains. Aureobasidium
pullulans has been tested for pullulan production on following substrates – whole whey, hydrolysed wheat
brand, hydrolysed apple pomace and glycerol. The cultivation conditions were set up at 30 °C, 160 rpm and 96
hours.
Detoxification of polyphenols from wooden waste and spent coffee grounds were performed by application of
heat, overliming, extraction by 60% ethanol and activated carbon. Heating process was adjusted to 80 °C for 1
hour. Overliming was ensured by application of Ca(OH)2, pH 10, 55 °C, 2 hours, the solution was neutralized by
sulphuric acid. Detoxification process by usage of 60% ethanol lasted for 2 hours, 50 °C. Activated carbon was
present in hydrolysate solution in concentration 1 g per 20 ml, detoxification process was performed
1 hour, 55 °C. Detection of total polyphenols and reducing sugars were carried out by spectrophotometric
methods. Analysis of glucose, xylose and pullulan has been performed by HPLC/RI (Rezex-ROA H+, 8%,
Phenomenex). Concentration of total PHA was determined by GC/FID. The biomass concentration was analysed
gravimetrically, cells were after the centrifugation dried to the constant weight.

Results and discussion
Many possibilities of hydrolysis of lignocellulose substrates were tested. For chemical hydrolysis mineral acids
(HCl, H2SO4) have been used in various concentrations, the experiments were carried out also in presence of
high temperature (121 °C/15 min). For enzymatic hydrolysis of lignocellulosic waste primarily enzymes able to
degrade cellulose, hemicellulose and lignin were used. Wooden waste was treated by application of 4% H2SO4
in presence of high temperature (121 °C/15 min) and combinations with commercial enzyme Viscozyme L in
concentration 2.5 vol. %. The optimal condition for enzyme activity were set up to pH 4.6 and 55 °C.
Table I
Hydrolysis of lignocellulosic waste and reducing sugar yield, concentration of wastes 100 g/l
Lignocellulosic waste
Hydrolysis
Reducing sugars [g/l]
4% H2SO4 (121 °C/15 min)

6.9

4% H2SO4 + Viscozyme 2.5%

25.5

1% H2SO4 (121 °C/15 min)

19.1

cellulase + pectinase +
hemicellulase

20.5

1% H2SO4 (121 °C/15 min)

24.3

2.5% H2SO4 (121 °C/15 min)

26.8

cellulase

6.7

waste wood

apple pomace

grape pomace
spent coffee grounds (SCG)

When hydrolysis was performed up to conditions described above the final yield of reducing sugars was more
than 25 g/l from 100 g/l of wooden waste. However, when just the chemical hydrolysis was applied (4% H2SO4/
121 °C/15 min) only 6.9 g/l of reducing sugars were obtained. High yield of sugars were also analysed after
chemical and enzymatic hydrolysis treatment of apple pomace 20 g/l. The highest reducing sugar content was
observed when SCG was treated by 2.5% H2SO4 in combination with 0.5% (vol/vol) celullase.
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Due to chosen hydrolysis type, relatively high amount of sugar derivatives – furfurals, polyphenols can be
realised into the final hydrolysates. Many microorganisms are very sensitive to the presence of the toxic
compounds (e.g. polyphenols, furfural, hydroxymethylfurfural), the growth of microbial culture is negatively
influenced by presence of toxic derivatives in production media. For that reason there is an effort to remove
lignocellulose toxic derivatives from hydrolysates.
Table II
Detoxification of wooden hydrolysate and SCG hydrolysate
Polyphenols
Lignocellulosic waste
Before [g/l]

waste wood

Polyphenols
Detoxification
After [g/l]

0.412

spent coffee grounds

3.68

overliming

0.167

activated carbon

0.014

heating

0.208

overlining

2.96

activated carbon

1.66

ethanol 60%

2.32

Several detoxification methods are usually applied for the purpose of detoxification. Hence, in case of waste
wood and spent coffee grounds hydrolysates, where the concentration of toxic inhibitors was relatively high,
the possibility of polyphenols detoxification was tested. In both tested materials the highest detoxification
efficiency has been proved by using of activated carbon – more than 90% in case of wooden waste and 50% in
SCG. The other detoxification methods weren’t so efficient in comparison to the previous case. Detoxification
methods hadn’t effect on fermentable sugars present in hydrolysates.
Table III
PHA production on lignocellulosic hydrolysates

Lignocellulosic wastes:

Glucose [g/]

Xylose [g/l]

waste wood

6.87

13.57

apple pomace

6.96

grape pomace

CDW
[g/l]

PHA
[%]

Bulkholderia cepacia

1.9

9.8

Bulkholderia sacchari

1.1

41.4

Bacillus megaterium

2.0

41.6

Bulkholderia cepacia

5.0

34.1

Bacillus megaterium

2.1

31.3

Bulkholderia cepacia

3.7

23.1

Bacillus megaterium

3.4

51.1

Bulkholderia cepacia

5.5

56.0

10.50

7.42

spent coffee grounds

Strain

6.35

3.91

17.35

Several bacterial strains were tested for PHA production on waste materials which served as the sole carbon
source. The lignocellulosic materials were hydrolysed according to the optimized method of hydrolysis and the
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content of the main obtained sugars - glucose and xylose has been analysed. The highest sugar (xylose +
glucose) content was analysed in hydrolysed SCG where glucose and xylose were present in concentration 3.91
g/l and 17.35 g/l respectively. In comparison to all tested lignocellulosic substrates the highest PHA yield was
achieved when the hydrolysed spent coffee grounds was utilized by Bulkholderia cepacia. High concentration of
xylose in SCG could positively influenced PHA production.
Table IV
PHA production on lipidic substrates and hydrolysed cheese whey

Other waste substrates:

strain

CDW [g/l]

PHA [%]

whey

Cupriavidus necator

16.7

68.5

spend coffee ground oil

Cupriavidus necator

14.2

70.3

waste frying oil

Cupriavidus necator

10.8

67.9

Cupriavidus necator has the ability to utilized oily substrates as sole carbon source and convert to PHA. Waste
frying oil and oil originating from SCG were tested as possible waste substrate for C. necator. The higher PHA
and CDW yields were reached when SCG oil was used 14.2 g/l and 70.3 % of PHA. The promising results were
also obtained by conversion of hydrolysed cheese whey to PHA by C. necator, 16.7 g/l of CDW and 68.5 % of
PHA.
Table V
Pullulane production on waste substrates by Aureobasidium pullulans

waste substrates:

CDW [g/l]

pullulane [g/l]

apple pomace

5.9

4.7

wheat brand

9.3

11.3

glycerol

11.1

8.8

whey

12.1

11.8

Waste materials are playing the crucial role in biotechnology in terms of the products price and sustainability as
well. Pullulan is industrially produced by utilization of starchy substrates by yeast like fungus Aureobasidium
pullulans. However, by using of starchy raw material the interaction with food chain is problematic. From that
reason other possible waste materials are searched. For our purposes of pullulane production hydrolysed
lignocellulosic material, glycerol and whole cheese whey were tested. The best results were reached in case
when whole whey was used, CDW 12.1 g/l and pullulane yield was 11.8 g/l. Relatively promising results were
also obtained by cultivation of A. pullulans where 50% glycerol served as carbon source. Among the
lignocellulosic waste, when the wheat brans were used the pulllan concentration reached 11.3 g/l.

Conclusion
It can be conclude that waste materials are very promising as possible replacement of conventional carbon
substrates for biotechnological productions. The waste can be easily transformed to fermentable sugars by
hydrolysis treatment. The hydrolysis process can be ensured by application of chemical, physical, enzymatic
treatment or their combination. Some of the biotechnologically significant microorganisms are able to utilized
waste substrates without pre-treatment thanks to their appropriate enzymatic ability. The problematic of toxic
compounds forming as the side product of hydrolysis can be effectively eliminated by application of posthydrolysis detoxification methods, in particular activated carbon. As the best producer of PHA can be consider
Cupriavidus necator, when the oil from spent coffee grounds has been used as carbon source. In comparison to
individual lignocellulosic wastes, the highest PHA yield was achieved by utilization of SCG by Bulkholderia

4rd International Conference on Chemical Technology | ICCT 2016

[486]

cepacia. Furthermore, waste materials are promising substrates for pullulane production where the best
results were obtained when whole cheese whey was used for production.
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Abstract
Polyhydroxyalkanoates (PHAs) are bacterial polyesters which are considered as biodegradable and
environmentally-friendly alternative to petrochemical plastics. Biotechnological production of PHAs is
complicated by the lack of fast and reliable analytical tool enabling rapid and sensitive determination of PHAs
in bacterial cells during the biotechnological process. The most commonly employed method for quantitative
analysis of PHAs is gas chromatography, nevertheless, labour intensity and time demands of this methods
prevents its application for routine analysis of PHAs during biotechnological process. The aim of this work was
to compare two analytical methods which could be used for determination of intracellular content in timeframe of 20 minutes - Flow cytometry and Raman spectroscopy.

Introduction
PHAs are polyesters of natural origin accumulated as carbon and energy storage materials in a form of
intracellular granules by a wide variety of bacterial strains including Gram-negative and Gram-positive species
(i.e. autotrophic, heterotrophic and phototrophic microorganisms, aerobes and anaerobes) as well as for some
Archae strains. Due to their mechanical properties resembling synthetic polymers and their fully biodegradable
and biocompatible nature, PHAs are considered being ecologically-friendly alternative for petrochemical
plastics.
Biotechnological production of PHAs is complicated by the lack of fast and reliable analytical tool enabling rapid
and sensitive determination of PHAs in bacterial cells during the biotechnological process. The most commonly
employed method for quantitative analysis of PHAs is gas chromatography, nevertheless, labour intensity and
time demands of this methods prevents its application for routine analysis of PHAs during biotechnological
process. Apart from gas chromatography, there are other techniques (such as gravimetric and turbidimetric
analysis, UV spectroscopy, optical fluorescence or electron microscopy etc.) which can be used for
determination of PHAs in bacterial cells 1, nevertheless most of them are time consuming and/or do not
provide sufficient reliability or sensitivity to be used in PHAs production process control.
The surface analysis technique of Raman spectroscopy is slowly becoming a well-recognized analytical
technique because of the identification of its competitive position amongst other techniques. Raman
spectroscopy has an extremely competitive position if in-situ, fast analysis is required, for instance, at process
bioproduction line. The sample does not have to be prepared for analysis using solvents, the technique is label
free and with minimal interference from water.
Flow cytometry is another feasible method to measure PHB content in cells by measuring the change in the
cellular light scattering properties caused by the formation of PHB granules. A more sensitive method utilizing
of staining the cellular PHB with Nile red. These optical methods allow for almost real-time online
measurement of PHB for bioreactor monitoring, control and optimization. Furthermore, ﬂow cytometric
methods provide information on the single cell distribution of PHB content, which cannot be obtained in
conventional physiological studies. However background staining of intracellular lipids reduces the sensitivity of
the method 2.

Materials and methods
Microorganisms and their cultivation

Cupriavidus necator H16 (CCM 3726) was obtained from the Czech Collection of Microorganisms, Brno, Czech
Republic.
To obtain cells with various intracellular content of PHB, culture of C. necator H16 was cultivated in Erlenmeyer
flasks (volume 250 mL) containing 100 mL of Mineral Salt (MS) medium described elsewhere 3 containing
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various concentrations of fructose (5-20 g/l) as a sole carbon source and (NH4)2SO4 (1-5 g/l) as a sole nitrogen
source. The flasks were inoculated by 5 mL of the overnight culture of a cells grown in Nutrient Broth medium
(NB medium, 10 g peptone, 10 g beef extract, 5 g NaCl in 1 L of distilled water). The samples were taken at
various cultivation times, the cells were harvested (centrifugation, 8000×g, 5 min) and PHB content was
analysed by gas chromatography, Raman Spectroctroscopy and Flow cytometry.
Before PHB analysis by gas chromatography, the cells washed with 5% (vol/vol) Triton X (10 ml) and distilled
water, respectively and dried overnight at 105°C. After that the PHB content of dried cells was analysed by gas
chromatography (Trace GC Ultra, Thermo Scientific, USA) as reported by Brandl et al. 4. Commercially available
PHB (Sigma Aldrich, Germany) was used as a standard; benzoic acid (LachNer, Czech Republic) was used as an
internal standard.

Flow cytometry
Bacterial suspension was diluted by PBS to concentration 106 cells in 1 ml. The cells were washed with PBS,
fixed by 20% ethanol 10 minutes in 4 °C and resuspended in PBS. 5 μm of solution of Nile Red (Sigma Aldrich,
Germany, 1mg/ml DMSO) was added. Flow cytometer Apogee A50 (Apogee Flow Systems Ltd., UK) with a laser
with a wavelength of 488 nm was utilized to measure the single cell ﬂuorescence intensity after staining. Nile
red ﬂuorescence was measured using a 590 ± 35 nm band pass ﬁlter. Mean fluorescence intensity, small-angle
scattering (SALS) and large-angle scattering (LALS) were used for calibration curves.

Raman spectroscopy
To prepare samples for Raman analysis, aliquots of washed cells were dried on CaF glass at room temperature.
Dried cells were analysed using a Renishaw Invia system (Renishaw inVia Raman Spectrometer, Renishaw plc.,
Wotton-under-Edge, UK), with 785 nm single-mode diode laser as the excitation source. A laser beam was
focused onto a sample by the microscope objective (Leica, Wetzlar, Germany, 50×, NA (Numerical aperture)
0.5) with the laser spot diameter of approximately 2 μm × 10 μm (note that such laser spot shape is
characteristic for the Renishaw inVia instrument), with full axial depth of the excitation region at 8 µm. The
laser was focused onto a surface of the sample. Overview spectra were acquired in the range of 700–1800
cm−1. Each spectrum used for calibration was measured for 15 s from different parts of a dried sample in a total
of 3 measurements for one sample and averaged.
Bacterial samples were first transferred from the culture media, centrifuged and washed. Then, small drop of
sample was placed on CaF microscopic slide and dried at room temperature.

Raman data processing
The Raman spectra were treated with the Savitzky-Golay coupled advanced rolling filter background removal
routine (see 5), normalized to Amide I (1656 cm-1) and DNA (878 cm-1) and subsequently emission line
intensities of interest were estimated for construction of calibration curves using the program written in-house
using MatLab software (MathWorks, Natick, MA, USA). As already mentioned, obtained spectra were
normalized to the peak assigned to the DNA and Amide I. Both Raman features are present in all of the tested
microorganisms and were used for internal standardization following numerous tests to use this peak intensity.

Results and discussion
Calibration of PHB concentration by Flow cytometry
The measured ﬂuorescence intensity, LALS and SALS was compared with the cellular PHB content obtained
from gas chromatography, and a linear regression was performed to quantify the relationship (Fig.1).
Approached linearity of dependence PHB content on mean LALS and SALS is lower than on FL3 channel. The
method not seems to be sufficiently accurate and has considerable drawbacks in the range of values between 0
and 30% PHB. Possibility to increase the accuracy of quantification PHAs by flow cytometry could be achieved
by using another fluorophores such as BODIPY 439/503. Use of Nile Red for this purpose is insufficient. On the
contrary, Flow cytometry providing analysis of bacterial cells at single-cell-level can be used to study
distribution of PHA among bacterial population under investigation.
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Figure 1. Calibration plot for PHB in C. necator over a PHB concentration. Approached linearity of dependence
PHB content on large and small angle light scattering is lower than on FL3 channel. Coefficient of determination
reached 0.96.
Raman micro-spectroscopic experiments with PHB producing bacteria were carried out using Renishaw Invia
system. Fig. 2 shows a typical Raman spectrum, here for Cupriavidus necator H16 cultured directly on a Petri
dish. It should be pointed out that for the sake of simplicity the samples can be analysed directly on the Petri
dishes on which the bacteria were cultivated.
The whole cell Raman spectrum revealed some characteristic emission lines which can be attributed to
common cell components such as DNA (786 cm-1), phenylalanine (1005 cm-1) or proteins and lipids (so called
Amide I at 1662 cm-1). PHB provides several Raman peaks (837, 1455, 1736 cm-1) which can be theoretically
used for PHB identification and further analysis. Among them, the emission lines at 1736 cm-1 can be
considered being the most useful because no other biomolecule, present in bacterial cells, interferes at this
emission line.

Figure 2. (a) Raman spectra of Cupriavidus necator H16 cultivated on Petri dish. (b) list of selected emission
lines. Note that peaks 1, 5 and 6 were used for calibration of PHB in the bacteria sample - No.: 6 for PHB, No.: 5
internal standard (Amide I), and No.: 1 internal standard (DNA).
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For the calibration, reference samples of various PHB contents were prepared and the exact amounts of PHB in
these samples were determined using an established method of gas chromatography (GC). The reference
samples with PHB concentrations in the range from 12 to 90 % (w/w) were used. Since it can be expected that
intracellular concentration of proteins and nucleic acid is more or less constant in the samples, lines at
787 cm-1 (DNA) and at 1662 cm-1 (Amide I) were proposed as internal standards for reliable calibration
procedure. Consequently, the average PHB/DNA and PHB/Amide ratio value for each sample was plotted vs. its
reference value. The resulting calibration curves are shown in Fig. 3.

Figure 3. Calibration plot for PHB in C. necator over a PHB concentration range 12-90 % (by mass). For upper
calibration curve (squares) emission line at 787 cm-1 (DNA) was used as an internal standard. The bottom
calibration curve was constructed using line at 1662 cm-1 (Amide I) as an internal standard. Error bars do not
exceed the size of the symbols. Coefficient of determination reached 0.99.
In summary, we have shown that it is possible to perform fast quantitative Raman spectroscopy analysis to
monitor PHB concentrations in Cupriavidus necator H16. The data from bacterial samples fitted well the
straight line of calibration curve with coefficient of determination of 0.99. Raman spectroscopy excels in the
speed of the identification/quantification process over the most commonly used existing routine chemical
techniques such as Gas Chromatography.
Entire procedure of sample preparation and analysis for Raman spectroscopy and Flow cytometry takes about
17 minutes. Determination of PHA by GC takes more than 8 hours.

Conclusion
In general, both techniques can be used for fast determination of intracellular PHA content, nevertheless,
Raman spectroscopy seems to be more suitable and reliable technique for purpose of PHA production process
monitoring. Based on our experience, its performance can be compared to GC-FID. On the contrary, Flow
cytometry providing analysis of bacterial cells at single-cell-level can be used to study distribution of PHA
among bacterial population under investigation.
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Abstract
Remediation of contaminated soils with highly chlorinated aromatic compounds has been challenging. These
contaminants are very persistent, toxic for living organisms, and have a low bioavailability. Physicochemical
treatments for their removal are costly, energy demanding and not environmental friendly. Therefore, cheaper
alternatives are sought; with bioremediation being a promising option.
The aim of this project was to monitor the diversity of bacterial communities in soil from the surroundings of a
wood impregnation facility contaminated by chlorophenols, dioxins, and furans. The soil was remediated using
a combination of different strategies, including different energy milling, addition of activated sludge, and
anaerobic conditions in bioreactors for several months. Soil samples were collected at each step of the
bioremediation process and metagenomic DNA was isolated from all samples including the original
contaminated soil samples. Bacterial diversity was analyzed through pyrosequencing of 16S rRNA gene
amplicons. Furthermore, functional genes potentially responsible for the dehalogenation of chlorophenols
were monitored through qPCR in all samples.
The results provide information on the dynamics of the bacterial communities over time and under different
treatments. Such information may be useful for further bioremediation projects and for understanding the
major drivers of bacterial community structure.

Introduction
Pentachlorophenol (PCP) is an aromatic hydrocarbon of the chlorophenol family. PCP was first introduced as a
wood preservative in the 1930s. Since its introduction PCP had other applications such as biocide, pesticide,
disinfectant, defoliant, anti-sapstain agent, anti-microbial agent, etc. During its production some
phenoxyphenols are formed; these compounds react further to form polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs); all of which are known as persistent organic pollutants (POPs) 1 with adverse effects
on human health 2,3.
In consequence, the elimination of these compounds is currently considered a priority worldwide. The most
common treatments to remove these compounds is through physico-chemical methods 4 However, these
techniques are very costly and highly energy demanding; therefore, cheaper and more environmentally friendly
alternatives are pursued. Biological alternatives are gaining attention as remediation alternatives because of
their low cost and low environmental impact 2, 5. In the environment, microbial consortia have also shown the
capacity to degrade POPs, which were thought to be inert, including CPs and PCDD/Fs.
Under anaerobic conditions, PCDD/Fs and PCP can undergo reductive dechlorination when suitable electrondonating substrates are available 6-8. Under aerobic conditions, lower chlorinated CDD/Fs can be partially
degraded through cometabolism. Only monochlorinated dioxins and furans have been reported to serve as
growth substrates 7.
The aim of this project is to study the dynamics of bacterial populations during bioremediation of soil
contaminated during wood preservation by PCDD/Fs and PCP. The results will provide important information
regarding how the bacterial community is structured, and how it changes over time and under different
bioremediation stages. Results will also contribute to the knowledge on which bacteria and under which
conditions they have the capacity to transform and assimilate these compounds. Such information may be
useful for further bioremediation projects.

Material and methods
Soil
The contaminated soil comes from the surroundings of a sawmill in Sweden; the contamination was introduced
during wood impregnation with PCP, whose commercial mixtures also contained PCDD/Fs as impurities. Two
contaminated soil piles (1 and 2) were collected separately from two different locations and brought to the
Czech Republic for further bioremediation.
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Pre-treatment
The first step in the bioremediation strategy was to filter the soil trough a 4mm pore sieve and discard bigger
size particles. In the next step, soil piles were dived into two: sample 1 into 1.1, 1.2 and sample 2 into 2.1, 2.2.
Soil 1.1 and 2.1 were treated under high speed grinding on a rotor LKPV, while soil 1.2 and 2.2 were not.
Furthermore, all soils were mixed separately with activated sludge from a waste water treatment plant and
with potato pulp to increase the concentration of ammonium nitrogen, phosphorus and humidity. Finally, 4
types of soil were obtained: two from pile 1 (1.1 grinded and 1.2) and two from pile 2 (2.1 grinded and 2.2).
Some 65 kg of the mix containing 70% of contaminated soil were fed into reactors for anaerobic treatment.
Soil samples were collected from the original contaminated soil piles, after pretreatment and after 120, 230,
300, and 430 days of anaerobic treatment.
Pilot bioreactor
Anaerobic soil treatment was performed in a pilot bioreactor. The pilot scale bioreactor was made of high
density polyethylene (HDPE) drum with a removable sealed hat and a volume capacity of 120 L. A perforated
polyamide pneumatic hose was installed on the bottom of the drum and covered with a coarse gravel air
distribution layer.
In order to prevent penetration of fine particles of treated soil, the gravel bed was covered with geotextile. Air
injection and distribution system was also installed to be used during subsequent aerobic bioremediation
stage. The first stage of the bioremediation strategy consisted of 430 days of anaerobic treatment. The
experimental reactor was equipped with soil, an air sampling pressure hose and a temperature sensor. Soil air
was sucked through an interval screened hose (0.3 m; holes diameter 0.5 mm) to the gas analyzer measuring
concentrations of O2 and CO2 (ASEKO Gas Analyzer). The wire temperature sensor cable was connected to the
thermometer (GMH 3250, GRESINGER electronic). The soil layer in the reactor was covered by geotextile. The
polyamide perforated hose was placed above the soil layer for later soil mistuning. Two extra air tight bushings
were fixed on the reactor wall to be used for pressure equalization during soil air sampling.
All hoses placed in the reactor were routed outside it via airtight bushings mounted on the reactor wall. The
bushings were designed by the manufacturer for the assembly of air pressurized hoses, connections were
airtight. End of glands on the outside of the container can be sealed shut or connected to measuring
instruments, source of air or water.
PCDD/F analysis
The determination of PCDD/Fs concentrations was performed commercially by ALS Group (Czech Republic)
accredited by the CIA according to CSN EN ISO/IEC 17025. The determination of PCDD/Fs was performed by
High Resolution Gas Chromatography/High Resolution Mass Spectrometry (HRGC/HRMS).
DNA extraction and 16S rRNA pyrosequencing.
Soil total community DNA was extracted by FastDNAR SPIN Kit (MPBio, USA) for the above mentioned soil
samples following the standard protocol. Amplification of 16S rRNA genes, pyrosequencing and data analysis
was performed as described previously 9, with the exception that the 1068-1052 reverse primer was used [10].
Quantitative PCR for chlorophenol reductive dehalogenases
To study the presence and dynamics of chlorophenol degrading bacteria, several degenerated primers for
chlorophenol reductive dehalogenases (cprA gene) were designed and optimized. FunGene database was used
[11]
to harvest reliable reference sequences for the cprA gene. A total of 43 sequences including genes from
Dehalobacter, Desulfitobacterium, Dehalococoides and some uncultured bacteria were aligned using MEGA 6
software. Specific degenerate primers were designed and specificity was determined experimentally using as
positive control Dehalobacter restrictus DSM 9455.

Results and discussion
Removal of PCDD/Fs
The removal of PCCD/Fs is an important parameter to monitor the effectiveness of the bioremediation
treatment. Several samples were taken from the contaminated soil and also during the treatment, and were
analyzed to determine the concentration of contaminants present and their toxic equivalent quotient (TEQ). As
shown in Table I, there was a slight removal of total PCCD/Fs in reactor 2.2, while in reactors 1.1 and 2.1 the
concentrations increased. This phenomenon can be explained by an increase in lower chlorinated congeners of
dioxins and furans, and also probably by an increased desorption due to the treatment. The difference
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observed between reactors 1.1 and 1.2, and between 2.1 and 2.2, is probably due to the high speed grinding
applied to soils before feeding the reactors 1.1 and 2.1.
It is expected that after changing the conditions to aerobic, there will be a higher decrease of the concentration
of PCCD/Fs, especially the lower chlorinated ones. It is suggested that separately operated anaerobic
dechlorination and aerobic decomposition could facilitate the metabolic or cometabolic dechlorination of
highly chlorinated DD/Fs 7, 12. It is also suggested that maintaining hypoxic conditions would allow aerobic and
anaerobic degraders to grow and create interactions that permit a rapid degradation of PCDD/Fs 13-15.
Table I
Concentration of PCDD/Fs before and during bioremedation
Total PCCD/Fs [ng/kg d.w.]
Contaminated soil
Reactor
1.1

N/A

1.2

N/A

Time 0

120 days

230 days

300 days

430 days

3.06 x105

4.35 x105

3.65 x105

3.28 x105

3.68 x105

% removal from
T0 to 430 days
-20.34

3.76 x105

4.17 x105

4.13 x105

3.22 x105

3.76 x105

0.01

2.1

9,51 x10

5

8.94 x105

1.51 x105

1.57 x106

1.21 x106

1.41 x106

-58.19

2.2

9,51 x105

1.74 x106

1.51 x105

1.58 x106

1.37 x106

1.62 x106

7.14

The toxicity is closely related with the concentration of PCDD/Fs as described in Table II. The poor degradation
of PCCD/Fs and increased toxicity could also be explained by the increase in lower chlorinated congeners due
to dechlorination of higher chlorinated congeners. Lower chlorinated dioxins tend to be more toxic than the
highly chlorinated.
Table II
Toxic equivalent for each sample according to the total concentration of PCCD/Fs
Toxic equivalent [ng/kg d.w.]
Contaminated
Reactor
Time 0
120 days
230 days
300 days
soil
1.1
N/A
3.83 x103
4.90 x103
4.85 x103
3.90 x103

430 days
5.10 x103

1.2

N/A

4.82 x103

5.10 x103

5.50 x103

4.15 x103

5.00 x103

2.1

7.20 x103

5.99 x103

1.2 x104

1.20 x104

8.90 x103

1.00 x104

2.2

7.20 x103

1.24 x104

1.20x104

1.20 x104

1.10 x104

1.20 x104

Bacterial dynamics
To examine the effects of the treatment on microbial communities in the soils, several samples were collected
during the bioremediation process. The results obtained showed that all 4 bioreactors presented a decrease in
diversity compared to the beginning of the treatment.
Results showed a significant increase in the relative representation of Actinobacteria, from 8% to 24% and 14%
for reactor 1.1 and 1.2, respectively, and from 4% to 13% and 16% for reactor 2.1 and 2.2 after milling and
mixing with sludge. A similar trend was observed with Firmicutes and Chloroflexi, with an increase of 1% in the
contaminated soil to 10% after milling and mixing with sludge in all bioreactors. These changes could have a
positive effect on the degradation of PCP and PCDD/Fs, because bacterial genera such as Desulfitobacterium,
Dehalococcoides, Mycobacterium, Kocuria, Clostridium, Nocardioides and Bacillus clustering with the above
mentioned phyla have been previously associated with the ability to degrade PCP and PCDD/Fs 7,16. In
particular, Dehalococcoides has been widely studied for its capacity to degrade PCCD/Fs 17,18.
In the original soil samples, the main bacterial phyla found were Bacteroidetes which includes Flavobacterium,
a known PCP degrading genus; and Proteobacteria which includes Sphingomonas, Pseudomonas, Alcaligenes
and Burkholderia, members of which are capable of degrading PCDD/Fs 16,19,20. For Proteobacteria, the relative
abundance for pile 1 was 39% and for pile 2 of 47%. However, after the contaminated soil was mixed with the
sludge and the anaerobic treatment started, it dropped to ∼25% for soil pile 1 and 30% for soil pile 2. After the
430 days of anaerobic treatment, Proteobacteria in reactor 1.1 dropped to 8%, while for the reactor 1.2 the
population was stable with ∼13% relative abundance. Reactor 2.1 experienced a decrease to 12% in
Proteobacteria, while in reactor 2.2 it increased to 25%.
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Bacteroidetes had a relative abundance of 40 and 35% in soil pile 1 and 2, respectively. After the pretreatment
it was not affected significantly, however after the 430 days of anaerobic treatment it dropped in all reactors,
especially in 1.2, 2.1 and 2.2. The significant drop of Bacteroidetes and Proteobacteria could be associated with
the successful degradation of the contaminants.
Previously, members of Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes and Chloroflexi, including
Dehalococcoides, were found to be involved in the biotransformation of PCDD/Fs in several types of reactors
treating contaminated materials 13-15, 21.
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Figure 1. Bacterial phyla found in soil samples during anaerobic bioremediation treatment
Comparison of 16S rRNA and cprA gene
Chlorophenol reductive dehalgenase (CprA) enzymes catalyze the reductive dechlorination of chloroaromatics,
encoded by cprA genes. The quantification of these genes is a useful tool to monitor the potential for
dechlorinating chloroaromatic compounds such as PCP, PCCD/Fs and others. The results of the quantification in
this study showed an increased amount of copies of cprA gene in reactor 2.2 after the anaerobic treatment.
This reactor is also the one presenting a higher degradation of PCCD/Fs. Correspondingly, reactor 2.1 had the
lowest amount of cprA gene and also the lowest removal of PCCD/Fs. An interesting finding was the major drop
in the copy number of cprA gene in the sample after 120 days, which is not related to a decreased amount on
16S rRNA genes. This phenomenon could be explained by an establishment of new dominant bacterial
populations which grow under these conditions but do not have cprA gene.
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Table III
Quantification by qPCR of the copy number of 16S rRNA and cprA genes.
Sample

copy# 16S RNA

% of cprA

Sample

copy# 16S RNA

% of cprA

Soil pile 1

9.48 x105

1.78

Soil pile 2

1.58 x106

1.33

1.1 t0

2.19 x106

1.43

2.1 t0

1.26 x106

1.80

1.1 120days

3.95 x106

0.46

2.1 120days

2.55 x106

0.75

1.1 230days

2.34 x106

0.98

2.1 230days

2.57 x106

0.80

1.1 300days

1.52 x106

1.04

2.1 300days

2.55 x106

0.65

1.1 430days

1.76 x106

1.00

2.1 430days

3.56 x106

0.36

1.2 t0

8.01 x105

1.85

2.2 t0

1.15 x106

1.76

1.2 120days

4.15 x106

0.52

2.2 120days

2.59 x106

0.71

1.2 230days

2.50 x106

1.08

2.2 230days

2.11 x106

0.87

1.2 300days

3.12 x106

0.71

2.2 300days

2.24 x106

0.82

1.2 430days

2.61 x106

1.06

2.2 430days

2.22 x105

3.07

Conclusion
Complete bioremediation of the soils has not been accomplished yet. A possible explanation is that
bioremediation of PCDD/Fs normally requires a process of reductive dehalogenation and oxidative degradation,
facilitated by specific anaerobic and aerobic microbial populations, respectively. In consequence, aerobic
bioremediation stage is proposed further for these soils.
Bacteria with the capacity of degrading PCP and PCDD/Fs were found in the soil before and after the treatment,
indicating the potential of ongoing biodegradation. Phyla found in the soil samples including Bacteroidetes,
Proteobacteria, Actinobacteria, Firmicutes and Chloroflexi harbor bacterial genera capable of degrading
PCCD/Fs. The conditions of the remediation treatment change the community structure and diversity during
the anaerobic bioremediation treatment, possibly favoring reductive dehalogenation.
The results provide information on the composition of the bacterial community and how it is changing over
time and upon different treatments. Moreover, the quantification of the functional genes is useful to get
deeper insight into the biodegradation potential of the community. The results may be useful for further
bioremediation projects and for understanding major drivers of bacterial community structure. However,
further research is necessary to fully understand the identity-function links during the treatment.
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Abstract
The fungus Monascus purpureus is capable of producing red, orange and yellow pigments. The yellow pigments
consist of monascin and ankaflavin and are currently tested for their probable effect on improvement of
metabolic syndrome parameters. Our research was focused on production of the yellow pigments in
submerged cultivation by two Monascus strains.
We tested six nitrogen sources with initial pH 5.5 in culture media. Results were acquired by
spectrophotometry, TLC and HPLC methods. The highest concentration of monascin and ankaflavin was
obtained by collection strain (109.07) using ammonium sulphate as a nitrogen source. In addition, mycotoxin
citrinin was not detected in ethanol extract from fungal mycelium. Our results show that selective production
of the high amount of yellow pigments is possible under specific culture conditions by selected Monascus
strain.

Introduction
The fungus Monascus purpureus has been used since ancient times for food preparation and fermentation. The
most known Monascus fermented product is called ,,red yeast rice” and it is used as food colourant and
flavouring agent especially in Southeast Asia1. The fungus is capable of producing secondary metabolites such
as red, orange and yellow pigments. The yellow pigments consist of monascin and ankaflavin and probably
possess anti-cancer, anti-obesity, anti-inflammation and anti-diabetes activities2. Unfortunately, the fungus can
also produce mycotoxin citrinin3.
Our research was focused on production of yellow pigments in submerged cultivation by two Monascus strains.
We tested six nitrogen sources (peptone, sodium nitrate, yeast extract, monosodium glutamate, ammonium
sulphate and urea) for pigments production. After cultivation, the mycelium of the fungus was extracted and
extracts were analysed by spectrophotometry and HPLC to determine pigments. In addition, production of
mycotoxin citrinin was also evaluated by HPLC.
As our result, we implemented suitable analytical method for both pigments and mycotoxin determination by
HPLC and we also assessed appropriate nitrogen source for yellow pigments production.
The following figures illustrate skeletal formulas of determinated yellow (monascin, ankaflavin), orange
(monascorubrin, rubropunctatin) pigments and mycotoxin citrinin.

Figure 1. Monascin

Figure 2. Ankaflavin

Figure 3. Monascorubrin

Figure 4. Rubropunctatin
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Figure 5. Citrinin

Experiment
Microorganism
The fungus Monascus purpureus collection strain 109.07 and the Monascus purpureus industrial strain isolated
from red fermented rice were maintained on Sabouraud agar in test tubes and preserved at 7 °C. A sub-culture
was carried out at 30 °C for 14 days monthly.

Culture media
Pre-inoculum culture medium consisted of glucose 20 g, peptone 10 g, yeast extract 3 g, KCl 0.5 g, KH2PO4 4 g,
ZnSO4.7H2O 0.01 g and FeSO4.7H2O 0.01 g in 1 l of distilled water. Inoculum culture medium consisted of
glucose 40 g, one of the investigated nitrogen source (peptone 8.84 g, sodium nitrate 6.44 g, yeast extract 10.6
g, sodium glutamate 14.17 g, ammonium sulphate 5 g or urea 2.27 g), KCl 0.5 g, KH2PO4 4 g, ZnSO4.7H2O 0.01 g,
MgSO4.7H2O 0.5 g and FeSO4.7H2O 0.01 g in 1 l distilled water. The pH of the inoculum media were adjusted to
5.50 by HCl 1M or NaOH 1 M. The amount of each nitrogen source in the culture medium was calculated to
contain concentration of 1.06 g in 1 l of distilled water.

Cultivation
For pre-inoculum cultivation, a suspension of spores was collected by washing test tubes with sterile water and
spores were inoculated into 50 ml pre-inoculum culture media in 250 ml Erlenmeyer flasks. The pre-cultivation
conditions were carried out at 30 °C, 180 rpm for 30 h in a shaker at 100 rpm (New-Brunswick-Scientific).
After pre-cultivation, the 5 ml of pre-inoculum medium was inoculated into the 50 ml of cultivation medium in
250 ml Erlenmeyer flask. The Monascus purpureus collection strain 109.07 was incubated at 30 °C, 180 rpm for
7 days. The Monascus purpureus industrial strain was incubated at 30 °C, 100 rpm for 14 days.

Filtration
To separate fermented medium from fungal mycelium, the culture media were filtrated through Whatman
paper No.1 after cultivation.

Extraction
To obtain intracellular pigments, the fungal mycelium was extracted in 20 ml of acidic-aqueous ethanol (70 %,
v/v, in aqueous HCl, pH2) for 1 hour in a shaker at 100 rpm.

Analysis methods
Spectrophotometry
To get basic knowledge about presence and amount of pigments, the absorbance spectrum of cultivation
fermented media (extracellular broth) and ethanol extracts of mycelium was measured by a
spectrophotometer (Varian Cary 50 UV/Vis) from wavelength of 350 nm to 550 nm at 1nm interval.
Thin Layer Chromatography (TLC)
To acquire visual separation of pigments, the TLC was performed with mobile phase on Silica gel 60 Polygram
TLC plates (Macherey-Nagel). The mobile phase consists of hexan:aceton (1:1).

High Pressure Liquid Chromatography (HPLC)
For determination of pigments, the HPLC system Agilent 1100 series with photodiode detector at wavelength
of 390 nm for yellow and 470 nm for orange was used. For citrinin determination, the Waters Alliance 2695
with fluorescence detector at wavelength of emission 331 nm and excitation 500 nm was used. The mobile
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phase consists of demi H2O:acetonitrile (36:64) + 0.05 % H3PO4. The column Watrex SN7632, 250x4 mm,
Reprosil 100 C18 5 µm was used for both pigments separation and citrinin detection. The flow rate was 1ml min-1.

Discussion and result analysis
As our key result, we show (Table I, Table II) produced amounts of particular yellow and orange pigments and
mycotoxin citrinin corresponding to the used nitrogen source and detected by HPLC. The authors4,5
demonstrated that selective nitrogen sources largely influence the composition of Monascus pigments; that
effect can be seen also from our results.
In one single isocratic chromatograph analysis lasting 15 min., we determined both main yellow and orange
pigments. For citrinin detection, we applied more sensitive fluorescence detector using the same mobile phase
and column. The author6 exhibited that Monascus pigments and citrinin can be purified and analysed by HPLC,
which was successfully applied also in our experiment.
The yellow and orange pigments were not detected in filtrate (fermented medium) of both tested fungal
strains, however the mycotoxin citrinin was found both in filtrate fermented by collection strain (109.07) and
by industrial isolate.
Generally, citrinin is present in a trace concentrations (0.1 - 500 mg l-1) compared with the Monascus pigments
(10 - 100 g l-1)7, which is in accordance with our results.
Regarding to ethanol extracts results obtained from collection strain (109.07) cultivation, the highest yield of
both yellow and orange pigments occurred when ammonium sulphate as a nitrogen source was used. While no
pigment production was found when sodium glutamate was used as a nitrogen source in cultivation media.
Citrinin was not detected in any of the extract.
Relating to ethanol extracts results obtained from industrial isolate cultivation, the highest both pigment
production rate was gain when sodium nitrate was used as a nitrogen source. Citrinin was found in all extracts,
but at the lowest level when ammonium sulphate was used.
Table I
Determination of pigments and citrinin produced by M. purpureus - collection 109.07
Monascus purpureus - collection
extract
filtrate
source of nitrogen (1.06 g l¯¹)
yellow pigments
orange pigments
mycotoxin mycotoxin
monascin
ankaflavin
rubropunctatin monascorubrin citrinin
citrinin
peptone
243.93 ± 78.31
1217,63 ± 174,30
/
/
/
1.31 ± 0.88
sodium nitrate
1843.32 ± 257.90 10222.72 ± 1308.66
/
/
/
1.73 ± 0.51
yeast extract
83.92 ± 14.01
485.53 ± 61.67
/
/
/
6.40 ± 2.93
sodium glutamate
/
/
/
/
/
1.34 ± 0.09
ammonium sulphate
5841.68 ± 22.47
17374.78 ± 10.72 31.22 ± 1.36 142.74 ± 11.24
/
1.39
urea
164.65 ± 42.54
657.16 ± 109.94
/
/
/
0.83 ± 1.93

Table II
Determination of pigments and citrinin produced by M. purpureus - industrial isolate
Monascus purpureus - isolate
extract
source of nitrogen (1.06 g l¯¹)
yellow pigments
orange pigments
mycotoxin
monascin
ankaflavin
rubropunctatin monascorubrin
citrinin
peptone
2107.27 ± 193.12 5409.10 ± 227.94 251.57 ± 15.02 336.65 ± 24.86
6.92 ± 3.82
sodium nitrate
2623.32 ± 10.63 10712.13 ± 390.18 640.23 ± 33.61 1025.47 ± 222.15 9.00 ± 2.00
yeast extract
961.56 ± 25.86
2136.11 ± 44.24 104.36 ± 9.07
147.38 ± 0.78
29.08 ± 4.51
sodium glutamate
1151.55 ± 348.78 5517.71 ± 2192.27
21.29
83.07
57.05 ± 17.45
ammonium sulphate
1724.64 ± 42.54
3388.45 ± 891.65 354.02 ± 82.35 482.12 ± 90.92
1.95 ± 0.04
urea
1276.99 ± 171.61 5788.56 ± 947.97 31.45 ± 9.95
94.31 ± 8.46
3.44 ± 3.35

4rd International Conference on Chemical Technology | ICCT 2016

[501]

filtrate
mycotoxin
citrinin
41.64 ± 17.05
9.85 ± 4.21
45.83 ± 4.54
97.92 ± 11.47
3.38 ± 0.44
47.41 ± 19.06

ankaflavin

monascin

Figure 6. Detection of yellow pigments at 390 nm

rubropunctatin

monascorubrin

Figure 7. Detection of orange pigments at 470 nm

citrinin

Figure 8. Detection of citrinin

Conclusion
We implemented suitable analytical method for Monascus pigments and citrinin determination by HPLC.
Source of nitrogen does influence amount of produced pigments and citrinin. Both tested strains release
citrinin into the media. For the collection strain, the most appropriate nitrogen source was ammonium
sulphate as the highest production rate of pigments was recorded and citrinin was not detected in ethanol
extract. For the industrial strain, the most suitable nitrogen source was sodium nitrate as the highest amount
of pigments (both) was produced, while citrinin was found at the lowest level with ammonium sulphate.
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Introduction
It is characteristic for some species of algae that they contain lipids. Moreover, their structure contains
unsaturated fatty acids. That is of particular importance mainly due to the presence of nutritionally valuable
omega-3 fatty acids, which strongly supports the health condition of a person when consumed. An exceptional
position belongs to eicosapentaenoic acid (EPA), so called 20:5n3 in physiological literature. EPA is an omega-3
fatty acid and it is sometimes called the timnodonic acid1. Its molecule contains 20 carbons with 5-cis-alkene
bonds. The first double bond is located at the third carbon from the omega end. It is therefore polyunsaturated
fatty acid (PUFA) and is a precursor for prostaglandin E3 and/or tromboxane synthesis with significant health
support effects2. Another important place in human metabolism is occupied by alpha-linolenic acid (ALA),
which is also an essential fatty acid. A human body converts this acid to eicosapentaneoic acid (EPA). This
process significantly reduces diabetes and some types of patient's allergies2.

Objective
The success of the biotechnological production of omega-3 fatty acids depends on appropriate types of
microalgae, finding optimal conditions for their cultivation and last but not least developing a suitable
technological procedure for isolating unsaturated fatty acids from them. The last mentioned aspect was the
subject of current Research Centre BIORAF focusing on chemical-engineering issues of the feasibility and design
of appropriate equipment for the separation of these valuable ingredients from selected microalgae. This work
follows from previous study3 aimed to extraction of fatty acids from Chlorella vulgaris.

Method
The initial step of microalgae processing was its separation from an aqueous solution of nutrients by
flocculation. The following step was the batch extraction of lyophilized microalgae biomass using nhexane/ethanol mixture (ratio 2/3) at the temperature of 23°C. The stirred batch extractor operated at an
absence of light under an inert atmosphere for the period of 18 h. Individual phases (liquid organic extract and
solid biomass) were separated from the obtained suspension by intensive centrifugation. The extraction was
repeated twice, using a fresh extraction solvent mixture so that the process corresponded to the three-stage
batch dispersed system extraction4. The main goal of the research was to define the number of extraction
stages necessary for a highly effective extraction of lipids from algae Trachydiscus minutus.

Experimental results
The obtained extracts were transformed applying saponification to fatty acids methyl esters; and, based on
accredited ISO 17025 method, they were analysed using gas chromatography. The presence of fatty acids in the
range of C4 through C24 string lengths was examined. The results provide a detailed picture of the
representation of individual fatty acids and the content of these substances in processed biomass. Figure I
summarizes concentrations of main selected fatty acids (in g/l). Data confirm the expected stepwise decrease
of all fatty acids concentration in the extracts from subsequent extraction batches. Based on linear regression
of these results (see Figure 2), a very good linearity between the fatty acids concentration and the batch
number of the extraction process was confirmed in all cases. The intersection of the regression line with the
horizontal coordinate enabled to define the number of extraction batches necessary for the isolation of all
lipids from algae. The figures occur between 4 and 5; therefore, 5 extraction batches are recommendable for
the quantitative isolation of lipids from the Trachydiscus algae.
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Figure 1. The concentration of fatty acids in extracts (g/l); batches E1, E2 and E3.

Figure 2. Linear regression of C20:5n3 acid concentration versus batches E1, E2, E3.
Table I expresses the profile of selected fatty acids largely represented in prepared extracts. Proportions of
selected fatty acids in individual batches are almost uniform. It is evident high proportion of polyunsaturated
EPA in comparison with other fatty acids due to gentle extraction treatment.
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Table I
Profile of selected fatty acids in individual extracts - accuracy of GC-FID analysis (rel. %)
Fatty acid
Extract 1
Extract 2

Extract 3

C14:0

myristic

9.41

9.79

10.24

C16:0

palmitic

8.08

8.08

7.82

C16:1

palmitoleic

5.41

5.55

5.53

C18:1n9c

oleic

3.80

3.92

3.83

C18:2n6c

linoleic

8.06

8.08

8.30

C18:3n3

α-linolenic

2.87

2.87

2.96

C20:4n6

arachidonic

8.32

8.25

8.85

C20:5n3

eicosapentaenoic

35.73

35.40

36.71

C22:00

docosanoic

1.61

1.59

0.88

Conclusion
It was found that the concentrations of all components in the extracts linearly fall with a number of extraction
stages, as documented by the above figures. The overview of the results concerning selected analyses carried
out is summarized in Table I. They indicate that algae Trachydiscus is rich in omega-3 eicosapentaenoic acid
(EPA-C20:5n3), unsaturated fatty arachidonic acid (AA-C20:4n6), unsaturated fatty linoleic acid (LA-C18:2n6)
and the following saturated acids - myristic acid (MA-C14:0) and palmitic acid (PA-C16:0). There is a group of
acids also detected during the extraction, which is important to be mentioned here even though the figures
representing them are considerably lower. These acids are: palmitooleic acid (C16:1), oleic acid (OA-C18:1n9),
alpha-linolenic acid (ALA-C18:3n3) and docosanoic/behenic acid (C22:00). The extent of other fatty acids in the
extracts was negligible, or they were not present at all.
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Introduction
In the framework of the project BIORAF, supported by Technology Agency CR (project no. TE01020080),
plantations for experimental production of Miscanthus × giganteus and Miscanthus sinensis have been founded
by the project partner AGRA Co. Tall stems of this plant contain a broad spectrum of various substances
(waxes, lipids, carotenoids, etc.) being potentially exploitable in cosmetics. Extraction processing of crushed dry
stems using non-polar solvent is a promising way for separation of these substances into an extract, whereas
the waste raffinate containing waste biomass has, after being pressed into the form of pellets, the potential for
energetic utilization as “green fuel”.

Method
Large production plantations of bio-energetic plants Miscanthus sinensis and Miscanthus × giganteus were
established and harvested (see Figure 1). Subsequently, the dried stems were crushed (see Figure 2). One part
of it was used for extraction experiments described in this text and the other for pelleting and incineration
tests.
The aim of extraction experiments was to isolate non-polar components from the stems; therefore, hexane as a
solvent was used. Both the Soxhlet extractor with a stationary layer of crushed raw material operating at
solvent boiling point temperature (69 °C) and the batch extractor with dispersed solid phase operated at room
temperature were used for extraction tests.
Application of carbon dioxide under supercritical conditions (temperature 70 °C, pressure 16 MPa) as a solvent
for extraction was also tested. Nevertheless, efficiency of this method was very low and moreover, this method
required very expensive high pressure equipment. Regarding this, it was stated that this procedure has no
technological perspective and is not recommendable for practical usage.

Soxhlet extraction
When using a Soxhlet extractor for the extraction, 20 g of the sample was placed into a paper thimble and
approximately 600 ml (i.e. 400 g) of hexane into a boiling flask. The weight ratio of the raw material/solvent
1/20 was always applied. The extraction took place at the boiling point of the solvent (69 °C). The condensation
solvent ran down through the layer of the extracted material back into the boiling flask afterwards. The sample
was extracted for 2 h. Subsequently, a further experiment was conducted. In this case one batch of solvent per
three freshly filled paper thimble was used. The weight ration applied in this case was the sample/solvent 1/6.7
(3 x 20 g to 400 g of hexane). The extraction of each of these thimbles lasted for 1 h. By using the Soxhlet
extractor, the obtained extracts possessed a clear yellowish colour.

Single batch extraction
Batch extraction in stirred extractor was made under inert atmosphere, absence of light and at the ambient
temperature in a sealed glass flask. The mixture was stirred for 6 h maintaining the weight ratio of the raw
material/solvent 1/20 (corresponding to the preceding case). The solid part was filtered by Büchner funnel
afterwards. This process resulted in a slightly turbid, yellowish extract.

Supercritical extraction
Applying liquid carbon dioxide for supercritical extraction utilizes its non-polar characteristics and considerate
experimental conditions. On the other hand, this method of separation is a demanding process requiring high
pressure and expensive equipment. Nevertheless, this method was experimentally tested twice. In this case,
the raw material was crushed and sieved for fraction of 0.125 mm. The sample of 3.6 g (25 ml) was placed into
a press cartridge. Liquid CO2 was flowing through the cartridge for 5 h at the speed of 0.3 ml/min. The extracts
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from both experiments were removed into a vial of 5 ml in which the lipophilic product deposited after the
pressure release. Figure 3 shows the results of both tests in which 7.18 g of Miscanthus × giganteus was
extracted but only a very low amount of extract of 0.0214 g was obtained. The product was dissolved in 4 ml of
cyclohexane and subsequently analysed. It was concluded that from the technological point of view this
method of processing stems of Miscanthus × giganteus is by no means applicable.

Figure 1. Laboratory tests of cultivars and flowering Miscanthus × giganteus.

(a)
(b)
Figure 2. Crushed stems of Miscanthus sinensis (a) and Miscanthus × giganteus (b).

Figure 3. Particles of lipophilic product after supercritical extraction of Miscanthus dust proportion.
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Characterization of the products
The extraction solvent was distilled from obtained extracts on a rotary evaporator under reduced pressure. The
conditions were carefully prepared in order to prevent potential oxidation of obtained components and the
working temperature was 40 °C. The obtained yellowish orange waxy solid product (see Figure 4) was analysed.
In general it might be claimed that Miscanthus sinensis provided higher yields and its solid product was of
deeper colour shade within the range of yellow tending to orange in colour.

M. sinensis

M. × giganteus

Figure 4. Samples of solid products after the extraction from the stems of Miscanthus.

Analysis of extracts and solid products
A detailed analysis of selected samples of extracts and solid products were carried out at the Department of
Food Analysis and Nutrition FFBT UCT Prague using the HPLC/MS method. Screening via the LipidView software
and information based on literature1-3 were used for identification of the searched substances.
The chromatograms confirmed the following categories of components contained in the stems of Miscanthus:
- Sterols and their derivatives (3 and 18 derivatives)
- Waxes (esters of fatty acids and alcohols, 15 derivatives)
- Ceramides (4 derivatives)
- 1-Alkyl-2-acylglycerols (2 derivatives)
- Oleamide
- Alkanes and polykosanoles (3 and 7 derivatives)
- Triglycerides (45 derivatives)
It is evident that analysed samples are extremely complex. Their composition is illustrated in the Tables I and II.
The data in Tables I and II indicate the relative signal strength of the chromatograph detector (a.u.) and define
particular components or groups of substances.
The first four columns from the left correspond to the analyses of solid products, whereas the right four
columns represent the analyses of liquid extracts. Based on the analyses, it is evident that the heat treatment
of the extract during the extraction solvent evaporation (hexane solvent) causes the
degradation/transformation of mono- and diacylglycerols, ceramides, stigmasterols, or campesterols. The
amount of extracted components and their groups in the extract and solid products varies in the case of
triacylglycerols.
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Abstract
The negative changes in the physical properties of tablets made of multicomponent mixtures containing
paracetamol, caffeine, and phenylephrine hydrochloride as the active pharmaceutical ingredients are
examined. The work focuses mainly on discovering the possible cause of the prolonged disintegration of tablets
that increases with the time elapsed since their compression. The properties of the mixture components that
could be responsible for affecting the tablet disintegration were investigated. The physical and chemical
properties of the individual mixture components, their eutectic phases, crystalline and amorphous forms and
stability were studied. The main object of investigation was stearic acid, a substance with a very low melting
point and interesting crystalline variability. It was shown, that the unstable disintegrating properties of tablets
were caused by the interactions between Stearic acid 50 and Collidone 25. The interactions between these two
substances occur both during compaction and during prolonged storage of mixtures forming a glass phase.
Several solutions were proposed to avoid the problem of the unstable disintegration of tablets.

Introduction
The pharmaceutical composition and the physical properties of the solid dosage forms are crucial for the
pharmacokinetics as well as for the stability of the active ingredient used. In multi-component formulations,
the possible interaction between the components may cause negative changes in structure that can affect the
final pharmaceutical product quality and stability. The present study involves a typical mixture of three active
ingredients, paracetamol, caffeine, and phenylephrine hydrochloride, widely used for suppressing the
symptoms associated with cold and influenza. The formulation was developed during the laboratory
formulation tests and it uses well established pharmaceutical excipients. Povidone 25 was used as a first choice
granulation binder for high shear granulation process. As a lubricant, the magnesium stearate is the most used
excipient. However it makes the tablet physical properties sensitive to mixing time of the blend. Therefore, the
stearic acid was tested in the composition, because it is independent on the mixing parameters and is also
widely used in pharmaceutical industry. However, the formulation comprising the stearic acid showed unusual
behavior after compression into tablets, exhibiting the time-dependent tablet disintegration. The aim of this
study was to identify possible cause of this phenomenon and to propose solution that will lead to complying
quality of the product.

Experimental
The granules obtained using different manufacturing settings and final humidity, but with the same
composition, were used for the tablet compression. The composition of the mixture ready for compression is
described it the Table I. The active ingredients were mixed together with part of the excipients (silicified MCC,
maize starch, pregelatinized maize starch, Povidone K-25, Sodium lauryl sulphate) and granulated using purified
water. The endpoint of the granulation process was determined by the power output of the mixer. The wet
granules were dried in a fluid bed dryer, sieved and homogenized together with the rest of the excipients. The
differences in the granule manufacturing process are described in the Table II.
The granules were used as such or mixed with stearic acid or magnesium stearate lubricants in further tests. A
hydraulic press was used for manual tablet compression using a 10mm die. The compression was carried out at
14 kN compression force unless specified otherwise. The tablet disintegration time measured using the USP
method was used as the key property identifying the disintegrating behaviour.

4rd International Conference on Chemical Technology | ICCT 2016

[511]

The DSC measurements were carried out using a DSC ,,heat flux” calorimeter 404C Pegasus (NETZSCH). The
measurements were carried out under Ar atmosphere at 50 cm3.min-1. The sample was heated at 10 K.min-1 in
range 30 °C to 100 °C or 150 °C. Some samples were cooled back to 30 °C and additional measurement pass
was carried out.
Table I
Composition of the tablet formulation
Substance
Paracetamol
Caffeine
Phenylephrine hydrochloride
Povidone K - 25
Sodium lauryl sulphate
Microcrystalline cellulose PH 101
Maize starch
Maize starch pregelatinized
Sillicified microcrystalline cellulose
Stearic acid 50
Talc

Amount [%]
76.9
3.8
0.8
1.2
0.1
3.1
4.2
4.2
2.6
0.5
2.6

Function
Active ingredient
Active ingredient
Active ingredient
Binder
Surfactant
Filler
Binder, disintegrant
Binder, disintegrant
Disintegrant
Lubricant
Lubricant

Table II
Conditions of the granule production and their final humidity
Granulation
Drying
Exp. no.
Amount of water
Output
Loss on drying
[kg]
[kW]
[%]
pilot
24
13
2.29
LH
24
13
1.30
HH
24
10
4.01

Results and Discussion
The disintegration times for tablets compressed at 14 kN in 10mm die using the mixture of pilot batch mixed
with stearic acid were measured for a series of tablets, varying the time elapsed between the compression and
the start of the disintegration experiment. The profile of disintegration time change during the tablet aging was
therefore obtained. The Figure 1 shows the disintegration times increased significantly with the tablet age from
very short times to times as long as 20 min. It was also observed, that by additional drying of the mixture, the
initial disintegration time increased, but the disintegration time growth rate decreased. Both the initial
disintegration time and the rate of its increase over time were reduced significantly for tablets compressed by
lower compression force (12 kN).
The initial screening revealed the process of increasing the disintegration time (further addressed as
“hardening”) is related to final humidity of the sample as well as the compression force used on the sample.
Unfortunately, the pilot batch was unavailable for the further tests, so that another two batches of granulates
had to be prepared, resulting in low humidity (LH) and high humidity (HH) granulates (see Table II for details). E
granulates were mixed with lubricants as necessary for the tests or used as such. In the following text, the term
mixture is related to a mixture of granulate and a lubricant specified.
The effect on stearic acid lubricant on the tablet behaviour is illustrated in Fig. 2. While the tablets compressed
using the LH or HH granulates without any additives, exhibited short disintegrating times and no hardening, the
mixtures of the said granulates with stearic acid exhibited significant hardening. The hardening was much
faster for the batch LH, where the disintegration time increased several times. The HH batch showed much less
hardening and also the initial disintegration was faster. However, the humidity was observed as being only a
kinetic factor of the tablet hardening.
The equilibrium of the hardening process was examined by measuring following samples:
− Tablets exposed at 60 °C for 18 hours
− Tablets exposed at 60 °C and 80 % r.h. for 18 hours
− Tablets exposed at 60 °C for 2 hours and then rehydrated at 60°C and 80 % r.h. for 15 hours
− Non-exposed tablets
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Figure 3 shows the results of the comparison of the hardening study of the two batches. The results show the
hardening is not ultimately affected by the mixture humidity. The tablets of both batches LH and HH show the
hardening behaviour in the same extent. The humidity has an effect on the rate of hardening though, the
hardening process being slower at higher humidity of the sample.
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Avaerage tablet disintegration time, min
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Figure 1. Tablet disintegration time for untreated mixture ■ , dried mixture ▲ , dried mixture compressed at
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150

200

Figure 2. Disintegration profile of the mixture ready for compression and granules for LH batch on the left,
disintegration profile of the mixture ready for compression and granules for HH batch on the right

Figure 3. Tablet disintegration time (on the left for HH batch on the right for LH batch) for non-exposed tablets
, tablets exposed at 60 °C for 18 hours , tablets exposed at 60 °C and 80 % r.h. for 18 hours , Tablets
exposed at 60 °C for 2 hours and then rehydrated at 60°C and 80 % r.h. for 15 hours
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LH Mixture
HH Mixture

LH Mixture
second pass

HH Mixture
second pass

LH Mixture

LH Mixture
second pass

LH Tablet

LH Tablet
second pass

Figure 4. DSC plots for LH and HH batches (top) and the comparison of DSC plots for mixture and corresponding
tablet (bottom)
The parametric sensitivity study revealed the effects of the compression and humidity parameters on the
process of tablet hardening. The underlying cause was identified by analyzing the detailed composition and the
properties of the individual compounds and their crystalline forms. All components of the mixture have melting
points above 100 °C, except the stearic acid. It was found that stearic acid can interact with polyvinyl
pyrrolidone at certain ratios1. The stearic acid re-recrystallizing is limited or prevented by this interaction,
depending on the exact ratio of the two compounds.
The Fig. 4 shows DSC records of the tablet mixtures and compressed tablets. Both the mixtures based on LH or
HH granulates and stearic acid show onset at 55.1 °C corresponding to melting the stearic acid. After cooling
and repeating the heating cycle, no endotherm is observed. It corresponds to the prevented re-crystallization
of the stearic acid due to the interaction with the polyvinyl pyrrolidone. The second part of the figure also
compares the thermal behavior of the mixture and the compressed tablet. The endotherm is somewhat
reduced for the tablet, compared to the mixture without compression. We believe this is due to the part of the
stearic acid melting during the compression and forming the glass phase with polyvinyl pyrrolidone.
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Figure 5. Disintegration profile of tablets compressed using LH
and HH granulates mixed with magnesium
stearate instead of stearic acid
In order to prove he specific role of stearic acid and polyvinyl pyrrolidone, the mixtures were also prepared,
containing the magnesium stearate as a replacement of the stearic acid in the formulation. Fig. 5 shows there is
no hardening to be observed using the alternative formulation.

Conclusions
The study revealed, the active ingredient combination of paracetamol, caffeine, and phenylephrine
hydrochloride does not exhibit any problematic behavior in terms of tablet hardening. Without stearic acid and
the polyvinyl pyrrolidone combination, the tablets have stable disintegration profiles, independent on the
tablet age or humidity. The result confirms the glass phase of PVP and stearic acid formation occurs even at
slight temperature exposure. This process has significant impact of the tablet disintegration times. The
replacement of stearic acid by magnesium stearate completely removes any problems with the disintegration
stability of the product.
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Abstract
The aim of this work was to investigate the rheological properties and behaviour of a mixture of polymeric
materials and drug in hot-melt extrusion process with single screw extruder. Mixtures of paracetamol with
Kollidon® VA 64, or Soluplus® respectively, were prepared at polymer drug ratios 3:1, 2:1 and 1:1.
Subsequently, each mixture was extruded under different temperature regimes. Flow behaviour of the visually
best extrudates were investigated on the rotational rheometer with plate-plate geometry, the phase
transformation was investigated by XRD and DSC. The strong plasticizing effect of the drug in all mixtures and
their pseudoplastic behaviour were observed. XRD profiles of the mixtures at a ratio 3:1 revealed no evidence
of the crystalline form of paracetamol which suggests forming a molecular solution, where at ratios 2:1 and 1:1
presence of crystalline form of paracetamol proves incomplete dissolution. DSC analysis showed a very low
content of crystalline form of drug in the mixtures of Kollidon® VA 64 at ratios 1:1, 2:1 and in the mixture 1:1
with Soluplus®. Plasticizing effect of the drug and decrease of the Tg have been also observed.

Introduction
Hot Melt Extrusion (HME) is basically used to improve the disintegration rate and bioavailability of ineffectively
water dissolvable medications. It has numerous favorable circumstances, for example, a straightforward
procedure, a persistent operation, a high productivity, on-line observing and so on. Till now HME has risen as a
novel handling innovation in creating atomic scatterings of pharmaceuticals (APIs) into the different polymer
or/and lipid matrices which has aimed this method to show time controlled, changed, expanded, and focused
on medication transport. HME has now given chance to utilization of materials to cover the bitter taste of
dynamic substances 1.
As with most polymer manufacturing processes also during extrusion flow of the polymer melt takes place. The
simplest rheological model is Newton's law for viscosity (1). It defines that the shear stress τ is proportional to
the shear rate Ã , the viscosity η is the constant
Ê Ã
(1)
The definition is based on the idea of a polymer melt between the two plates. The lower plate is stationary and
the upper plate moves due to the shear force F acting in the plane of the plate 2.
Thus, the viscosity is essential flow characteristics of melts. It determines the fluid resistance to flow and is also
a measure of energy dissipation in shear stress 3.
Liquids for which the independence of viscosity on shear stress is valid, therefore stress increases linearly with
shear rate, we referred to as the Newtonian ones.
Many liquids, however, this dependence does not show, generally it is observed both the growth and the
decline of the viscosity with increasing shear rate. The time dependence of the viscosity caused by the change
of the liquid structure is frequent as well. These complex rheological liquids show deviations from Newton's
law, called non-Newtonian behaviour. If the tension increases slower from a certain shear rate than the
corresponding linear dependence, we call them pseudoplastic liquids 3,4.
The viscosity increases with shear for the small number of liquids. Such substances are called as dilatant ones
3,4
. If the viscosity decreases with time at the constant shear rate, liquids are called as thixotropic ones if it
increases as reopecty ones. Special behaviour is characterized for Bingham liquid for which the flow begins
above a certain threshold of shear stress. These substances can behave as the Newtonian ones or with
deviations as plastic ones.
The general shape of dependence of viscosity on shear rate contains 3 areas 3. In the first area viscosity is
constant, independent of the shear rate. This area is called Newtonian one. In the second area, the viscosity
depends on shear rate, the value of the derivative d log η / d log γ ̇ changes. This area is called as transition
one.
In the third area viscosity is also dependent on the shear rate, the derivative d log η / d log ̇ γ is constant,
however, the so called power law is valid:
Ê Ã μ‰ ∙ Ã → Ê
μ‰ ∙ Ã s(2)
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In equation 2 index consistency μ_0 expressing the resistance to the flow of material (high-value shows very
large viscosity) appears. Exponent n is the flow index and express the deviations from Newtonian behaviour (n>
1 dilatant n <1 pseudoplastic, n = 1 Newton) 2,3.
The temperature dependence of the polymer melt appropriately describes the Williams-Landel-Ferry equation:

log Ê‰ 9L=

log Ê‰ 9L‰ =

dt ∙9 s r =
dÎ ¬9 s r =

(3)

where T is the absolute temperature, T0 reference temperature (often represented by Tg) and c1, c2 constants
of the viscoelastic functions for T0. At temperatures T considerably distant from T0 (T g at about 100 ° C),
however, it is sufficient to describe the simpler Arrhenius relationship, wherein the viscosity is:

log Ê9L=

log Ê¥

,Ï ∙ÐÑÒ W
∙

(4)

The extrusion temperature is essential to achieve a suitable viscosity which then influences the optimum speed
of the screw, and thus the energy consumption of the process. The temperature of the extruder is generally
selected base on Tm of the drug substance and Tm or Tg of the polymer matrix. Sufficiently high temperatures
cause melting and ensure appropriate viscosity of polymer melt, but must not reach Tdeg of materials 5.
Traditionally, the temperature in the extruder range from about 15-60 ° C above the Tg of the amorphous
polymer matrix, respectively Tm of the semi-crystalline polymer matrix 4.
The final material properties are affected by process parameters such as screw speed and extrusion
temperature. The rotational speed of the screw is related to shear rate and shear stress of the material and
also the residence time of the material. The time for which the material is in the extruder is important for
dissolving API and thus for the resulting bioavailability and stability in the obtained solid dispersion 5.

Experimentals
In the process of extrusion three different types of polymer materials (Soluplus® Kollidon VA 64 and Kollidon
30) were used as a template. For incorporation in a matrix paracetamol was used as a model drug substance.
All materials used were supplied by BASF.
Extrusion was carried out on the universal processing and rheological test apparatus CORDER Plasti-Lab-Station
(Brabender, Germany) with plastics singlescrew extrusion unit 19 / 25D. On the unit rheological head with a
circular capillary Roundcap 20 / 1 was deployed.
For extrusion conditions were predetermined:
Screw speed during sampling at 10 rpm
Capillary Roundcap 20/1 (length 20 mm, diameter at the outlet 1 mm)
The minimum temperature process - limited max. head pressure pmax 400 bar ~
The maximum process temperature – limited by viscosity of extrudate suitable for sampling at reproducible
quality
Two polymer samples and all the prepared mixture with the drug substance were extruded. After stabilizing
the pressure at the head extrudates were sampled, each one weighing approximately 20 g.
Extruder is equipped with three adjustable resistive heating zones. Rheological head is also separately heated.
Therefore, the device has 4 independent zones with adjustable temperature. The head also has a possibility to
connect temperature and melt pressure sensors.
The visually highest quality extrudates of each mixture were finely crushed to a powder and analysed on XRD
diffractometer X'Pert PRO (PANalytical, the Netherlands) operating with Cu anode at 40 kV and 30 mA. The
samples were scanned in the range of 5-60 ° 2θ step 0.017 ° 2θ at 25° C. The results were evaluated by the
appropriate software High Score Plus.
For thermal analysis of the samples DSC Q100 (TA Instruments, USA) was used. Test samples of approximately
5 mg were placed in aluminium pans and sealed. Subsequently they were heated in an inert nitrogen
atmosphere at 10 °C / minute from 0 respectively 20 - 200 °C. The recorded temperature images are used to
determine the Tg and the presence of a crystalline phase of drug.
The flow properties were evaluated on a rotary rheometer AR-G2 (TA Instruments, USA). Magnetically
levitating bearing allows exact measurement of torque. For the measurement, the standard plate-plate
geometry at a distance of 1 000 microns tempered by Peltier elements with a diameter of 25 mm was used.
The flow behaviour of the sample was observed at a variable shear stress and the selected constant
temperature. The measurement of shear stress was performed at exponentially (three points in the decade)
increasing shear rate from 0.01 to 100 s -1.
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Results and discussion
The parameters δd, δp and δh for calculating Hansen solubility parameter δt according to Hoftyzer-van
Krevelen method represent a contribution of dispersion force, polar interactions and the contribution of
hydrogen bonding are shown in the table I 6,7 :
Table I
Solubility parameters of the individual substances 6,7
Compound

δd
[MPa 1/2]

δp
[MPa 1/2]

δh
[MPa 1/2]

δt
[MPa 1/2]

Δ δt API-matrix
[MPa 1/2]

Paracetamol

19.4

9.7

13.9

25.8

-

Kollidon VA 64

17.4

0.5

9.2

19.7

6.1

Soluplus

17.4

0.3

8.6

19.4

6.4

Calculations were based upon equations 5 and 6:

9—V =?

9—p =?

S—V

—… !

—V 1ÁÓ

?

9—Â =?

—žTVX

(5)
(6)

According to the rules, when the δt differences are smaller than 7 MPa1/2, attractive interactions are
dominating. Theoretical calculations confirm, that active substance should be capable both polymer matrices
to create a one uniform phase.
At Fig. 1 there is an example of extruded mixture of Kollidon VA 64: paracetamol 1:1. Extrudates were
transparent. well-removable without any major surface defects. The partial problem of extrusion during
temperatures above 150°C was low melt viscosity and difficult collectability of thr sample.

Figure 1. Kollidon VA64®:paracetamol extrudate ®

Evaluation of the flow properties
The temperature dependence of the viscosity was monitored during the rheometric measurement with shear
rate of 1 s -1. The dependence is shown graphically in Fig. 2. The dotted line shows the range of viscosities
suitable for extruding the melt from 500 to 10,000 Pa ∙ s recommended in literature 6.
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Figure 2. Dependence of viscosity on temperature - shear rate γ = 1 s-1.
All of the compositions, even at the lowest drug substance contents, showed plasticizing effect on the polymer
matrix, with viscosities significantly decreasing. The effect is most significant for mixtures with Kollidon VA 64.
It was also monitored the dependence of the viscosity on the shear rate. The dependence is shown graphically
in Fig. 3, where can be seen the rheological behaviour of melts, which have deviations from Newton's law.
From a certain value of shear rate shear stress raised more slowly, thus decreasing its viscosity.
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Figure 3. Dependence of viscosity on shear rate at temperature 140°C.
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In the Tab. II are demonstrated values of the shear rate at which a decrease in viscosity and the parameter n
representing the deviation from Newtonian law (Eq. 2). Such non-Newtonian behaviour is classified as
pseudoplastic. Significant decrease in viscosity is visible in mixtures containing Soluplus. For the mixture of
Kollidon VA 64: paracetamol (1: 1) Newtonian behaviour was not observed, and from the start of the test there
was a slight decrease in viscosity (n = 0.9). This is probably caused by the strong plasticizing effect of
paracetamol.
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Table II
Flow behaviour of the mixtures
Shear rate of
pseudoplastic behaviour
[s-1]

n

Kollidon VA 64

0.216

0.89

Kollidon VA 64:paracetamol (3:1)

4.642

0.72

Kollidon VA 64:paracetamol (2:1)

10.000

0.73

Kollidon VA 64:paracetamol (1:1)

0

0.90

Soluplus

0.216

0.87

Soluplus:paracetamol (3:1)

1.000

0.76

Soluplus:paracetamol (2:1)

4.641

0.60

Soluplus:paracetamol (1:1)

10.000

0.69

Compound/mixture

Phase composition of extrudates
Fig. 4 shows the presence of a crystalline phase of paracetamol in mixtures of 1: 1 and 2: 1 confirmed the
characteristic peak positions to positions consistent with crystalline paracetamol. The intensities are many
times smaller, indicating a very low content of crystalline phase. Both mixtures in a ratio of 3: 1 are by XRD
measurements molecular solutions and any crystalline phase presented is dissolved in the polymer.

Figure 4 Diffraction patterns of paracetamol and mixtures with Kollidon VA 64 (left) and Soluplus (right).
DSC analysis confirmed, that the composition of Kollidon VA 64: paracetamol of 1: 1 respectively 2: 1 contains
a very low content of crystalline phase of paracetamol with Tm = 150, respectively 147 °C. At a ratio of 3: 1
crystalline phase was not observed, indicating complete dissolution of paracetamol to form a molecular
solution. Plasticizing effect with increasing content of active substance is seen due to the decrease of the
values of the Tg. The compositions Soluplus: paracetamol is a 1: 1 a very low content of crystalline phase of
paracetamol present in Tm = 142 °C. At a ratio of 2: 1 respectively 3: 1 crystalline phase was not observed.

Conclusion
Mixtures from paracetamol with Kollidon VA 64 respectively Soluplus were prepared with the ratios 3: 1, 2: 1
and 1: 1. Indicator of the miscibility of polymer and drug was the difference between theoretically calculated
Hansen solubility parameters, in both cases Δδt <7 MPa1/2 means mutually miscible system.
All of the mixtures were extruded at different temperature regimes. For the visually best extrudates flow
behaviour on the rotational rheometer with a plate-plate geometry and phase changes using XRD and DSC
analysis were evaluated.
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All of the mixtures showed strong plasticizing effects of drug in comparison with the pure polymers, and the
pseudoplastic behaviour was observed.
The presence of the crystalline form of paracetamol were not demonstrated on any XRD diffractograms of the
mixtures in the ratio 3: 1 which suggests a molecular solution was formed. For the mixtures of 2: 1 and 1: 1, the
active ingredient is visible in the diffraction patterns. It indicates its full dissolution.
DSC confirms the results of XRD analysis. The mixture of Kollidon VA 64: paracetamol of 1: 1 respectively 2: 1 is
a very low content of crystalline phase of paracetamol present in T m = 150, respectively 147 °C. Similar results
are obtained with the mixture Soluplus: paracetamol of 1: 1, which is a very low content of crystalline phase of
paracetamol present in T m = 142 °C. For both mixtures with a ratio of 3: 1 the crystalline phase of the drug is
not observed at all. It indicates a fully dissolution to form a molecular solution. DSC analysis of both
nonextruded mixtures of polymer and drug in a 1: 1 showed that using higher temperatures can be reached
complete dissolution of the drug in the matrix. However, this was not possible to achieve on extruder because
of low viscosity.
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DISPLACEMENT WASHING OF SODA PULP COOKED FROM RAPESEED STRAW WITH AND WITHOUT SILIQUE
VALVES
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University of Pardubice, Faculty of Chemical Technology, Institute of Chemistry and Technology
of Macromolecular Materials, 532 10 Pardubice, Czech Republic
frantisek.potucek@upce.cz
The paper deals with the displacement washing of unbleached pulp cooked from rapeseed straw by the soda
pulping process under laboratory conditions. Using the step function input change method, the washing
breakthrough curves measured for alkali lignin as a tracer were described by the dispersed plug flow model,
containing dimensionless criterion, the Péclet number. The preliminary results obtained for soda rapeseed pulp
were compared with those for kraft hardwood pulp published earlier. The pulp yield measured for soda pulp
was found to be lower than that for hardwood pulp which manifested lower hydraulic resistance. The presence
of silique valves in rapeseed straw has a considerable impact on the exit concentration profile of alkali lignin
displaced from the pulp fibre bed.

Introduction
Non-wood raw materials including agricultural residues and annual plants could be effective source to produce
pulp and paper with acceptable properties, especially in countries with insufficient forest resources1. Compared
to wood, non-wood raw materials are similar in cellulose, lower in lignin and higher in pentosans
(hemicelluloses) and silica content.
Rapeseed along with soybean and palm ranks among the three most important oilseed crops in the world and
it is mainly used for vegetable oils and biodiesel production at present. The world wide planted area for
rapeseed increases continuously. Recently, several authors2–5 have reported soda pulping of rapeseed straw
and their results obtained in the laboratory scale showed that rapeseed straw can be considered as one of the
basic sources of non-wood materials for pulp and paper production.
Although pulp washing together with cooking belong to the key unit operations in pulp manufacture, no
research work concerning washing of rapeseed pulp was found in literature. The purpose of pulp washing is to
remove the spent pulping liquor from the pulp leaving the cooking process. Owing to evaporation of wash
liquors leaving the washing system before their recovery, the washing process must compromise between the
cleanliness of the pulp and the amount of water to be used.
Therefore, the present paper is aimed to investigate the displacement washing of unbleached soda pulp made
from rapeseed straw with and without silique valves by the batch soda pulping process.

Experimental
Rapeseed straw (Brassica napus L. convar. napus, in our case winter hybrid genotype PR45DO3) collected from
the field in Polabian lowlands near the city of Pardubice was used in the pulping process. Raw materials
consisted mainly of stalks, but approximately one third of total mass were valves of siliques.
Prior to the cooking experiments, rapeseed straw was cut into 2–3 cm length chips. Batch soda pulping of
rapeseed straw was carried out in a laboratory rotary digester comprising six autoclaves of 750 cm3 capacity,
immersed in an oil bath. The cooking conditions, when the rejects amount was acceptable, were selected as
follows: liquor-to-raw material ratio of 5:1, alkali charge of 19 mass % expressed as Na2O per oven-dried raw
material, and cooking temperature of 160 oC. The temperature regime was as follows: 45 min heating to
105 °C, 30 min dwelling at 105 °C, 30 min heating to 160 °C, and then dwelling at the cooking temperature. The
batch cooking was ended as soon as the H-factor reached the value of 2,205 h. The corresponding cooking time
at the cooking temperature was 185 min. More details on the batch cooking of rapeseed straw can be found in
our previous paper5.
The degree of delignification expressed by the kappa number was 43.8 and 39.4 for pulp cooked from a blend
of stalks and silique valves and for pulp cooked from stalks only, respectively. Using a Kajaani FS-100
instrument, distribution of the fibre length was also measured for pulp cooked form rapeseed straw.
Displacement washing experiments simulated under laboratory conditions were performed in a cylindrical glass
cell with the inside diameter of 35 mm under constant pulp bed height of 30 mm. The fibre pulp bed occupied
the volume between the permeable septum and a piston, covered with 45 mesh screens to prevent fibre loss
from the bed.
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Pulp beds were formed from a dilute suspension of unbeaten unbleached soda pulp in black liquor. Properties
of black liquor were as follows: solids content of 11.3 mass % (of which ash presented 53 % and organic
substances 47 %), density of 1060 kg m–3 at 22 °C, pH value of 9.2, and alkali lignin concentration of 28 g dm–3.
After compression to the desired thickness of 30 mm, the consistency, i. e., mass concentration of moisturefree pulp fibres in the bed varied within the limits from 76 to 92 kg m–3. The pulp beds were not mechanically
conditioned and were used as prepared.
To investigate the displacement washing process, the stimulus-response method6 was chosen. Distilled water
at the temperature of 22 °C employed as wash liquid was distributed uniformly through the piston to the top of
the bed at the start of the washing experiment, approximating a step change in the alkali lignin concentration.
At the same time the displaced liquor was collected at the atmospheric pressure from the bottom of the bed
through the septum. The washing effluent was sampled at different time intervals until the effluent was
colourless. Samples of the washing effluent leaving the pulp bed were analysed for alkali lignin using an
ultraviolet spectrophotometer Cintra 10e operating at the wavelength of 280 nm. Displacement washing
experiments with pulp fibres including washing equipment were described in detail in the preceding paper7.
After completing the washing run, the volumetric flow rate of the wash liquid was measured gravimetrically at
the pressure drop of 7 kPa to determine the permeability and average porosity of the pulp bed. Analogous
measurements at various consistencies of the bed were focused on the determination of the effective specific
volume and surface of pulp fibres according to Ingmanson8.

Results and Discussion
Fibre characteristics
Fibre characteristics of soda pulps cooked from rapeseed straw are compared with those for kraft pulp from a
blend of hardwoods, namely beech 55 %, oak 16 %, Turkey oak 8 %, acacia 4 %, hornbeam 5 %, poplar 6 %, and
other 6 % (ref.9) in Table I. Pulp fibres manufactured from rapeseed straw are short, with an average length less
than 1 mm. The presence of silique valves in straw resulted in greater polydispersity in the fibre length in
comparison with the soda pulp cooked from stalks only. For comparison Enayati et al.2 and Mousavi et al.3
reported the fibre length of 1.17 mm for pulp from canola stalks and of 1.03 mm for pulp from rapeseed straw,
respectively.
Table I
Fibre characteristics of pulp cooked from rapeseed straw and a blend of hardwoods9

Kappa
number

Weighted
average
length, mm

Arithmetic
average
length, mm

Effective specific
volume
cm3 g–1

Effective specific
surface
m2 g–1

43.8

1.01

0.40

4.57

1.502

Stalks only

39.4

0.81

0.74

5.22

1.425

Hardwoods

29.9

0.90

0.75

2.92

0.988

Raw
material
Stalks with silique
valves

Breakthrough curves
The response to a step change in concentration provided time dependences called washing or also
breakthrough curves. To compare the displacement washing process for various wash liquid velocity, the
washing curves were plotted as the dependence of the dimensionless concentration of alkali lignin in the outlet
stream expressed as ρe/ρ0, against the dimensionless time, Θ, defined for the pulp fibre bed as

Θ=

t
tm

(1)

where the mean residence time, tm, is given as
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tm =

t →∞

ρe
dt
ρ
t =0 0

∫

(2)

where t is the time of the start of experiment, and ρe and ρ0 are the exit and initial alkali lignin concentration,
respectively.
The shape of the washing curve can be characterised in terms of the dimensionless Péclet number, derived
from the mass balance of the tracer, in our case alkali lignin, for a given system in unsteady state, in the
following form

Pe =

hu
Dε

(3)

where h is the thickness of the pulp bed, u is the wash liquid superficial velocity, D is the longitudinal dispersion
coefficient, and ε is the average porosity of packed bed. Evaluation of the Péclet number from the
breakthrough curves is described in detail in the previous paper7.
Typical breakthrough curves measured for soda pulp cooked from rapeseed straw comprising stalks and silique
valves are shown in Fig. 1. From the dimensionless concentration profile of alkali lignin in the exit stream
(breakthrough curve 1 in Fig. 1), it is obvious that at first the mother liquor is displaced from the pulp bed. As
soon as the first portion of the wash liquid passes through the pulp bed, the alkali lignin concentration in the
exit stream drops very rapidly. At the end of the washing run, when the leaching of alkali lignin from fibre walls
prevails over the displacement, a small tailing of the breakthrough curve can be observed.
It is worth mentioning that the formation of a pulp bed in a washing cell significantly influences the shape of
the breakthrough curves. For comparison, breakthrough curve 2 approaching that of perfectly mixed flow is
shown in Fig. 1. In contrast to pulp cooked from stalks only, for which the Péclet number varied within the
range of 2.6 to 11.6, the Péclet number range of 3.1 to 42.5 was found for pulp cooked from a blend of stalks
and silique valves. This fact can be probably attributed to the different polydispersity coefficient defined as a
ratio of the weighted average length and the arithmetic average length of fibres in pulp cooked from a blend of
stalks and silique valves and from stalks only (Table I). While for pulp from stalks the polydispesity coefficient of
1.1 was calculated, the pulp from straw including silique valves is characterised by the polydispesity coefficient
of 2.5 which can lead to greater local heterogeneity in the pulp bed having a considerable impact on the exit
profile of alkali lignin displaced from the bed.

Figure 1. Typical breakthrough washing curves for soda pulp: Pe = 42.5 (line 1),
Pe = 3.1 (line 2), plug flow (line 3), perfectly mixed flow (line 4).
It is worth mentioning that soda pulp bed manifested greater hydraulic resistance in comparison with kraft
pulp from hardwood, even through both rapeseed pulp and hardwood pulp rank among short-fibred pulps. The
hydraulic resistance measured at the bed consistency of 90 kg m-3 was found to be 9 x 106 Pa s m-1 and
14.2  106 Pa s m-1 for pulp from stalks only and from straw with silique valves, respectively, while only 2.9 x 106
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Pa s m-1 for pulp cooked from a blend of hardwoods in our preceding paper9. Thus, hydraulic resistance
measurements showed that the washing of soda pulp cooked from rapeseed straw can bring some problems in
the displacement washing zones of vacuum drum filters where the pressure difference is the driving force of
displacement process.

Wash yield
The displacement washing curve area is directly proportional to the amount of alkali lignin removed from the
bed. Replacing the dimensionless time, Θ, by the wash liquor ratio, RW, defined as the mass of wash liquid
passed through the bed to the given time divided by the mass of mother liquor originally present in the bed,
the traditional wash yield, WYRW=1, can be expressed as
RW=1

ρe
d (RW)
ρ
0
RW=0

∫

WYRW=1 = RW→∞

ρe
d (RW)
∫
ρ
RW=0 0

(4)

Thus, the traditional wash yield is defined as the amount of a solute washed out at RW = 1 divided by the total
amount of a solute removed from the pulp bed during the washing run.
Influence of the Péclet number on the wash yield for soda pulp is shown in Fig. 2. For comparison, the results
obtained in the previous paper9 for displacement washing of pulp from hardwoods are also illustrated in Fig. 2.
In spite of the scatter in the data, it is evident that the wash yield increases with the increasing Péclet number.
Similarly as for hardwood pulp, the experimental points are located below the curve derived for the packed
bed of non-porous particles by Brenner10. The reason is that, for packed bed of non-porous particles, the
washing process is reduced to the displacement mechanism accompanied by interfacial mixing between
displaced and displacing fluids. However, in case of a packed bed of compressible porous particles in the
swollen state, like pulp fibres, the leaching may play a significant role mainly in the spaces of the pulp bed in
which the interparticle pores were filled up with the wash liquid and the concentration driving force enables
the transfer of lignin macromolecules from the fibre walls towards the wash liquid.

Figure 2. Displacement wash yield as a function of the Péclet number for soda pulp
from blend of stalks and silique valves (), and from stalks only ( ), for kraft
hardwood pulp9 ( ), Eq. (5) (line 1), Eq. (6) (line 2), Eq. (7) (line 3).
The Péclet number characterizing the dispersion of lignin in the pulp bed is influenced not only by leaching
mechanism, but also by the heterogeneity of the porous medium when the fluctuations in the pore-water
velocity have probably dominant impact on the variations in the dispersion of lignin in soda pulp beds.
Based on our own data measured for the soda pulp bed, the following equation was derived for the
quantitative evaluation of the effect of wash liquid dispersion on the wash yield

WYRW=1 = 0.627Pe0.0879
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(5)

for the soda pulp cooked from rapeseed straw containing stalks and silique valves. The suitability of Eq. (5) was
evaluated on the basis of the mean relative quadratic deviation of the wash yield which was 2.8 %. Values of
the Péclet number varied in the relative wide range of 3.1 to 42.5. Since the values of regression coefficients,
evaluated by the least square method, represent an estimate of the real values, the 95% confidence intervals
were also calculated for the coefficient of 0.627 ± 0.020 and for the power of the Péclet number of 0.0879 ±
0.0123.
For soda pulp cooked from stalks only, when the Péclet number varied in the relative narrow interval from 2.6
to 11.6, the correlation was derived in the form

WYRW=1 = 0.599Pe0.105

(6)

with the mean relative quadratic deviation of 1.9 %. The 95% confidence intervals for the coefficient and the
power of the Péclet number were 0.599 ± 0.010, and 0.105 ± 0.009, respectively. Presumably, lower values of
the Péclet number covering the range from 2.6 to 11.6 measured for pulp cooked form stalks only represent
more bridgings between the fibres and greater variations in local voidages which promote the chennelling
phenomenon.
For comparison with the correlations, Eqs. (5), and (6) for soda rapeseed pulps, the theoretical wash yield of
the displacement in a packed bed of non-porous particles calculated according to Brenner10 was expressed as a
function of the Péclet number in the form

WYRW=1 = 0.695Pe0.0763

(7)

for the Péclet number within the range from 2.4 to 40.

Conclusions
Packed bed of pulp fibres is a very tangled system with randomly oriented porous, compressible particles with
different size and a central cavity known as lumen. Even under strictly identical experimental conditions, the
bed of fibres was always different, at least with various local porosities. Thus, the properties of pulp fibres
along with their spatial configuration substantially affect the flow of wash liquid through the pulp bed and have
a noticeable impact on the shape of the displacement washing curve describing the lignin removal from the
soda pulp bed.
In spite of these facts, the results obtained showed that the wash yield for soda rapeseed pulp was lower in
comparison with kraft pulps cooked from softwoods11 and hardwoods9. Hydraulic resistance of the soda pulp
bed is much greater than that of hardwood and softwood pulps. Mechanical dispersion is primarily caused by
local variations of the water flow velocity due to the intrinsic heterogeneity of the porous medium. However, it
seems that the presence of silique valves in rapeseed straw has no significant influence upon the washing
efficiency and contributes to shorter mean residence time of lignin washed out of the pulp bed.
Nevertheless, to obtain relevant information on the displacement washing of soda pulp cooked from rapeseed
straw, further studies on pulps produced at various degrees of their delignification should be carried out.
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Symbols
D
h
Pe
RW
t
tm
u
WYRW=1

axial dispersion coefficient, m2 s–1
thickness of bed, m
Péclet number based on bed thickness defined by Eq. (3)
wash liquor ratio
time from start of experiment, s
mean residence time defined by Eq. (2), s
wash liquid superficial velocity, m s–1
wash yield at RW = 1 defined by Eq. (4)
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Greek letters

δ

mean relative deviation of wash yield defined as
1/2

 1 i =n  WY − WY 2 
calc
  × 100, %
δ =  ∑  exp
 
WYexp
 n i =1 
i 

ε
Θ

average porosity of packed bed
dimensionless time defined by Eq. (1)
exit solute (in our case alkali lignin) concentration from bed, kg m–3
initial solute (in our case alkali lignin) concentration in bed at t = 0, kg m–3

ρe
ρ0
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Abstract
Influenza is a grave infectious disease, which is life-threatening especially in children, golden ager and
immunocompromised patients. In addition to immunization, the development of new anti-influenza agents
epitomizes a crucial defence stratagem to combat periodic and pandemic influenza strains. At present most
consideration is waged to the advance of inhibitors of influenza neuraminidase, which has been recognized as a
key drug target for the prophylaxis and treatment of influenza infections. However, the advent of drugresistant influenza variants highlights the need of unceasingly innovative strategies for the development of new
drugs with value-added antiviral effects, higher safety and increased tolerability.
A pharmacophore is a set of structural features in a ligand that are directly related to the ligand's recognition at
a receptor site and its biological activity. In the current work, 3D pharmacophore based mapping is performed
for Influenza A neuraminidase complexed with zanamivir, oseltamivir and peramivir drugs. The study focusses
to identify the important pharmacophoric features present in the active site responsible for hydrogen bonding
with the drugs. The study will be extended to study the mutational aspects in the protein with respect to the
change in the pharmacophore features that is responsible for multi-drug resistance

Introduction
Identification of small molecules with selective bioactivity, so-called lead molecules, is central to progress in
medicine and the life sciences. Development of information technologies in recent decades has facilitated a
great progress in the development of new drugs and the process of identifying potential lead molecules has
been becoming more automated. Methods of computer-aided drug design (CADD) allow us to explore the
spatial interactions between the receptor and a potential drug.
Pharmacophore modelling is a successful subfield of CADD using the concept of pharmacophores in the rational
design of novel drugs. A pharmacophore is defined as the ensemble of steric and electronic features that are
necessary to ensure the optimal supramolecular interactions with a specific biological target and to trigger (or
block) its biological response1. In the other words, pharmacophore represents a set of structural features in a
ligand that are directly related to the ligand's recognition at a receptor site and its biological activity. A drug has
many components but certain absolute minimum critical components are required to achieve biological activity
of the molecule. Typical pharmacophore features include hydrophobic centroids, aromatic rings, hydrogen
bond acceptors or donors, cations and anions. The features can be located on the ligand itself or in the target
receptor and can be matched by different chemical groups with similar properties and assembled into novel
ligands. A Pharmacophore Query consists of a set of constraints on the location and type of pharmacophoric
features which can be used to search a database of molecular conformations. The pharmacophore of a certain
molecule can be identified by X-ray crystallography, by comparison of active compounds or automatically by a
special software. The most common applications of pharmacophores include virtual screening, ADME
modelling, side effect, target identification, in addition pharmacophores are often combined with molecular
docking simulations to improve virtual screening as well.

Analysis and discussion
MOE (Molecular Operating Environment) is a fully integrated drug discovery software released by Chemical
Computing Group (CCG) that provides tools for protein modelling, pharmacophore modelling, high throughput
discovery, structure-based design, molecular modelling and simulations, QSAR, chemoinformatics,
bioinformatics and method development2. Pharmacophore Queries can be generated through several
applications in MOE (Table I). Furthermore, MOE provides several other applications to analyse protein-ligand
information involving alignment and superposition of proteins, surface properties and interactions or homology
modelling.
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Table IV
MOE applications relevant to ligand-based pharmacophore modelling2

MOE application

Description

Flexible Alignment

Flexibly align small molecules

Pharmacophore Consensus

Obtain consensus features from aligned ligands

Pharmacophore Elucidation

Automatically determine a pharmacophore query from active
(and optionally inactive) ligands

Pharmacophore Query Editor

Create new and edit existing pharmacophore queries.

The most effective way to prevent influenza and severe outcomes from the illness is vaccination. There have
been two classes of drugs commonly used as anti-influenza therapeutics - inhibiting either the M2 ion channel
or neuraminidase (NA). Inhibitors of M2 protein - Rimantadine and Amantadine, are the first approved antiinfluenza drugs. The effect of these drugs is to block the M2 protein ion channel function. However, they are
effective only against type A influenza and produce undesirable serious side effects on the central nervous
system (CNS). Moreover, many resistant mutants are rapidly generated, therefore M2 protein inhibitors are no
longer recommended3.
NA is a viral enzyme that plays a key role in the life cycle of influenza virus and is important in several signalling
pathways in cells. Especially it catalyses the hydrolysis of terminal sialic acid residues from the newly formed
virions and the receptors of host cells4. NA has an important role in the late stage of the virus replication cycle
as a receptor-destroying enzyme - it is crucial for efficient release of virus from the infected cells 5.

Figure 1. 3D crystal structure of influenza virus neuraminidase (PDB code 3TIC). Homotetramer shown as
ribbon representation. Complexed with a sialic acid analogue zanamivir.
Selective inhibitors of the NA enzyme have become the drugs of choice for current clinical therapy. The
determination of a 3D structure of NA (Figure 1) led to an invention of NA inhibitors being sialic acid analogous
by biostructure-based methods. This class of drugs block the NA - they bind within the NA-active pocket and
interrupt the enzyme reaction by removing sialic acid. Development of the drugs have been based on the
knowledge of the structure of the NA with its natural substrate sialic acid and they were designed to limit
influenza infection by blocking the enzyme active site6. These inhibitors can contribute to the protective
immunity. They cannot prevent infection, but they can limit the release and further spread of virus from
infected cells, so they are able to prevent serious disease or fatal outcome of the infection.

4rd International Conference on Chemical Technology | ICCT 2016

[530]

Table V
Basic facts about influenza

types of seasonal influenza viruses

A, B, C

currently circulating subtypes of IVA among
humans

A(H1N1) and A(H3N2)

severe cases yearly

3-5 million 7

deaths yearly

250-500 thousands 7

most important pandemics

Spanish Flu (H1N1 strain, 1918)
Asian Flu (H2N2 strain, 1957)
Hong Kong Flu (H3N2, 1968)
“swine” Flu (H1N1, 2009) 8

Table VI
Currently used drugs anti influenza – NA based inhibitors

Drug

Trade name

Mechanism of action

zanamivir

Relenza
(approved in the US and
Europe)

oseltamivir

Tamiflu
(approved in the US and
Europe)

bind tightly in the active site of the NA enzyme
– NA cannot remove sialic acids from the cell
surface, virions cannot spread from one cell to
another, virus infection is inhibited

peramivir

Rapivab, Rapiacta, Peramiflu
(Phase III clinical
development)

intravenous administration, strongly binds to
the NA, inhibits activation of neuraminidase
much longer than Oseltamivir or Zanamivir 9

Figure 2. Structure of sialic acid and its analogues - zanamivir 10, oseltamivir 11 and peramivir 12
A Pharmacophore Query consists of a set of constraints on the location and type of pharmacophoric features
which can be used to search a database of molecular conformations. It is defined as the ensemble of steric and
electronic features that is necessary to ensure the optimal supramolecular interactions with a specific
biological target and to trigger (or block) its biological response1.
3D pharmacophore based mapping was performed for Influenza A NA in complex with zanamivir, oseltamivir
and peramivir drugs. The study focussed to identify the important pharmacophoric features present in the
active site responsible for hydrogen bonding with the drugs. The study will be extended to study the
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mutational aspects in the protein with respect to the change in the pharmacophore features that is responsible
for multi-drug resistance.

Figure 3. Structure of zanamivir, oseltamivir and peramivir and their pharmacophore models in the binding
pocket of neuraminidase
The aim of the structure based pharmacophore design and search is alignment of a set of proteins
neuraminidase structures in complex with structures of the drugs docked in the binding site, generating the
relevant pharmacophore features based on structure activity relationships and defining conserved
pharmacophore features with a pharmacophore consensus analysis for the purpose of identifying key features
based on interactions with receptor.
Table VII
Numbers of observed features in each pharmacophore model

Acc

Acc2

Ani
&Acc

Cat
&Don

CN2

Don

Don
&Acc

Don2

Don2
&Acc2

Hyd

O2

zanamivir

2

6

1

3

1

1

4

6

7

3

0

oseltamivir

2

6

1

1

0

1

1

4

1

5

0

peramivir

1

8

2

3

1

0

1

6

2

5

1

Analysis of the active site of a protein-ligand complex with known structure showed types of interactions and
allowed exploring key residues in influenza A NA receptor-binding site (Figure 4). Such a calculation is useful for
suggesting possible mutations for site-directed mutagenesis experiments or to help determine potential sites
for ligand binding in docking calculations.
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Figure 4. Study of ligand interactions in the structure of neuraminidase with zanamivir, oseltamivir and
peramivir

Conclusion
Comparing protein structures together with identifying which parts of the receptor active sites are critical is
necessary to analyse similarities and differences between multiple experimental structures. The ligand-bound
structure of a related protein can be used to form an initial docking state for the targeted protein. According to
the knowledge of the important sites it is possible to identify complementary pharmacophore features and
develop good pharmacophore models. Generated pharmacophore queries can be used to filter a conformation
database and identify candidate active ligands. 3D pharmacophore generation and searching is a powerful
method used in the identification of candidate active ligands.
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Abstract
An alternative and robust method for the reduction of carbonyl groups by frustrated Lewis pairs (FLPs) was
devepoled. With its very mild reaction conditions, good to excellent yields, absolute regioselectivity and the
non-metallic character of the reagent, it provides an excellent tool for 1H, 2H as well as 3H chemistry. It is a new
strategy for the one-pot synthesis of alcohols selectively labeled with heavy isotopes of hydrogen.

Introduction
Reductive processes are among the principal transformations in organic synthesis. Hydrogenation, using the
cleanest reducing agent – H2 gas, is arguably the most important catalytic method in synthetic organic
chemistry both on the laboratory and the production scale.1 The essential activation of dihydrogen molecule is
almost exclusively achieved by a transition-metal center. Since a complete absence of transition metals is
required in pharmaceutical products because of toxicity concerns, alternative reagents have been intensively
sought. Recently, the class of nonmetallic compounds called “frustrated Lewis pairs” (FLPs) has received a great
amount of interest due to its ability to activate dihydrogen.2,3 Therefore, FLPs have become an attractive
alternative to conventional hydrogenation catalysts currently applied in the pharmaceutical industry.4 FLPs,
consisting of a sterically encumbered Lewis base (frequently amine or phosphine) and a Lewis acid containing
electron-withdrawing substituents, e.g. tris(pentafluorophenyl)borane, are the most frequently used to
cooperatively induce the heterolytic splitting of hydrogen molecule under mild conditions.2 The resulting H+/Hpairs (stabilized e.g. in the form of phosphonium cation/hydridoborate anion salt) serve as noble metal-free
catalysts for the hydrogenation of e.g. bulky imines, enamines, or enol ethers.5 Carbonyl compounds, used as a
substrate for the reduction carried out by FLPs, provide a stable intermediate ammonium cation/alcoholborate
anion (Figure 1).6 Efforts to design a FLP catalyst with fine-tuned Lewis acidity at the boron center to preclude
the formation of an intermediate have been described in the literature as “in progress” so far.

Figure 1. The generally accepted mechanism of the heterolytic splitting of hydrogen molecule by FLPs and the
reagent thus formed with carbonyl compounds.
The mild conditions, non-metallic character and commercial availability of the reagents make this methodology
suitable for exploitation in the synthesis of compounds labeled by a radioactive isotope of hydrogen – tritium
[the low pressure of tritium gas during the reaction (< 1000 mbar) is an obligatory condition because of security
considerations]. Even though tritium is the most versatile radionuclide in chemical and biochemical research,
the tools for the synthesis of tritium-labeled organic compounds with a high specific activity (i.e. higher than 5
Ci/mmol ~ 0.2 atom of tritium per molecule) are rather limited. The most accessible source of tritium is always
carrier-free gaseous tritium. It is possible to prepare lithium tritide from gaseous tritium and from it the whole
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range of borotritides and aluminum tritides.7 These reagents in the carrier-free form are not stable, cannot be
stored and must be used without delay. Commercially available tritides usually have less than 25% of the
maximum theoretical specific activity. Therefore, a new and sophisticated tritium labeling methodology is
constantly required.

Experimental
Our research was devoted to the B(C6F5)3-Lewis base-assisted reduction of carbonyl compounds using
deuterium (later tritium) gas. Bearing in mind that the investigated 2H-labeling methodology is supposed to
pave the way toward a “hot” experiment (handling carrier-free tritium gas), the general procedure was
designed as a “one-pot” reaction sequence without the isolation of intermediates (the generation of FLPs, the
reduction of a carbonyl compound and the decomposition of an intermediate).8
FLPs reduce the carbonyl compound as a stoichiometric reagent (not as a catalyst) due to the formation of a
stabile zwitterionic intermediate [Lewis base cation][alcoholborate anion] of the generated alcohol with the
borane aggregate (Figure 1). Hydrolysis of this complex was carried out very mildly by the addition of water (20
eqv.) into the benzene suspension of the intermediate. The complete hydrolysis of it was achieved after 16
hours of vigorous stirring of the heterogenic mixture at ambient temperature, providing C6H5CH2HOH in an
almost quantitative yield (96%). However, in order to design the reaction conditions for the experiment with
radioactive tritium, we sought faster hydrolysis conditions for 10. Thus the 1N water solution of strong
Broensted acid HCl dramatically accelerated the hydrolysis, providing full conversion of 10 into alcohol in a
sufficiently short reaction time – in 20 minutes at ambient temperature (Figure 2).
To investigate the reducing power of various FPLs toward the reduction of the model substrate 1, an initial
screening of the borane counterpart was performed. It revealed that the most viable donors for the whole
reaction sequence – a reaction with B(C6F5)3 to form FLP, the splitting of 2H2, the reduction of the carbonyl
compound and the hydrolyzation of the [Lewis base cation][alcoholborate anion] intermediate – are both
2,2,6,6-tetramethylpiperidine (TMP) and 1,2,2,6,6-pentamethylpiperidine (PMP). The FLPs formed with these
two donors provided full conversion of benzaldehyde in less than five minutes and in an isolated yield over
93%. An employment of two equivalents of FLP was needed to achieve full conversion of this non-activated
substrate in a short time (Table I, entries 2 and 4). All the other Lewis bases [2,4,6-tri-tert-butylpyridine (TTBP),
1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene
(BDIPPI),
tris(2,4,6trimethylphenyl)phosphine (TTMPP)] used for the formation of FLPs and afterward for the reduction of 1
provided moderate to good conversion (31–64%), but unidentified side-products made the isolation of the
pure product complicated (Table I, entries 5–10).

Figure 2. A synthesis of the representative [2H]-labeled benzyl alcohole. The reduction of 1, the hydrolysis of
the intermediate 10.
With the optimized combination of the Lewis base – Lewis acid pair in hand (TMP or PMP / B(C6F5)3), we
proceeded to the reduction of other types of substrates. We followed this protocol using 4methoxybenzladehyde and 4-nitrobenzaldehyde, which likewise led to the desired compounds 12–13 in an
excellent yield (94–97%). In addition, the position of the nitro substituent (3–5) does not have a large effect on
the reduction process (Table I, entries 12–15). Both para- and meta-nitro substituted benzaldehydes smoothly
underwent the reduction; full conversion was achieved in five minutes and afforded nearly quantitative yields
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(94–96%). On the other hand, an ortho-nitro derivative (5) needed a substantially longer reaction time (up to
four hours) to achieve full conversion (the reaction course was followed by TLC and HPLC), providing an
isolated yield of 82%. A similar procedure, applying p-(N-Boc)-substituted benzaldehyde (7), afforded full
conversion in one hour in an isolated yield of 60–69%. We did not observe any remarkable differences in the
yields depending on the Lewis base employed for the formation of FLPs (yields of 17 for PMP:64% and for
TMP:60%).
Encouraged by such a smooth reaction course, we investigated the reactivity of appropriate FLPs toward less
reactive ketone analogues. As expected, no product of the reduction of phenylmethylketone (8) was detected
even after two hours and four equivalents of [TMP2H][2HB(C6F5)3] used in the reaction. In contrast,
acetophenone activated in para position by an electron-withdrawing nitro group (9) provided a promising 42%
yield of 18 after four hours and two equivalents of FLP used for the reduction. The reaction significantly
accelerated by using three equivalents of FLP provided a quantitative yield of 18 in five minutes.
The successful isolation of the series of [2H]-labeled alcohols was encouraging for the use this procedure
analogically to the tritium experiment. In general, a transfer of the conditions developed in the deuteriummodeling experiment to the [3H]-labeling experiment is sometimes problematic (mostly because of ionizing
radiation), and both the yield and isotope enrichment can drop sharply. Therefore, only the experiment with
carrier-free tritium gas would be the ultimate proof of the suitability of FLP-catalyzed reductions for [3H]labeling.
Table I
The FLP-assisted reduction of carbonyl compounds using molecular deuterium (or tritium)
Isolated
FLP /
a
Lewis
Time
Produ Conversion
Subst
Yield
Entry Substrate (R1 / R2)
Base
(min) ct
(%)
rate
(%)

Enrichme
ntb (%)

1

H / H ( 1)

PMP

1:1

20

11

38c

-

>95

2

H / H ( 1)

PMP

2:1

5

11

99

93

>95

3

H / H ( 1)

TMP

1:1

20

11

46c

-

>95

4

H / H ( 1)

TMP

2:1

5

11

99

96

>95

5

H / H ( 1)

TTBP

1:1

20

11

52c

-

>95

6

H / H ( 1)

TTBP

2:1

20

11

64d

-

>95

7

H / H ( 1)

BDIPPI

1:1

20

11

31c

-

>95

8

H / H ( 1)

BDIPPI

2:1

20

11

35d

-

>95

9

H / H ( 1)

TTMPP

1:1

20

11

40c

-

>95

10

H / H ( 1)

TTMPP

2:1

20

11

48d

-

>95

11

H / 4-methoxy (2)

TMP

1:1

5

12

99

97

>95

12

H / 4-nitro (3)

TMP

1:1

5

13

99

94

>95

13

H / 3-nitro (4)

PMP

1:1

5

14

99

96

>95

14

H / 2-nitro (5)

PMP

1:1

60

15

56c

51

>95

15

H / 2-nitro (5)

PMP

1:1

240

15

86

82

>95
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16

H / 4-bromo (6)

PMP

3:1

240

16

70

68

>95

17

H / 4-bromo (6)

PMP

3:1

16 h

16

77

73

>95

18

H / 4-(N-Boc)amino (7)

PMP

2:1

60

17

69

69

>95

19

H / 4-(N-Boc)amino (7)

PMP

2:1

120

17

66

64

>95

20

H / 4-(N-Boc)amino (7)

TMP

2:1

60

17

51

-

>95

21

H / 4-(N-Boc)amino (7)

TMP

2:1

120

17

59

60

>95

22

CH3 / H (8)

PMP

2:1

120

-

0

-

-

23

CH3 / H (8)

PMP

4:1

120

-

0

-

-

24

CH3 / 4-nitro (9)

TMP

2:1

240

18

53

42

>95

25

CH3 / 4-nitro (9)

TMP

3:1

5

18

99

93

>95

26

H / 4-(N-Boc)amino (7)

TMP

2:1

120

19

60

367 mCi

>84

a

Determined by HPLC.
Determined by 1H NMR.
c
Full conversion not achieved.
d
Unspecified sideproducts observed.
b

The optimized procedure (Table I – entry 26, 505 mbar of 3H2, toluene, room temperature) was used to
synthesize the [TMP3H][3HB(C6F5)3] reagent. To achieve full conversion of the precursor 7 in a short time (two
hours), excess of FLP (2 equiv) was needed. The reduction of precursor 7 and the subsequent hydrolysis of the
intermediate (not isolated) (Figure 3) gave the desired [3H]-labeled benzyl alcohol [60% conversion of 7
according to HPLC (245 nm)]. We determined the amounts of the prepared 19 as 367 mCi with a specific
activity of 24.3 Ci/mmol (determined by 1H NMR, which accounts for 0.84 tritium/molecule) and radiochemical
purity and chemical purity >99% after purification (HPLC). The only signal in the 3H NMR spectrum (the doublet
at δ 4.61 ppm) explicitly determined the regio-specificity of the reduction by the [TMP3H][3HB(C6F5)3] reagent.

Figure 3. The first-ever example of FLP-assisted tritium labeling of an alcohol derivative.
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Figure 4. The equipment for safe handling of tritium gas; the tritium manifold is placed in the glove box

Conclusion
A synthetic protocol for the reduction of aromatic carbonyl compounds by FLPs is reported. Hydrolysis of the
intermediate [TMP2H][C6H5CH2HOB(C6F5)3] put forward the application of FLPs as a convenient reagent for the
synthesis of benzyl alcohol derivatives. The method provides good to excellent yields (up to 97%) of both
primary and secondary benzyl alcohols. Mild reaction conditions make this procedure very prone to be
routinely used in “cold” 1H and 2H chemistry as well as in “hot” 3H chemistry. Deuterium/tritium was
introduced explicitly to stable, non-exchangeable, methylene positions of whole-line-substituted benzyl
alcoholes. Moreover, the successful 3H-labeling experiment proved the regioselectivity of the FLP-directed
reduction of carbonyl compounds (Figure 2), providing a product with a very high specific activity of 24.3
Ci/mmol.8
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Abstract
The main concept standing in the background of the law on prevention of major accidents states that the
fundamental tool capable to prevent major accidents is risk assessment which is widely exploited in the safety
management system. Risk assessment influences elements of safety management system and is influenced by
them. The authors summarize results of root cause analysis of eight major accidents from companies to which
the law was applied. It is shown that failures represent either the absence of risk assessment or missing
connections between the risk assessment and elements of safety management system. All the examples show
that the real prevention of major accidents was substantially different from the cited main concept. The
concept was not accepted/implemented within the companies although the law was seemingly implemented.
Possible reasons of such a situation are identified. Set of recommendations results from the experience.

Introduction
Formation of the Czech law on the prevention of major accidents1 was stimulated by EU directive.
Purpose of the law on prevention is described in its § 1 under number (1): “decrease probability and limit
consequences of major accidents“ in facilities affected by the law. In other words it means that the purpose of
the law is to prevent accidents and mitigate their consequences. But only the prevention was included into the
title of law. Similarly, prevention and mitigation is how we usually understand the words “prevention of major
accidents“.
This paper stands the hypothesis, that the cited purpose is not fulfilled. Or, more precisely, that the cited
purpose of the law is fulfilled in much lesser extent than was intended by creators of the original directive.
The authors explain why they think so, consider the possible reasons, and speculate what should be changed in
order to improve this situation.
This article is divided into seven following sections. The origin of the law is described in the first section. Second
section describes what is by the authors considered to be the main idea that serves the cited purpose –
prevention of major accidents. Possible ways how to test the fulfillment of purpose based on results of
operation are discussed in the third section. Results of real test are summarized in the fourth section. The
results show insufficient implementation of the main concept of the law. The reasons why the implementation
is insufficient are considered in the sixth section. The seventh section summarizes the conclusions. It
emphasizes that it is not in the power of a single participant of game around the law to change the
unsatisfactory state of implementation of the main ideas of the law. The change is only possible in cooperation
of larger number of participants.

Law on prevention of major accidents
The first version of the law on prevention of major accidents2 originated in the late nineties. As a model for
Czech law on prevention of major accidents served the European directive Seveso II3 that was issued in 1996.
Preceding directive Seveso I4 was issued in 1982. Seveso II was influenced by the US regulation 29CFR
1910.1195 issued in 1992.
Both Seveso II, and 29CFR 1910.119 state, that their purpose is prevention of major accidents, and that crucial
role in preventing major accidents is played by managerial tools. European directive speaks about safety
management system, US regulation uses the term process safety management. These regulations attempt to
transform management practices in companies in a manner that will improve the prevention of accidents.
Two following citations from the article6 prove that the above-mentioned concept was understandable before
the original law2 was issued.
“Seveso directive was created in order to decrease probability of accidents similar to those in Flixborough,
Seveso, or Beek, and to limit their consequences.”
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“Analyses of direct and deeper causes of accidents show that deficiencies in safety management contribute
substantially to more than a half of accidents.”
But prevention of major accident was not the main reason why the first Czech law on prevention of major
accident was issued in 1999. Every other reason was prevailed by the effort to harmonize Czech legislation with
EU regulations as quickly as possible. The debate about the technical background and purpose of the law has
never really taken place. Academic and industrial environment was not ready for the concept of the law. The
first version of the law had such terminological shortcomings that it made difficult understanding what is to be
done in order to prevent major accidents.
The following quotation from the article7 shows what concerns were evoked by the text of the law2.
“Contemporary requirements of the law in the area of so called risk assessment are partly purposeless and
generally poorly understandable. They are ready rather to cause protracted conflicts between operators and
government agencies than to contribute effectively to improving the prevention of major accidents.”
The law entered the unprepared social environment. The participants affected by the law did not focus their
attention on the way how to prevent major accidents. They focused mostly on the fact that the government
required fairly extensive information about companies, including a kind of risk assessment, and that such an
information would be made available to the public. Much more attention was concentrated on the mitigation
than on the prevention.
In terms of the purpose of the law, however, these topics are secondary. Documented risk assessment does not
play an important role in itself, but as a part of integrated system of managerial measures. The most important
thing stayed misunderstood and fell into the background. In the eyes of companies, the law reduced to a new
bureaucratic rule that required writing a sort of new documents.
Such a way, we all accepted the unacceptable situation. Regulator proposed the text of the law in a hurry.
Legislator issued the law under time pressure from reasons other than main purpose of the law and did not
include necessary support for regulator and evaluator. Evaluator started to evaluate companies without
necessary tools. Companies received new duties without necessary guidelines and started to respond without
necessary understanding. Consultants started to support companies without necessary guidelines. Not only
that all the participants of the process did not have necessary knowledge and experience, but also a feedback
and support from a professional society was missing.
Since that, Seveso Directive and the law have been amended several times. Terminological deficiencies were
removed. The latest version of European directive called Seveso III8 is converted into the Czech law1. The law is
followed by six executive decrees 225-229/2015 Sb. But the absence of deep discussion about the concept of
the law persists.

Main concept standing behind the law
Two most important changes shall be introduced in facilities affected by the law in order to improve prevention
of major accidents:
1) Establish risk analysis, evaluation and assessment.
2) Project the approach and results of risk analysis into the elements of safety management system.
Seveso II and III identifies seven elements of safety management system: (i) organisation and personnel,
(ii)°identification and evaluation of major hazards, (iii) operational control, (iv) management of change,
(v)°planning for emergencies, (vi) monitoring performance, and (vii) audit and review. (Similarly, the American
regulation 29CFR 1910.119 identifies fourteen elements of process safety management.)
Following citations confirm the presence of this concept both in Seveso III8, and in Decree 227/15 Sb.9
connected to the Czech law on prevention of major accidents1.
Seveso III, Preamble (12): “The operator should also draw up and, where required by national law, send to the
competent authority a major accident prevention policy (MAPP) setting out the operator’s overall approach
and measures, including appropriate safety management systems, for controlling major accident hazards.”
Seveso III, Article 8, point 5: “The MAPP shall be implemented by appropriate means, structures and by a safety
management system, in accordance with Annex III, proportionate to the major-accident hazards, and the
complexity of the organisation or the activities of the establishment.”
Seveso III, Article 10, point 1(a): “demonstrating that a MAPP and a safety management system for
implementing it have been put into effect in accordance with the information set out in Annex III.”
Decree 227/15, §4, point (1): “The safety management system must be proportional to the danger of major
accident, operated activities, and complexity of the control within the object. It must be based on an
assessment of risk of a major accident.”
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Such a way, the main concept standing in the background of the law on prevention of major accidents states
that the fundamental tool capable to prevent major accidents is risk assessment which is widely exploited in
the safety management system. As it is shown in Figure 1, risk assessment influences six of seven elements of
safety management system and is influenced by at least three of them.

Figure 1. Role of risk assessment within the safety management system.
Risk assessment standing in the centre of Fig. 1 (and in the centre of safety documentation) should not be an
isolated result only intended to satisfy the requirements of the law. It should be supported by the identification
and evaluation of major hazards at all important activities in the company. Hazard identification and risk
analysis should become a standard part of thinking about safety.
E.g. the identification of training needs within (i) organisation and personnel should be performed based on the
risk assessment. Results of the risk assessment and (ii) identification and evaluation of major hazards should be
projected into procedures and instructions for safe operation within (iii) operational control. Risk assessment
should play an extremely important role within (iv) management of change - adoption and implementation of
procedures for planning modifications to, or the design of new installations, processes or storage facilities. Use
of (ii) identification and evaluation of major hazards and of risk assessment are considered to be irreplaceable
tools with ability to warrant minimum probability of major safety problems after a change. Element (v)
planning for emergencies represents a tool with mitigative potential. Identification of foreseeable emergencies
has to be based on a systematic analysis. Risk assessment seems to be the most natural option. Results of risk
assessment should be also used to identify the most important areas to which the element (vi) monitoring
performance should be applied. And on the contrary, results from (vi) monitoring performance should be
projected back into (ii) identification and evaluation of major hazards and risk assessment.

Is it possible to test the effectiveness of prevention?
After more than fifteen years of validity of the law, can it be said that it is fulfilling its purpose? Main purpose
of the law is to prevent major industrial accidents. Convincing test would show how many accidents were
prevented due to the new law. But this cannot be answered on the basis of statistics. We cannot keep track of
accidents which were prevented due to the law.
Since prevented accidents cannot be identified, it is impossible to directly test whether the law meets its
purpose. Another test can be based on the fact that the law is to improve elements of safety management
system (SMS). We would like to prove that the improvement of prevention flows from the improvement of
elements of SMS. But again: It is impossible to prove that the fact that no accident occur flows from the
improvement of elements of SMS.
Nevertheless, we can test the reverse implication: the fact that an accident occurs flows from the nonimprovement of elements of SMS. If this can be shown, then the main concept behind the law is justified.

Results of the test
The law affects approximately two hundreds of facilities in the Czech Republic. The authors have some
information about the application of the law in not more than fifteen of the affected companies. The authors
collected descriptions of eight accidents within five facilities affected by the law on the prevention of major
accidents. Risk assessment existed for all five facilities, but only in one case the real accident followed a
scenario forecasted within a risk analysis. Typically the risk assessment was produced by a consulting company
and included only a limited number of activities, hazards, and scenarios.
Following Table 1 summarizes collected information about the accidents. In the last column, it lists the
elements of safety management system which improvement due to the law on the prevention were identified
by the authors to be deficient. It is visible from Table 1 that in all eight cases the deficiencies of the
improvement of the SMS elements are present. Thus the results show for limited number of examples that the
improvement of prevention flows from the improvement of elements of SMS.
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Such a result is not surprising. Much more interesting is the additional information that was obtained during
the investigation of root causes of accidents: It is shown that in these facilities regulated by the law the
introduction of the law did not change much in the prevention of major accidents.
Table I
Eight accidents in facilities affected by the law
Facility B
Activity
Accident
Non-improved element
storage
fire
(ii) identification and evaluation of major hazards, (iv) management
A
of change
purging
fire
(i) organisation and personnel, (ii) identification and evaluation of
A
major hazards
separation
explosion
(ii) identification and evaluation of major hazards, (iv) management
B
of change, (iii) operational control
washing
fire
(ii) identification and evaluation of major hazards, (iv) management
C
of change
C
connecting dispersion
(iii) operational control
filtration
fire
(ii) identification and evaluation of major hazards, (vi) monitoring
C
performance
D
dedusting
fire
(iv) management of change
cleaning
explosion
(ii) identification and evaluation of major hazards, (iv) management
E
of change, (iii) operational control
Collectively, the above examples show that the fulfilment of the law on prevention of major accidents is
reported, but the prevention of major accidents is not improved sufficiently.
A problem can be found in the word “sufficiently”. It can be argued that hopefully some improvement of
prevention was reached in above facilities, although not sufficient. And that our evaluation is excessively
demanding.
But also facility F was found where extreme non-improvement had been reached. Relatively complex risk
analysis had been performed by a consultant. But the analysis was only delivered to the regulator and was not
used within the facility for any other purpose at all. This risk analysis was not adopted, understood and even
read by the operator. Consequently, it was not projected into the elements of SMS, and the elements of SMS
were not introduced in everyday operation. In company F the application of the law changed nothing.
Management practices in the company were not transformed at all and the prevention of accidents was not
improved at all, although relatively sophisticated risk assessment existed.
So another example was found showing that the fulfilment of the law on prevention of major accidents is
reported, but the prevention of major accidents is not improved at all.
The above examples lead authors to the hypothesis: The purpose of the law is fulfilled in much lesser extent
than was intended by creators of the original directive.

Background of the ineffectiveness of prevention
Results of the test show that in all above cases the accidents could be prevented or mitigated by routinely
performed risk analysis, its projection into documentation, use of its results for training and for management of
change. It is hardly understandable why a risk analysis is performed, but its results are not reasonably used.
Company managers admit spending resources that lacks efficiency and technical logic. How is it possible that
they do not know such a quite clear thing? This is a good question for the authors and for all other safety
engineering teachers. What did we teach? How is it possible that the operators of facilities do not consider
necessary to perform risk analysis for every repeated activity, perform it by themselves, and project its results
into controlled documents and into the elements of SMS?
Some companies obviously do not project the results of risk analysis into safety management system because
they do not believe that the requirements of the law have a technical meaning. They do not consider the
requirements of the law similarly as other technical problems. They are trying just to have fulfilled their duties
with minimal effort.
The ineffectiveness started at the moment when the law started to be introduced. Good intentions stayed
misunderstood. The main concept behind the law was not understood/applied/propagated. The situation, in
which the law was originally introduced, tends to stay in background and keep its influence.
Bad start created a bad continuation. Bad start continued as falling disaster. Regulator proposed the text of the
law in a hurry. Legislator issued the law under time pressure from reasons other than main purpose of the law
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and did not include necessary support for regulator and evaluator. Evaluator started to evaluate companies
without necessary tools. Companies received new duties without necessary guidelines and started to respond
without necessary understanding. Consultants started to support companies without necessary guidelines.
Each of above participants decided to fulfil the requirements of the law without questions, but with minimal
effort. It can be called servant‘s mentality. The servant’s mentality manifests itself in trying to do what is
required by nobility without grumbling and as easily as possible. Understanding, motivation, and agreement
are not considered to be necessary. Such an approach makes impossible to see the meaning of activity and
leads to the state when essential things are marginalized.
In the end such a distorted application of the law leads to three dangerous forms of dissatisfaction. First of
them is anger due to wasting resources on useless targets. Second of them is group hatred towards European
Union, since the EU is considered to be the origin of above-mentioned wasting. And the third of them is
personal frustration of those engaged in the application of the law.

Great leap forward
We should admit that our problem was not created externally. We, not the EU, attempted to catch up the
developed world some seventeen years ago. We, not the EU, attempted to make something similar to Mao
Zedong‘s Great Leap Forward. Fortunately, our leap did not have such destructive consequences for society as
its great predecessor, but three forms of dissatisfaction hit all the participants of the game.
The law did not grow from the demands of society and from the debate of the legislators about how to fulfil
the demands the best. Legislators did not understand the meaning of the law well. The regulator did not
understand it too and did not get the time to think through and explain it to legislators. The legislators did not
provide the regulator with the options required to implement the meaning of the law, which, moreover, the
regulator did not include in the draft text of the law. The evaluator evaluates only formal requirements.
Companies submit only formal descriptions unrelated to the actual management practice. Academics detest
the law. Consultants are forced to do prostitutes. And insurance companies which should bring a feedback to
the whole process, probably do not understand their role. We have created a demoralizing mechanism.

Conclusions. What can we do?
Intentions of creators of original Seveso directive failed to be fully implemented. This problem is not known
only from the Czech Republic. One objective of modifications leading to Seveso III directive is the improvement
of the implementation and enforceability of directive. New Czech law on the prevention of major accidents1
builds on these efforts and states the following: 224/2015, § 39, point 3a): “Subject to control exercised under
this law are in particular the assessments whether the information contained in the safety program or safety
report corresponds with actual conditions in object.”
Decree9 describes in detail what shall be contained in safety documents. The decree states about the safety
management system: 227/2015, § 4 (to § 10 point 6 from the law): “(1) Safety management system means the
sum of planning, decision-making, organizational, management, coordination, motivation, information,
monitoring and evaluation activities. The safety management system must be proportional to the risk of major
accident, operated activities, and complexity of the organization and management within the object. It must be
based on an assessment of risk of a major accident. Safety management system contains a part of the general
management system that includes setting the appropriate organizational structure of obligations and
responsibilities and defines the rules, methods and procedures and the provision of resources for identifying,
implementing and verifying the correctness of the MAPP.”
Previous quotes show that the Czech regulator (ME) recognizes the problems of the law and is trying to
respond to them. He uses the tools at its disposal, which are basically instruments of bureaucratic control. It
can be, however, doubt that the only means of bureaucratic control succeed to effectively change the dismal
status of implementation of the law on companies, disgusted and demoralized by past experience. It seems to
be very difficult. It would be more fruitful to combine bureaucratic pressure with stimulating change on the
part of companies. It will be impossible to delete our accumulated experience with the law using a mere
amendment of the law.
Let it be a lesson for us. We accepted unacceptable. We applied servant‘s mentality in situations where we
should be partners. We created unfavourable reality. In some cases the fulfilment of the law on prevention of
major accidents is reported, but real prevention of major accidents is not improved.
Never, however, is there a reason to fall into disappointment. Always it is possible to achieve a change.
We can imagine a set of recommendations resulting from the above-described experience. Operating
companies are recommended to recognize and take seriously the concept standing behind the text of the law.
It is stressed that the concept is logical and its implementation deserves operator’s effort. Try to accept the
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main idea behind the law. Test it. Ask questions. Provide feedback and require feedback. Do not use servant‘s
mentality.
Teachers and interpreters of the law are being urged to lay aside the administrative details of the law and focus
on the promotion of the concept of the law. The legislators are encouraged to highlight often invisible
connections of the law to the above main concept. In the Czech current development was no place for a
professional society. Learn from the experience abroad. In GB or US, professional societies play substantial role
in the prevention of major accidents.
The authors hope that such a way the gap between the real prevention of major accidents and the law on
prevention may be narrowed and removed.
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Abstract
This paper discusses mathematical modelling and stability investigation of multiple steady states considering
process safety. All case studies are also supported by system dynamics simulations essential to detect
oscillatory thermal instability. The proposed numerical algorithms represent a mathematical engine of the
simulation module within an automated model-based HAZOP analysis tool.

Introduction
As the industrial processes become more complex and the number of conditions to be controlled increases,
detection of possible dangerous situations becomes more difficult. Complex chemical production in which
chemical reactions take place requires a detailed safety analysis. The occurrence of reactor steady-state
multiplicity and oscillation phenomena can lead to serious incidents. Analysis of the multiplicity of steady
states, their stability, and safe operating conditions which can shift process units from one steady state to
another one is therefore an important part of the process safety analysis. This work discusses the safety
analysis of alkylpyridines production carried out in a continuous stirred tank reactor (CSTR). Due to its
systematic methodology of hazard investigation, the HAZOP technique was chosen. Reactor model,
continuation and dynamics simulations algorithms were built in the MATLAB – numerical computing
environment.

Kinetic and reactor model equations
Kinetic model (eqs.1-3) and the overall rate expression (eq. 4) for N-oxidation were taken from works of
Papadaki1 and Sempere2. A, B, C, D, Z and BZ represent alkylpyridine, hydrogen peroxide, alkylpyridine N-oxide,
water, catalyst and the intermediate compound, respectively; square brackets denote their concentrations.
Relevant kinetic parameters are given in Table I.
B + Z → BZ
(1)

rNox =

A + BZ → C + D + Z

(2)

A+ B →C + D

(3)

k1a K b [ A][ B ][ Z ]
+ k1b [ A][ B ]
1 + K b [ B]

Table I
Kinetic parameters and chemical equilibrium constant2.
Variable
Units
Pre-exponential, frequency factors

(4)

E/R and ∆H/R

Units

k1a = A1aexp(-E1a/RT)

L/mol/s

exp(8.08)

3952.3

K

k1b = A1bexp(-E1b/RT)

L/mol/s

exp(28.14)

12.989

K

Kb = Abexp(-∆Hb/RT)

L/mol

exp(25.12)

7927

K

A continuous stirred tank reactor (CSTR) model is used. Constant inlet and outlet volumetric flow rate, liquid
phase reaction volume, coolant temperature, heat transfer area and coefficient were assumed. Likewise, the
heat of the reaction and the reaction mixture physical and chemical properties such average heat capacity and
density were assumed to be insensitive to temperature. Catalyst was assumed to be completely dissolved in
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the alkylpyridine feed flow and its concentration was constant. The mass balance of each compound and the
overall liquid phase energy balance for the non-adiabatic CSTR were established and are shown in eqs. 5-6.
dc
VR i = V& f (cif - ci ) + VRν i rNox
i = A, B, C , D
(5)
dt
dT
VR ρ c p
= UA TC - T + V& f ρ cP (T f - T ) + VR (-∆r H )rNox
(6)
dt
The reaction was carried out in a reactor with the volume of 1L and at the pressure of 2-3 bar. With respect to
the experimental findings7, operating point of the process in our model was set within the reactor temperature
interval of 110-125°C. Operating in this temperature range significantly reduces the parallel decomposition of
hydrogen peroxide. Above the reaction temperature of 125°C, vaporisation of the liquid mixture becomes
significant. Inlet feed flow was preheated to 50°C before entering the reactor while cooling temperature was
equal to ambient temperature (15°C). As the heat of the reaction varies for different alkylpyridines, the value of
160 kJ/mol was assumed in the present study. Volumetric feed flow of 5.89 ml/min was preheated from
ambient temperature to 50°C. In the model, inlet concentrations of the feed components: 6.695 mol/l of
alkylpyridine, 7.029 mol/l of hydrogen peroxide and 10.281 mol/l of water were used.

(

)

Safety analysis
The primary question concerning the safety analysis of a chemical reactor is the knowledge of the existence of
multiple steady states. The multiplicity of steady states is expressed as the number of different sets of state
variables at which the time rate of the change of all state variables is zero for a ﬁxed set of conditions or
parameters. It means that different conversions can be reached under the same conditions3. Stationary
solutions are considered to be stable when the response to a small perturbation is small as the time
approaches infinity. Otherwise, the stationary solution is called unstable4. In other words, tiny disturbances can
drive the system away from unstable steady state to one of the stable steady states5. Stability of timeindependent solutions can in principle be resolved by examining the eigenvalues of the linearized boundary
value problem. The analysis of multiple steady states was performed employing the continuation algorithm,
which is a modification of the DERPAR software presented by Kubíček6. This process is, from the safe operating
point of view, limited by the presence of practical stability limits (PSL). Temperature of 100°C represents the
first, lower PSL of the system. According to previous studies of Pineda-Solano7, excess usage of hydrogen
peroxide cannot be avoided below this temperature, which consequently maximises the competitive
decomposition of hydrogen peroxide. The second PSL is determined by the temperature of 200°C. Experimental
findings7 showed that above this temperature, significant decomposition of the product will be initiated.

Effect of cooling medium temperature deviation

Output product concentration, mol/l

Reaction mixture temperature, K

Failure of cooling of any reactor can result in serious dangerous situations. Especially when a strongly
exothermic reaction is carried out in the reactor. Solution diagrams of the reaction mixture temperature and
output product concentration as the function of the cooling medium temperature indicate which deviations
can lead to unwanted situations. Stationary solutions depicted as the function of the cooling medium
temperature demonstrate the presence of multiplicity phenomena. From the diagrams it is clear that the
operating point is located very close to lower PSL and to the unstable stationary solutions region, which
multiplies the probability of PSL crossing.
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Figure 1. Solution diagrams of the reaction mixture temperature (left) and the output product concentration
(right) as the function of the cooling medium temperature.
Deviations influence considering the assumed duration and value of the deviations can be investigated by
dynamics simulations. Investigation of a different duration of the reactor cooling failure by dynamics simulation
is depicted in Figures 2-4. Duration of the cooling medium temperature deviation at a 6 K temperature drop
significantly influenced the temperature within the reactor. For a one hour long temperature drop, the reactor
temperature changed but it did not cross the lower PSL. In the second case, for a longer lasting deviation, the
reactor temperature strongly oscillated and even after one hour after the cooling medium temperature
deviation was terminated, it finally returned to the operation value. In this case, the PSL was crossed for a short
time.

Time, h

Figure 2. Evolution diagrams of cooling medium temperature deviation (6 K temperature drop) for 1 hour (left)
and for 7 hours (right).
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A different situation is a 10 K cooling medium temperature drop for one hour and for seven hours. In the first
case, hypothetical operation below lower PSL resulted in much lower reactor temperature than in the previous
dynamic simulations. For a deviation lasting longer than 0.75 hour, falling to a lower stable steady state region
is typical (Figure 3.(right)). Consequently, after ten hours when the deviation returned to the default operating
value, the reactor temperature rapidly increased and even the upper PSL was exceeded. Rapid increase can be
caused by numerical solutions closer to the saddle-node

Time, h

Time, h

Figure 3. Evolution diagrams of cooling medium temperature deviation (10 K temperature drop) for 0.75 hour
(left) and for 7 hours (right).
When the guideword ‘higher’ is applied, the generated deviation in the process safety tool is ‘higher cooling
medium temperature’. In a real situation, higher cooling medium temperature could be caused by some source
of heat located near the reactor. In Figure 4, a 55 K temperature increase lasting for seven hours is depicted. It
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is shown that such a deviation, except for lower conversion and loss of liquid phase caused by vaporisation,
cannot lead to unwanted situations.

14

Time, h

Figure 4. Evolution diagrams of cooling medium temperature deviation (55 K temperature increase) for 7 hours.

Effect of feed temperature deviation

480

Output product concentration, mol/l

Reaction mixture temperature, K

Deviations in the feed temperature can be in real situations initiated by a failure of the heat exchanger for feed
pre-heating. In practise, such a deviation (feed temperature decrease) can be caused by pre-heaters clogging.
The solution diagrams (Figure 5) of the reaction mixture temperature and output product concentration as the
function of feed temperature indicate the deviations possibly leading to unwanted situations.
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Figure 5. Solution diagrams of the reaction mixture temperature (left) and output product concentration (right)
as the function of feed temperature.
In Figures 6 and 7, different time duration of a failure of the feed preheating by dynamic simulation is shown.
Duration of the feed temperature deviation of a 24 K temperature drop significantly influences the
temperature in the reactor. For a one hour long temperature drop, the reactor temperature changed and
crossed the lower PSL for a short time. In the second case, for a longer lasting deviation (seven hours), the
reactor temperature strongly oscillated and returned to the operation value after nine hours since the
deviation was initiated. In this case, the PSL was crossed four times.
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Figure 6. Evolution diagrams of feed temperature deviation (24 K temperature drop) for 1 hour (left) and for 7
hours (right).
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In case of a feed temperature drop of 36 K for the deviation duration of 0.75 hour and of seven hours, the
reaction mixture temperature change is more intensive. In the first case, hypothetical operation below the
lower PSL, a much lower reactor temperature is achieved than in the previous dynamic simulations. For the
deviation lasting longer than 0.75 hour, falling into a lower stable steady state occurs (Figure 7. (right)).
Consequently, after ten hour when the deviation returned to the default operating value, the reactor
temperature rapidly increased and even exceeded the upper PSL.
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Figure 7. Evolution diagrams of feed temperature deviation (36 K temperature drop) for 0.75 hour (left) and for
7 hours (right).
It is important to notice that when the reaction mixture temperature exceeds the upper PSL, this temperature
crossed the lower PSL first due to the deviation ‘parameter drop’. When the deviation ‘parameter increase’ was
investigated (Figure 4), the reaction mixture temperature did not exceed the upper PSL. Thus, minimal
temperature of the reaction mixture was chosen as the evaluated parameter for risk assessment. From
previous dynamic simulations results it is clear that the value and duration of the deviation of the key operating
parameters, especially when system multiplicity phenomena occurs, significantly influences the temperature in
the reactor. In such situations, the map of reasonable changes of durations and values of deviations can be
useful. In Figure 8, a 3D-diagram of minimal reactor temperature as the function of the deviation value and
duration of the deviation is shown; two kinds of operating regimes are visible, one of them (safe) is located
above and the second one (risk) below the lower PSL line.
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Figure 8. 3D-diagram of minimal reactor temperature as the function of the deviation value and the duration of
the deviation.

Conclusions
In the present paper, a new automated tool for the hazard identification is introduced. From many techniques,
the HAZOP technique was chosen for the hazard identification. The method was demonstrated on a case study
of alkylpyridines N-oxidation for which a strongly exothermic reaction and multiplicity phenomena are typical.
In the present work, a multiple steady states safety analysis supported by the dynamic simulations is reported.
The proposed operating point as found to be close to the risk operating regime. However, due to the small
temperature interval in which the desired reaction of N-oxidation runs, there are not many options to change
the position of the operating point at the same conditions (pressure, composition, etc.). The effect of the
deviations of two key parameters on the reactor safe operation was investigated. In both cases, the oscillation
regime was detected. The first case was the analysis of the cooling medium temperature deviation, where even
a short time (27 min) of a 10 K temperature drop can cause a serious incident. In the second case, the effect of
the feed temperature deviation was investigated. As it can be seen in the 3-D diagram (Figure 8) for a 36 K
temperature drop, i.e. the total failure of pre-heater, lasting for 21 min can cause a serious incident.
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Introduction
An essential task in chemical industry is maintaining high quality of products and acceptable level of risk and
environmental pollution. In the majority of chemical productions, a chemical reactor, a vessel where reactions
are carried out, is a central unit. Reliability of a chemical reactor and its safe operation depends on the
identification of its operation malfunctions and possible hazardous consequences. Modern chemical processes
have been modified towards extreme operation conditions due to legislative and economic pressures. These
modifications have however raised safety concerns. For reactor operation in a safe regime it is important to
have qualitative and quantitative knowledge about the limits of the key process parameters controlling the
operating regime of the reactor. The necessity of appropriate process safety analysis (PHA) techniques in loss
prevention has been well recognized after the occurrence of several tragic accidents that could have been
avoided. Safety analysis methods based on mathematical modelling and computer simulation of chemical
processes have significantly lower time and cost requirements compared to conventional methods. Several
PHA techniques such as What-If analysis, Failure Modes and Effects Analysis (FMEA) and Hazard and
Operability (HAZOP) study represent potential candidates for automated hazard identification1. Currently,
FMEA and HAZOP study are the most preferred methods in the automation of process safety analysis. A
literature review of the HAZOP-related research proved that nearly 40 % of published literature is focused on
automating HAZOP2. The objective of a HAZOP study is to monitor and list the causes, propagation and
consequences of process variable deviations leading to potential hazard and operability problems in the
examined system. A process variable deviation is generated by the combination of guide words (more, less,
none …) and process variables (temperature, pressure, flow …)3. These principles were successfully applied to
various case studies consisting of mathematical modelling and hazard identification of multiphase chemical
reactors, e.g. reactive distillation column4, tubular reactor5 and fixed bed catalytic reactor6. This methodology
contributed to the decrease of the possibility of overlooking hazards and to the increase of the efficiency of the
hazard identification process7. Therefore, fundamentals of the HAZOP study were adopted in this work for
model-based hazard identification.
Products of Aspen Technology Inc. were chosen for mathematical modelling of chemical units because of the
access to one of the most extensive property databases and frequent application in chemical engineering.
Aspen HYSYS was selected as a simulation tool because of its manageable data transfer between external
software and simulation environment. Various studies proved good agreement between the simulation results
employing Aspen HYSYS and Aspen Plus8,9.
Two case studies were selected for the presentation of potential benefits of using Aspen HYSYS as a simulation
tool in model-based hazard identification. The first case study is focused on the multiple steady states
phenomenon in ammonia production. The process variable deviations leading to operability problems of plug
flow reactor (PFR) were investigated. The system of nitroglycerin manufacture in a continuously stirred tank
reactor (CSTR) with cooling coils was analysed in the second case study. The feed parameter deviations and
cooling system failures potentially leading to dangerous exceeding of the maximum allowable reactor
temperature were investigated.

The first case study – ammonia synthesis
Ammonia is a widely used compound in chemical industry, e.g. in the manufacture of fertilizers, cleaning agents
or explosives. It is produced in a fixed-bed catalytic reactor according to the following heterogeneously
catalysed reaction:
©? 3š? 2©š>
(1)
A mathematical model of the presented production includes a fixed-bed reactor with three beds, feed
preheater and a refrigeration unit with a vapour–liquid flash separator (Figure 1). The fixed-bed reactor system
consists of three segments – beds in series with feed quenching between each bed to adjust the optimal
temperature profile in the reactor system. The feed preheater is modelled as a simplified heat exchanger,
where feed is preheated by the outlet stream from the fixed-bed reactor. The product stream leaving the feed
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preheater is additionally cooled to the desired temperature in the refrigeration system. In the flash separator,
the outlet stream from the refrigeration system is separated to liquid ammonia and gaseous purge. This reactor
system corresponds to the mathematical model of an industrial ammonia synthesis reactor, where multiple
steady states and temperature oscillations were observed10.

Figure 1. Schematic description of the ammonia synthesis unit
Mathematical model of the proposed system composed in the Aspen HYSYS environment is depicted in Figure
2. To calculate the physicochemical properties of pure components and their mixtures, the Peng-Robinson
equation of state with parameters from internal Aspen HYSYS database was used. The plug flow reactor model
was selected for mathematical modelling of individual segments of the fixed-bed reactor. A simple end point
method was selected in the Aspen HYSYS Heat Exchanger Model. The overall heat transfer coefficient in the
Aspen HYSYS Heat Exchanger Model was calculated to achieve similar behaviour of the preheater as that
observed in an accident in Germany, 198910.

Figure 2. Ammonia synthesis model in Aspen HYSYS
The process variables were set to the design values that were adjusted to correlate with the current trends in
ammonia production industrial units, where the reaction rate is given by Froment and Bischoff11 and optimised
for higher activity of modern catalysts12. Operating pressure was 20 MPa. Part of the “fresh feed” stream was
preheated from temperature of 250 °C to temperature of 424 °C, while the other part of the stream was
quenched between every bed. The hot medium in the feed preheater (product stream “R103out”) was cooled
from 525 °C to 436 °C. The composition and mass flow of the “fresh feed”, “R103out” and the final product
stream “liquid ammonia” are presented in Table I. Design characteristics of the individual beds are summarized
in Table II.
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Table I
Design operation parameters – ammonia synthesis
Mole
Mass flow
Mole
fraction
Stream
[103 kg/h]
fraction N2
NH3

Mole
fraction H2

fresh feed

252

0.04

0.24

0.72

R103out

252

0.17

0.21

0.63

liquid ammonia

50

0.98

0.00

0.02

Table II
Design parameters of the individual beds

Length [m]

Diameter [m]

Total
volume
[m3]

1

10.5

0.9

6.7

2

15.1

0.9

9.6

3

23.9

0.9

15.2

Bed No.

The first case study - results and discussion
Using the HAZOP principles mentioned earlier, a list of temperature, pressure, flow and composition deviations
for every stream was created and investigated. The fundamental requirement for the simulation of the effect
of a process variable deviation is the value of the deviation. The range of the process variable deviation D (as
defined in Equation (2)) varied according to the parameter in this case study, e.g. the deviation range for the
operating pressure was set from – 50 % to + 50 % (from 10 to 30 MPa) and for the feed temperature it was set
from – 30 % to + 30% (from 175 °C to 325 °C). The value of the step change of parameter was set to 1 %.
pW¤ TVWp ¤TZÀW YU VÂW …TXTžVWXsYX
YX

Stream temperature (°C)

~

600

∗ 100

a

500
400

R103out
R102out
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300
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Figure 3. Effect of the “fresh feed” temperature on reaction conditions - (a) “R103out”, “R102out” and
“R101out” temperature, (b) overall hydrogen conversion
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(2)

Process simulations in the Aspen HYSYS environment were performed for all possible process variable
deviations and the simulation results were scanned in the prepared software for any abnormal situations. Such
a situation occurred with “fresh feed” temperature deviation. The effect of temperature deviation in the “fresh
feed” stream on the temperature of stream “R103out” and on the overall hydrogen conversion in the reactor is
shown in Figure 3. A dramatic change of the reaction conditions occurred when “fresh feed” temperature was
decreased by 18 %, to 205 °C. The “R103out” temperature and the overall hydrogen conversion dropped from
ca. 510 °C to 210 °C and from ca. 33 % to 5 %, respectively. This step decrease of reaction parameters indicated
a shift from the design steady state with the desired production rate of ammonia to a steady state with lower
reaction rates. When the “fresh feed” temperature was set back to 250 °C, the reaction conditions remained in
the steady state located on the lower solution branch. Operation of the unit had to be interrupted and a new
reactor start-up procedure had to be carried out. The process behaviour between the higher and lower solution
branches is described by unstable steady states. The ammonia synthesis modelling in the Aspen HYSYS
environment was not able to identify positions of these unstable steady states. A more complex overview of
the “fresh feed” temperature deviation is presented in Figure 4, where the impact on the temperature of all
process streams is shown. Temperature of streams "7", "purge" and "liquid ammonia" was constant, because
the refrigeration output temperature was set to 8 °C. Input and output stream temperatures in the individual
reactor beds dramatically dropped when the “fresh feed” temperature was decreased by 18 %.

Figure 4. Effect of the “fresh feed” temperature deviation throughout the process

The second case study – nitroglycerin production
Nitroglycerin has wide applications in pharmaceutic industry and as an ingredient for industrial explosives.
Nitroglycerin is usually produced by glycerol nitration. During its manufacturing process, many hazardous
events occur because of the significant thermal instability of nitroglycerin in the processes of nitration and
purification. The nitration process can be expressed as an esterification reaction of glycerol and nitric acid in
the presence of sulphuric acid as a dehydrating agent according to the reaction scheme:
'> š; 9Kš=> 3š©K> '> š; 9K©K? => 3š? K
(3)
The reaction rate can be expressed as a kinetic reaction model where the reaction order with respect to the
glycerol and nitric acid is 0.935 and 1.117, respectively13. The production of nitroglycerin can be operated as a
batch or a continuous process. The Biazzi continuous process is one of the most common nitroglycerin
production variants. Two inlet streams, mixed acid containing nitric and sulphuric acid and pure glycerol were
fed in a CSTR in this case study. Brine was used as a coolant in the internal cooling coils. The reaction mixture
was a heterogeneous liquid phase containing produced nitroglycerin and water, inert sulphuric acid and
unreacted glycerol and nitric acid. In the Aspen HYSYS environment, to create a mathematical model of CSTR,
additional vapour outlet stream is required although its mass flow was zero in this case study. According to the
basic concept, mathematical model of a CSTR was built up from Aspen HYSYS models of “Continuously Stirred
Tank Reactor” and “Cooler” (Figure 5). The two models were connected by heat flow. Although the heat
transfer rate was not taken into account, this simplified reactor cooling system was sufficient for the proposed
model-based hazard identification because only the value of the heat removal was monitored. Design values of
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the key operation parameters are presented in Table III. The liquid volume in “CSTR100” was 35 l and the
desired heat removal in “CSTR100” was 23.9 kW; therefore, the desired heat flow of the energy stream “Q”
was – 23.9 kW. The achieved glycerol conversion in the Aspen HYSYS simulation of the design operating point
was 99.4 %, which is in good agreement with the experimental data13.

Figure 5. Nitroglycerin production model in Aspen HYSYS
Table III
Design operation parameters – nitroglycerin production
Stream

Mass flow
[kg/h]

glycerol
mixed_acid
products

63.6
311.6
375.2

Mass fraction
Temperature
[°C]
'> š; 9Kš=> š©K> š? 8K< ÔÕ Ö× 9ØÙØÚ =Õ š? K
19
19
15

1.00
0.00
0.00

0.00
0.51
0.08

0.00
0.49
0.41

0.00
0.00
0.41

0.00
0.00
0.10

The second case study - results and discussion
Safety restriction of the reaction temperature in glycerol nitration is the decomposition temperature of
nitroglycerin. Various studies observed that nitroglycerin can be decomposed in the temperature range of 20 to
30 °C14,15. Therefore, the critical reaction temperature was set to 30 °C and the hazard identification process
was performed. A list of possible temperature, flow and composition deviations for every stream was created
and investigated. Simulation results were scanned in the prepared software for any stable states where
temperature in the reactor exceeded the critical reaction temperature. The range of process variable
deviations D (as defined in Equation (2)) was set from – 30 % to + 30%. Effect of the heat removal deviation on
the “products” temperature is depicted in Figure 6. Effect of “glycerol” parameters deviation on the “products”
temperature is presented in Figure 7. The effect of the “mixed_acid” parameters deviation on the “products”
temperature was negligible. The X mark represents the operating point in which the “CSTR100” temperature
exceeded the critical reaction temperature. The empty circle represents the last operating point for which the
Aspen HYSYS solver found numerical solution. Above and under this point, numerical solution of the
mathematic model in the Aspen HYSYS environment was not found and the reaction was switched off.
60
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Heat removal in CSTR100 (kW)

Figure 6. Effect of heat removal in “CSTR100” on the temperature of stream “products” (X mark – exceeding
the critical temperature, empty circle – last numerical solution)
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Figure 7. Effect of “glycerol” parameters on the temperature of stream “products” (X mark – exceeding the
critical temperature, empty circle – last numerical solution) – (a) mass flow, (b) temperature
When the failure in the cooling control system occurred and the heat removal in “CSTR100” was decreased by
11 % to the approximate value of 21.3 kW, the critical temperature in “CSTR100” was exceeded and the
reactive system was operated at a dangerous point where runaway can occur (Figure 6). When the cooling
control system was corrected and the heat removal was set back to 23.9 kW, the design operating point was
restored. A similar behaviour was observed in case of “glycerol” mass flow deviation. When the mass flow of
stream “glycerol” was increased by 12 %, to ca. 71.2 kg/h, critical temperature in the reactor was exceeded and
the runaway effect was possible (Figure 7a). Simulation results above the critical temperature of 30 °C were not
in agreement with real behaviour of the reactive system observed in past accidents in manufacture of
nitroglycerin because the reaction kinetics of nitroglycerin decomposition was not taken into account in the
Aspen HYSYS model.

Conclusion
Automated model-based hazard identification applied to two case studies was presented. Aspen HYSYS
simulation environment was found to be capable of successful mathematical modelling of two different reactor
models, plug flow reactor and continuously stirred tank reactor, where the reaction took place in the gaseous
and liquid phase, respectively. In the case study of nitroglycerin manufacture, numerical problems occurred in
the region of reaction temperatures near 0 °C and hindered the possibility of model-based hazard identification
in a wider range of process variables. Different evaluation methods of the simulation results were applied. In
the first case study, a sudden step change in the reaction conditions was observed, recorded and further
monitored. In the second case study, the user set value of the critical temperature in the reactor was
monitored and when exceed, actual operating parameters were recorded. The presented safety analysis results
are in good agreement with those obtained by conventional HAZOP studies. Integration of automated modelbased hazard identification in the PHA techniques can potentially lead to the reduction of time and cost
required for appropriate process safety analysis. It can be successfully applied at the design stage of the
chemical production, for the operation of an already existing chemical unit as well as for educational purposes
and training of operators.
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Abstract
The thermal hazard is a cause of many serious industrial accidents, typically represented by runaway reactions.
The key to prevention of these accidents is to comprehend a complex behaviour of substances with the
runaway potential. Classic theories of thermal explosion are capable to describe the problem of thermal
runaway reaction. However these theories are difficult to be daily used. For the practical purposes of the
industrial safety a different approach is possible. For the safety of a process where thermal hazard could exert,
four temperatures must be known: adiabatic temperature rise, decomposition temperature, standard
temperature of a process and boiling point of a reaction mixture. From the relation among these parameters
the processes can be then divided into several classes of hazard level. Standard temperature of the process is
given by technology; the boiling point of the reaction mixture is given by its composition. The determination of
decomposition temperature and adiabatic temperature rise is a complex problem. Usually thermoanalytical
methods are used to obtain these parameters. One of the suitable methods is accelerating rate calorimetry
(ARC). Using of ARC to determine the decomposition temperature and the adiabatic temperature rise is a main
topic of this article. Compared to other thermoanalytical methods, ARC provides quite unique experimental
conditions. The relatively large amount of the sample is used; pressure above the decomposing sample is
monitored. The calorimeter simulates adiabatic decomposition of the sample. The decomposition of dibenzoyl
peroxide solution and pentrite (pentaerythritol tetranitrate) was studied with ARC. The determination of the
adiabatic temperature rise, the decomposition temperature and the influence of a sample and bomb masses
and concentration on both parameters are discussed.

Introduction
The thermal hazard is a cause of many serious industrial accidents, typically represented by runaway reactions.
The key to prevention of these accidents is to comprehend a complex behaviour of substances with the
runaway potential.
One example for all is the accident at T2 Laboratories, where four people died and thirty two were injured, is
good example which demonstrates, that full comprehension of thermokinetic behaviour of reactions is
necessary if they are supposed to be run safely at industrial scale.1 This accident could have been probably
prevented if a proper thermometric measurement was performed before designing the process, because in this
particular case the explosion of the reactor was caused by the undesired side reaction. This reaction could be
detected by an appropriate calorimetric method.
Classic theories of thermal explosion are capable to describe the problem of thermal runaway reaction.
However these theories are difficult to be daily used. First problem is a proper material description, mainly the
decomposition kinetics. Second problem is solving of the resulting equations.
For the practical purposes of the industrial safety a different approach is possible.2 For the safety of a process
where thermal hazard could exert, four temperatures must be known: adiabatic temperature rise,
decomposition temperature, standard temperature of a process and boiling point of a reaction mixture. From
the relation among these parameters the processes can be then divided into several classes of hazard level.
Standard temperature of the process is given by technology; the boiling point of the reaction mixture is given
by its composition. The determination of decomposition temperature and adiabatic temperature rise is a
complex problem. Usually thermoanalytical methods are used to obtain these parameters. One of the suitable
methods is accelerating rate calorimetry (ARC).3 Using of ARC to determine these two parameters is a main
topic of this article.

Accelerating rate calorimetry
During the measurement the sample is enclosed in a small bomb enabling monitoring of temperature and
pressure. Usually the sample is heated to certain temperature and it is maintained at this temperature for
certain time (e.g. 15 min). If the decomposition does not occur, the temperature is elevated (e.g. by 5 °C), and
the whole procedure is repeated until the decomposition starts. A typical stairs-like temperature profile is
achieved in this “heat-wait-search” measuring mode. If the sample begins to decompose exothermically, the
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instrument is switched into adiabatic mode. The temperature around the bomb with the sample is maintained
at the same temperature, which is measured on the surface of the bomb. The decomposition of the sample
manifests itself as a temperature and pressure increase.
Compared to other thermoanalytical methods, ARC provides quite unique experimental conditions. The
relatively large amount of the sample is used; pressure above the decomposing sample is monitored. The
calorimeter simulates almost adiabatic decomposition of the sample. A measure of adiabacity can be expressed
with so called Φ-factor which quantifies the relation between thermal masses of sample and its surroundings:
Φ=1+

Å& ]&
Å8]8

Where m are masses, c are specific heats, indices S are for the sample and indices B are for the surroundings
(bomb). The fully adiabatic process has the Φ-factor equal to 1. Otherwise, the surroundings can serve as a
cooler, since a part of heat evolved from the decomposing sample is used for the heating of the surroundings.
The results of measurements with a high Φ-factor should be corrected to achieve true adiabatic values.
This work consists of the two series of experiments. The first part of experiments was set to explore the
dependence of the onset temperature and the adiabatic temperature rise on the concentration of toluene
solutions of dibenzoyl peroxide. The second part of experiment is focused on the influence of bomb type on the
measured results, because the thermal mass of the bomb (represented by Phi-factor) makes the difference
between the experiment and fully adiabatic process.

Experimental part
The thermal decomposition of the samples was studied with the accelerating rate calorimetry. The calorimeter
ARC-es, manufactured by THT, UK, was used. The experiments were carried out in heat-wait-search mode, with
starting temperature 50 °C. The temperature steps with height 3 °C and length 15 minutes were applied, until
the exothermic decomposition was detected. The temperature rate 0.02 °C/min was used as a limit to detect
an exotherm.
Titanium bombs (8 g, 0.54 J/g°C) with the diameter 25.4 mm and the volume 9.8 ml were used for the first set
of experiments. The 6 g of solution of dibenzoyl peroxide in toluene were used (concentrations 5, 10, 15 and 20
% w/w).
The second series of experiment was carried out with PETN (pentrite, pentaerythritol tetranitrate), one of the
basic high explosives. Therefore only small amount of sample (80 mg) was used in all cases. The measurements
started at the temperature 100 °C, other parameters (height and length of the step, temperature sensitivity for
the exotherm detection) were the same as in the previous case. The standard titanium, stainless steel and
hastelloy bombs were used. A special low mass titanium tube bomb was also used. The parameters of this
series of measurements are stated in table I.
Table I
Parameters of bombs used for PETN measurements.
Bomb type
m [g]

SS-LNQ

HC-MBQ

Ti-LCQ

TiT

11.1

14.2

6.2

3.5

cp [J/g°C]

0.42

0.42

0.54

0.54

Φ [-]

59.27

75.55

42.85

24.63

Results and Discussion
The recorded temperature and pressure rise of all four samples were put into the two separate graphs
depicting temperature and pressure changes. The time axis does not correspond with the real time of
measurement, but the position of the curves was shifted in time to clearly show their relative shapes. Figure 1
depicts temperature rise during the decomposition, figure 2 shows the pressure rise in the bomb.
Table II contains decomposition parameters of DBP calculated with the calorimeter software, which takes into
account non-ideal adiabatic environment of the calorimeter and recalculates recorded values with Φ-factor.
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Table II
Decomposition parameters of DBP.
DBP concentration
Φ [-]
Tonset [°C]

Tadiab rise [°C]

Pmax [bar]

H [J]

5%

1.42

77.6

8.0

4.736

116.464

10%

1.42

71.6

20.0

8.907

291.414

15%

1.42

67.6

44.1

15.214

641.620

20%

1.42

62.3

65.5

21.068

951.585

The first set of experiments shows expected results. As the concentration of DBP in toluene rises, the onset
temperature of decomposition (decomposition temperature) falls. The adiabatic temperature rise, maximum
pressure and overall evolved enthalpy rise with the rising concentration; simply due to the fact that more of
DBP is decomposed during the experiment.
Similarly, the pressure curves more or less copy the temperature rise, although the beginning of the
decomposition is not so clear. However from the point where the DBP starts to decompose, it is clear that the
higher concentration means faster decomposition leading to higher pressures.
The second part of experiment is focused on the influence of bomb type on the measured results. In this case,
pentaerythritole tetranitrate (PETN) was selected as the testing compound. PETN is an explosive. To limit the
damage to the apparatus, only a small amount of sample (80 mg) could be used. Therefore all the
measurements from the second part were carried out with the relatively high Φ-factor. As a rule of thumb, the
measurements should be carried out with as low Φ-factor as possible. However the decomposition of
explosives is another issue and the safety is the most important in this case.
The figure 3 shows temperature profile caused by decomposition of PETN in each type of bomb, figure 4
depicts the pressure rise. Similarly to the previous experiment, the time axis does not correspond with the real
time of measurement, but the position of the curves was shifted in time to clearly show their relative shapes.
The basic parameters of the PETN decomposition are stated in table III.
Table III
Decomposition parameters of PETN.
Bomb type
Φ [-]
Tonset [°C]

Tadiab. rise [°C]

Pmax [bar]

SS-LNQ

59.27

153.7

24.1

9.420

HC-MBQ

75.55

152.5

26.1

8.844

Ti-LCQ

42.85

153.5

22.1

9.255

TiT

24.63

146.6

-

34.000

The onset of the decomposition temperature was practically unaffected for all the standard bombs. The Φfactor is so high, that a small difference of the thermal mass of the bombs does not influence the beginning of
the onset of the decomposition temperature. The titanium tube bomb, used in the last case, has lower thermal
mass and shows the decomposition temperature about 8 °C lower. However a sharp peak of the temperature
record was observed in this case (figure 3). That means the sample was ignited during the decomposition and
exploded. Therefore it is impossible to measure the end of decomposition correctly and the adiabatic
temperature rise cannot be calculated in this case.
The maximum pressure is similar for all three standard bombs, because the same amount of the sample is
decomposed in the same volume. In the case of titanium tube bomb, the volume is obviously lower and the
pressure rises up to 34 bar.
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Figure 1. Decomposition of DBP – temperature record.

Figure 2. Decomposition of DBP – pressure record.
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Figure 3 PETN decomposition – temperature record.

Figure 4. PETN decomposition – pressure record.
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Conclusion
Using of ARC to determine the onset of decomposition temperature and the adiabatic temperature rise was
demonstrated in case of two samples. The influence of the concentration was explored for the solutions of
dibenzoyl peroxide in toluene. The influence of the material of the bomb (represented by Φ-factor) was
demonstrated in the case of PETN decomposition.
The concentration of DBP influences both these parameters – the onset of decomposition temperature falls
and the adiabatic temperature rise grows with the growing concentration. For such solutions, the best way is to
test them in such concentration that corresponds to their real usage.
As a rule of thumb, the measurements should be carried out with as low Φ-factor as possible. However
studying of the decomposition of explosives enables only small amounts of sample to be used in order to
prevent the damage of the apparatus. Therefore all the measurements from the second part were carried out
with the relatively high Φ-factor.
The onset of the decomposition temperature was practically unaffected for all the standard bombs. The Φfactor is so high, that a small difference of the thermal mass of the bombs does not influence the beginning of
the onset of the decomposition temperature. The titanium tube bomb, used in the last case, has lower thermal
mass and shows the decomposition temperature about 8 °C lower. However a sharp peak of the temperature
record was observed in this case (figure 3). That means the sample was ignited during the decomposition and it
exploded. Therefore it was impossible to measure the end of decomposition and the adiabatic temperature
rise could not be calculated in this case. The maximum pressure is similar for all three standard bombs, because
the same amount of the sample is decomposed in the same volume. In the case of titanium tube bomb, the
volume if obviously lower and the pressure rises up to 34 bar. Despite the titanium bomb has much lower mass
(an therefore lower Φ-factor), its lower mass together with its lower internal volume forces one to used even
smaller sample masses, what again leads to higher Φ-factor.
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University of Chemistry and Technology, Faculty of Environmental Technology, Department of Environmental
Chemistry, Technicka 5, 166 28 Prague 6
Klara.Kob@seznam.cz

Abstract
Nowadays, it is generally accepted that any new materials or technologies shall be developed
in accordance with the principles of sustainable development (e.g. green chemistry). The application
of nanomaterials has been preferred thanks to their unique properties. On the other hand, disadvantages may
be derived from the high energy use and CO2 burden related to the manufacture, operation, and disposal
of nanomaterials and their mostly unknown effects on human and environment.

Review
Nanomaterials can be used for many applications in various types of industry and products for daily use as
cosmetics, clothing or packaging of food and drinks. They have various structure, shape and size and can be
simplified divided into two groups on metal or carbon nanoparticles/nanomaterials. The several studies
describe variable effects on organisms as bioaccumulation, oxidative stress and effects on reproduction or
growth.
Life Cycle Assessment (LCA) is a method to assess the environmental performance of a products or process.
It enable to find ecologically friendlier production or using. But so far, studies applying LCA to the area of
nanotechnology have been scarce. It's understandable, because the nanoparticles due to their properties are
particularly problematic in terms of effects and describe their properties and behavior in time and space. For
example, insertion some metal nanoparticles in the natural water will begin to uncontrollably agglomerate,
change their shape and size, and thus the toxic potencial. In addition, LCA needs any adequate data of
inventory analysis for the whole life cycle. From this reason, characterization factors of nanomaterials for
toxicity categories (aquatic ecotoxicity, carcinogens, non carcinogens and terrestrial ecotoxicity) are lacking, so
all the potential environmental impacts refer to the bulk chemicals.
Current few studies show that it is not easy to assess whole life cycle in the case of nanomaterials and
nanotechnologies. It is a fact that there is a complete lack of characterization factors for release of
nanoparticles indoors and outdoors. Data sources for materials and energy carries are mostly taken from
different sources as Ecoinvent database, Gabi database SimaPro database, DEAM database or from literature
sources. Life Cycle Inventory (LCI) data for the various production technologies of nanomaterials have never
been include information about emmission to air, soil and water.
There is also the other aspect that complicates the calculation of engineered nanoparticles. A typical
nanoparticle (e.g. a carbon nanotube, a nanosilver or nano-TiO2 particle) does not exist. In addition, some
authors write that about 580 different nanoproducts existed in 2007 []
Exhaustive number of studies dealing with nanomaterials and LCA are described in detail in the article from
last year, where aproximately thirty studies are analysed 2 but barely third of them also mentioned risk
analysis. Studies dealing with LCA can be divide on two main types yet. Firstly, characterisation factors for any
environmental impact category (e.g. aquatic ecotoxicity, human toxicity) are calculated. The other group of
studies includes comparison of individual route synthesis or nanomaterial using. The Table I briefly introduce
some selected studies.

Conclusion
The present studies indicate that assessment of nanomaterials is relatively complicated and should be solved
locally in corelation to nanomaterial properties, production, using and waste management as well as some
other materials. It is also important to make suitable models for fate of nanomaterials in various type of
environment as is for example soil or freshwater sediment and human exposition models for various types of
workplace.
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Table I
The papers mentioning nanomaterials, LCA and risk analyses
Study
Nanomatenals
Covered aspects
No.
[3]
Polymer nanocomposite
Global warming and toxic releases

[4]

Single-wall carbon
nanotubes (SWCNT)
Single-wall carbon
nanotubes

Airborne inorganics/climate change/
acidification
Environmental Impact Assessment
(EIA)

[6]
[7]

Carbon nanofiber
Titanium dioxide
nanoparticles

[8]

Nano silver (coating)

[9]

PM2.5 - 10 matter

[10]
[11]

Silver nanoparticles
nano-TiO2

Various “midpoint” indicators
Midpoint” and “endpoint”
indicators, based on the EI'99
method
Global warming potential,
freshwater toxicity, and seawater
toxicity are reported
2,781 characterization factors
for 34 chemicals
Synthesis routes
CF calculation

[5]

Functional unit
Calculation for 16.9 Mio cars
produced annually, 210 Mio cars
on the road, 15,000 miles/a, 10
years life-span of a car
1 g SWCNT
595 kg of carbon nanotubes per
hour (by a purity of 97 mol %)
1 kg CNF
1 kg of titanium dioxide
nanoparticles
1 T-shirt, treated with nanosilver

1 kg AgNP production
-
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ADDITIONAL FULL TEXT
NATIONAL ACTION PLAN FOR RENEWABLES – SECTION TRANSPORT
Pospíšil M., Souček I., Šimáček P., Kittel H.
University of Chemical Technology, Prague, Technická 5, 166 28 Praha 6 – Dejvice, Czech Republic
milan.pospisil@vscht.cz

Abstract
Article summarizes the results of modeling of several option to satisfy conditions of National Action Plan for
Renewables for the Czech Republic taking into account also two options for GHG reduction required by 2017
(3.5% vs. 4.0%) to reach GHG saving in 2020 of 6.0% and replacement of mineral based motor fuel by 10% e.e.

NAP for the Czech Republic
Binding document for EU countries based on EC decree 2009/548/ES from 30. 6. 2009 which defines unique
format for National Action Plans for Energy from Renewable Sources (NAP) in accordance with Directive of
European Parliament 2009/28/ES.
Binding principles are proposed for comparability of NAPs and target values between each member state.
NAP for the Czech Republic has been elaborated in gestion of Ministry of Industry and Trade for period 20122020, part: electricity production and heat/cool production has been up-dated in 2015. Part of renewable
energy for transport is currently under revision and will be presented in June to the Czech Government.

Obligatory replacement of fosil fuels by renewables and GHG saving
In accordance with the Directive of European Parliament 2009/28/ES, EU has to achieve 20% replacement of
fossil based energy by renewables when 10% replacement is defined for transport. Czech Republic has set
target for 13% share of renewable energy on final consumption of energy when in the same time 10% share of
renewables is applied for transport (7% through 1G, 0.5% advanced biofuels).
In accordance with the Directive of European Parliament 2009/28/ES and the Czech law 201/2012 Sb. on Air
pollution protection, the Czech Republic is obliged to save 6% GHG compared to reference year of fossil fuel
consumption: 1994. It is targeted to reach 4% GHG saving in 2017 (with possible exception only 3.5%) and it is
required to reach 6% GHG saving in 2020.

Calculation model NAP_OZE
In order to create credible scenarios UCT Prague developed calculation model with following features:
1. Simple linear calculating model in MS Excel.
2. Input data:
• Total amount of liquid and gaseous motor fuels and electrical energy (kt, mil. m3, GWh) consumed for transport,
• Relative representation of each type of motor fuel (%) automotive gasoline and diesel,
• Content of renewable component(s) (% obj.) in distributed motor fuels,
• Heat content (MJ/kg, MJ/l, MJ/m3) and density (kg/m3)
• GHG emission factors (g CO2/MJ) for renewable components, fossil fuel and electrical energy
3. Calculation model results:
• Expected consumption (kt, mil. l, mil. m3, GWh) any type of motor fuel with low (E0, E5, E10,
BA98/100, B0, B7) and high (E85, B30, B100) content of biofuels (bioethanol, ETBE, MERO, FAME from
waste fatty products, HVO, FT diesel, biogas, biohydrogen, electricity from renewable sources)
• Energy consumption (PJ, ktoe) in transport incl. Use of biofuels and electricity,
• Calculation of total replacement by renewables,
• Calculation of average emission factor (g CO2/MJ) for each type of motor fuel based on concrete
amount of renewable content,
• Consumption (kt, mil. l, mil. m3) of each renewable component in motor fuels,
• Fiscal impact = Excise Tax/Value Added Tax (mil. Kč) from motor fuels sales
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Alternative calculation of consumption of fossil fuels and renewable component in
transport for period 2016 – 2020
For period 2016 – 2020, it was proposed assess 7 possible alternatives in accordance with scenario of
consumption of liquid and gaseous motor fuels and electricity. Basic aspects of total consumption of types of
motor fuels in transport for period 2016 – 2020 (see Table 1 and 2).
Table 1
Basic assumptions
Commodity

Annual growth index

Share in2020

Comments

Gasoline
Diesel
LPG
CNG
Electricity in transport
Electricity in road transport

0.987
0.997
1.02
1.15 – 1.20
1.02
1.25 – 1.80

22 %
68 %
1.7 %
1.3 %
max. 3%

small decline
small decline
small growth
medium growth
small growth
larger growth

Table 2
The estimated consumption of liquid and gaseous fuels and electricity
Type of motor fuel
2016
Petrol in total
(kt)
1 585
of which: E0 (ethanol 0 %)
(kt)
5
E5 (ethanol max 5 %)
(kt)
1 535
E10 (ethanol max 10 %)
(kt)
E85 (flex fuel)
(kt)
5
BA98/100 (premium petrol)
(kt)
40
Diesel in total
(kt)
4 720
of which: B0 (FAME 0 %)
(kt)
50
B7 (FAME max 7 %)
(kt)
4 655
B30 (FAME min 30 %)
(kt)
10
B100 (FAME 100 %)
(kt)
5
LPG
(kt)
100
CNG/LNG
(mil. m3)
58
H2
(mil. m3)
Electricity
(GWh)
1 608
electricity for e-cars. e-buses and
of which:
(GWh)
77
trolleyb.
electricity for trains and trams
(GWh)
1 531

2017
1 580
5
1 530

2018
1 560
5
1 510

2019
1 540
5
1 490

2020
1 520
5

5
40
4 720
50
4 595
50
25
102
72

5
40
4 705
50
4 580
50
25
105
86

1 632

1 661

5
40
4 690
50
4 565
50
25
108
101
0.5
1 689

1 470
5
40
4 675
50
4 370
170
85
111
115
1.0
1 716

84

95

105

114

1 548

1 566

1 584

1 602

As result of motor fuel quality. the estimated consumption of renewable component has been calculated (see
Table 3).
Table 3
The estimated consumption of fuels components based on renewable energy sources
Bio-component
2016
2017
2018
st
Bioethanol – 1 generation (corn. starch. sugar)
(kt)
70
70
69
Bioethanol – 2nd generation (lignocellulose)
(kt)
ETBE – based on 1st generation bioethanol
(kt)
7
7
7
(kt)
303
332
331
RME - 1st generation (CZ production)
FAME - 2nd generation (used cooking oils)
(kt)
HVO - process not specified. 1st generation oils
(kt)
2
2
2
HVO - 2nd generation (waste vegetable oils)
(kt)
FT - 2nd generation diesel (lignocellulose)
(kt)
(mil. m3)
Biogas - 2nd generation (bio waste))
Hydrogen from renewable energy sources
(mil. m3)
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2019
68
7
330
2

2020
120
34
6
416
32
20
20
0
0
0

Finally. national Action Plan is expressing energy consumption in PJ – see Table 4.
Table 4
The estimated energy consumption in transport
Total energy consumption
NREAP energy consumption in total
Consumption of renewable energy (with
bonuses)

(PJ)
(PJ)

2016
295.5
274.9

2017
296.0
274.6

2018
295.4
274.2

2019
294.9
272.1

2020
292.3
267.9

(PJ)

15.4

16.5

16.5

16.5

27.9

The renewable content in each kind of the motor fuel is then expressed as contribution of fossil motor fuel
replacement. The contribution of each kind of motor fuel (in accordance with its composition related to
renewable component content) is shown in the Table 5.
Table 5
The estimated share of energy from renewable sources in gross final consumption of energy in transport
2016
2017
2018
2019
REN in E0. E5. E10. BA98/100
(%)
0.68
0.68
0.68
0.67
REN in E85
(%)
0.04
0.04
0.04
0.04
REN in B0. B7
(%)
3.99
3.95
3.94
3.96
REN in B30
(%)
0.04
0.22
0.22
0.22
of which
REN in B100
(%)
0.07
0.34
0.34
0.34
share:
REN in CNG/LNG
(%)
REN in H2
(%)
REN in electricity
(%)
0.77
0.78
0.80
0.83
(%)
4.8
5.2
5.2
5.2
REN of 1st generation
REN in advanced fuels
(%)

2020
1.89
0.04
5.72
0.76
1.17

0.86
7.0
0.7

NREAP = national renewable energy action plan
REN = energy from renewable sources
The composition of motor fuels as shown in table 5 is contributing into GHG emissions saving as shown in the
Table 6.
Table 6
The estimated savings of GHG emissions in transport
Average GHG emissions offsetting REN
Savings of GHG emissions in transport
GHG in E0. E7. E10. BA98/100
GHG in E85
GHG in B0. B7
GHG in B30
of which
GHG in B100
saving:
GHG in LPG
GHG in CNG/LNG
GHG in H2
GHG in electricity

(g CO2/MJ)
(%)
(%)
(%)
(%)
(%)
(%)
(%)
(%)
(%)
(%)

2016
91.0
3.3
0.63
0.02
1.94
0.03
0.04
0.36
0.21

2017
90.7
3.6
0.63
0.02
1.91
0.14
0.22
0.37
0.26

2018
90.7
3.7
0.64
0.02
1.91
0.14
0.23
0.38
0.32

0.016

0.018

0.020

2019
90.6
3.7
0.63
0.02
1.91
0.14
0.23
0.39
0.37
0.000
0.022

2020
88.4
6.1
1.21
0.02
2.70
0.48
0.78
0.41
0.43
0.000
0.025

For economic viability. it is necessary to take into account also the price differentials between fossil and
renewable component of motor fuels. Historically. the price difference between diesel fuel and FAME is
observed about 400 USD/t. the price difference between automotive gasoline and bioethanol is observed
about 100 USD/t (see Figure 1). Obviously observed average price difference depends also on absolute level of
quoted price of motor fuels: diesel and gasoline (at higher price: difference to renewable is lower and vice
versa).
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USD / t

Spreads FAME-ULSD And Bioethanol-UNL95 FOB ARA
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Figure 1. Differentials of fossil and renewable components
The final retail price of motor fuel depends on excise tax applied considering tax advantage of motor fuel based
on renewable sources. It is necessary to underline that excise tax has been applied to E85 and B100 since 2016
in the Czech Republic.
Table 6
Taxation of mator fuels in the Czech Republic
2012 2013 2014 2015 2016 2017 2018 2019 2020
E0
E5
E10
E85-excise tax return)
BA98/100
B0
B7
B30
B100

(Kč/l)
(Kč/l)
(Kč/l)
(Kč/l)
(Kč/l)
(Kč/l)
(Kč/l)
(Kč/l)
(Kč/l)

12.84
12.84
12.84
0.0
12.84
10.95
10.95
7.665
0.00

12.84
12.84
12.84
0.0
12.84
10.95
10.95
7.665
0.00

12.84
12.84
12.84
0.0
12.84
10.95
10.95
7.665
0.00

12.84
12.84
12.84
0.0
12.84
10.95
10.95
7.665
0.00

12.84
12.84
12.84
2.61
12.84
10.95
10.95
9.265
4.59

12.84
12.84
12.84
1.87
12.84
10.95
10.95
8.515
2.19

12.84
12.84
12.84
1.87
12.84
10.95
10.95
8.515
2.19

12.84
12.84
12.84
1.87
12.84
10.95
10.95
8.515
2.19

12.84
12.84
12.84
1.87
12.84
10.95
10.95
8.515
2.19

The excise tax together with VAT (applied at the level of 20% to wholesale price + excise tax) is significantly
influencing the level of retail price and obviously level of tax collection to the state budget (see Figure 2).
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