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BIOTECHNOLOGY AND BIOREFINARY
PREPARATION OF CHITOSAN BASED FILMS FOR FOOD PACKAGING APPLICATIONS
Soukup K.1, Cruz G.J.F.2, Hanika J.1, Jandova V.1, Hejtmanek V.1, Solcova O.1
Institute of Chemical Process Fundamentals of the CAS, v. v. i., Rozvojová 135, 165 02, Prague 6, Czech
Republic,
2
National University of Tumbes, Department of Forestry Engineering and Environmental Management, Av.
Universitaria s/n, Campus Universitario – Pampa Grande, Tumbes, Peru
1

Abstract
In the present study, the effect both of the botanical source and proportion of starch produced from agricultural
surplus on the microstructure properties of starch/chitosan/glycerin films was tested. Effective gas transport
properties gas diffusion transfer was performed. Starch/chitosan/glycerol biodegradable films were obtained by
casting method from giant squid (Dosidicus gigas) pen chitosan mixed with glycerin and starch. Four starch
samples were prepared using exceeding or low quality biomass including broken rice grains, hard yellow corn
surplus, banana surplus form exportation activity and low quality cassava in three different weight proportion
(chitosan/starch) corresponding to 1/1, 2/1 and 5/1. Extraction of starch from the raw material was carried out
by mixing it with a water solution of sodium disulfite (5 wt.%). Afterwards, the obtained suspension was filtered
and then decanted at 5°C for 24 h. The obtained starch was washed repeatedly with distilled water and ethanol
(96 vol.%). Finally, the starch samples were dried at 55°C for 48 h, crushed and sieved. It was found that the gas
diffusion transport properties significantly depend on the starch source used. Differences in diffusion transport
rates through the films prepared with different starches are related to the size and distribution of granules of
starch in the films and/or the amylose content.

Introduction
In the modern society, plastics based on crude oil has become a serious concern from environmental point of
view. Due to their low biodegradability, these materials can remain in the environment for long time and could
cause the environmental problems such as saturation of landfills and greenhouse gases production1. In the most
cases these materials can even reach the terrestrial and aquatic ecosystems and, thus effect living organisms.
Starch and chitosan are two of the most used biopolymers to produce biodegradable packages. Although both
materials offer advantages when they are used individually, these materials also reveal some drawbacks. Starch
possesses such properties as homogeneity, odorless, colorless and very low oxygen permeability2. However, its
main drawback is high hydrophobicity, high water solubility, brittleness3, poor mechanical and barrier
properties4. On the other hand, chitosan is the material which could form film of a high quality and which reveals
only e.g. a lack of water resistance and poor mechanical properties.
Although chitosan compared to starch can be produced from low valuable wastes (chitin), the production process
itself (deacetylation) is still expensive and environmentally unfriendly. On the contrary, raw materials and
production process of starch are low cost and less polluting compared to chitosan production.
Addition of plasticizers into films offers some advantages for the final materials. Versino et al.5 found that
plasticized starch films reveal lower water vapor permeability compared to unplasticized ones. Additionally, the
presence of plasticizer induces structural modifications of starch network leading to a less ordered but a compact
structure. It is very important to maintain moisture content in some edible products and keep their quality.
Besides Zhong and Xia6 concluded that the presence of glycerin increases the flexibility of the final films thanks
to reduction of the intermolecular bonds between polymer chains.
Within presented study, the effect of the botanical source and proportion of the starch produced from
agricultural surplus over the properties of the starch/chitosan/glycerin films is tested statistically. A
comprehensive characterization that includes chemical, optical, morphological, biodegradable and gas diffusion
properties was also performed.

Experiment
Chitosan (molecular weight of 1000 KDa, deacetylation degree of 85.5 %) prepared via chemical method from
giant squid (Dosidicus gigas) pen (residual biomass of fishing industry) was used for the experiments. Various
starch samples were prepared using exceeding or low quality raw materials such as: broken rice grains (RS)
(“ñelen”), hard yellow corn surplus (CS), banana surplus form exportation activity (variety Cavendish) (BS) and
low quality cassava (CaS). Extraction of the starch was carried out by mixing dried and grounded raw materials
with a solution of sodium metabisulfite (5%). The mixture was filtered and then decanted at 5 °C during 24 h.

10
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After that, the obtained starch was washed repeatedly with distilled water and ethanol (96 vol.%). Finally, the
starch samples were dried at 55°C for 48 h, subsequently crushed and sieved.
Chitosan/glycerol/starch films were prepared by the casting method. A solution of chitosan 1% (w/v) in 1 % (v/v)
of acetic acid was prepared. 1, 2 and 5 % (w/v) aqueous solutions of the starch samples were prepared via
constant and exhaustive agitation at room temperature for 30 min and then at 90 °C for 60 min until
gelatinization of the solution was finished. The solutions were filtered to remove unsoluble particles. The
chitosan solution and the solutions with different starch proportions were mixed in order to prepare the samples
summarized in Table I. The mixture was stirred for 30 min and a glycerol solution (1.5 % w/w) was added in a
volumetric ratio corresponding to 2:1 with respect to the starch solution. The mixture was stirred for additional
30 min and then was put into an ultrasonic bath for 20 min Finally, it was dispersed over acrylic molds. The
samples were dried at 60 °C for 23 h and afterwards prepared films were stored in a desiccator.
Table I
Composition of the prepared films
Samples

Chitosan (g)

Glycerol (g)

Starch source

Starch (g)

Ch-G

0.4

0.3

–

–

Ch-G-RS1

0.4

0.3

Rice

0.4

Starch/Chitosan
Ratio
–
1

Ch-G-RS2

0.4

0.3

Rice

0.8

2

Ch-G-RS5

0.4

0.3

Rice

2.0

5

Ch-G-CS1

0.4

0.3

0.4

1

Ch-G-CS2

0.4

0.3

Hard yellow corn
Hard yellow corn

0.8

2

Ch-G-CS5

0.4

0.3

Hard yellow corn

2.0

5

Ch-G-BS1

0.4

0.3

Banana

0.4

1

Ch-G-BS2

0.4

0.3

Banana

0.8

2

Ch-G-BS5

0.4

0.3

Banana

2.0

5

Ch-G-CaS1

0.4

0.3

Cassava

0.4

1

Ch-G-CaS2

0.4

0.3

Cassava

0.8

2

Ch-G-CaS5

0.4

0.3

Cassava

2.0

5

Binary counter-current gas diffusion measurements were performed in the Graham’s diffusion cell7. Samples of
a circle shape (20 mm diameters) were prepared from the parent film sheet by using a die cutting tool. All gas
transport measurements had to be performed very carefully owing to soft and easily deformable structure of
films.
The diffusion cell is divided into two flow-through chambers with equal volumes (V = 150 cm3) separated by an
impermeable disc with the fixed and sealed (by using a sealing O-ring) samples of films. During the gas diffusion
measurements different gases flowed steadily through the upper and the lower cell chambers (gas flow rate of
150 mL min-1 for the both gas streams) until the steady state was established. Immediately after that, the gas
inlet and outlet in one of the cell chambers (typically the lower chamber) were closed by the 4-way valve and the
net diffusion volumetric flux was determined by the digital bubble flowmeter (Optiflow HFM 570, Agilent
Technologies, USA) connected to the bottom of the cell chamber. The heavier gas was always fed into the upper
cell chamber. Two gas pairs and argon (99.99 % grade, Linde Gas, Czech Republic), were used for the diffusion
tests. All diffusion tests in the Graham’s cell were performed under ambient temperature and pressure.
Gas diffusion measurements were carried out using Graham´s diffusion cell with two gas pairs Ar/He and He/H2
in order to measure directly volumetric diffusion flux by a digital bubble flowmeter (Vd). After that the net
diffusion molar flux density (Nd) was calculated from Vd.

Discussion and results
Size, shape and distribution of starch granules in the films are showed in Figure 1. All samples revealed two
phases, the first is a compact structure that is constituted by chitosan/glycerin and soluble fraction of starch. The
second is composed by granules of starch distributed in the first phase. The granules of rice starch reveals
irregular shape, elliptical forms and they are distributed in almost whole surface of the film. The granules of corn
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starch were round, more regular and homogeneously distributed in the film. The granules of cassava starch were
ovals to round with edges and they were distributed rather anisotropic. Lopez and García8 found that materials
based on corn starch present more homogeneity and compactness than films produced from tuberous starches
such as cassava starch, coinciding with this study. Finally, the granules of banana starch are faintly recognizable
with irregular round shape and irregular distribution.
The size of starch granules decreased in the order to Ch-G-RS>Ch-G-RS>Ch-G-CaS>Ch-G-BS. Additionally, it
follows from the SEM micrographs, all starch granules are over the relief of the films (except for banana starch).

a

b

c

d

e

f

g

h

Figure 1. SEM pictures of the prepared films with 2% of starch: Ch-G-RS (a-e), Ch-G-CS (b-f), Ch-G-BS (c-g), Ch-GCaS (d-h)
Gas diffusion measurements were conducted with inert gas pairs (Ar/He and He/H2) based on the fact that these
gases neither are able to react with the components of the films nor may be adsorb on the surface. Every
experimental point was replicated three times and corresponding mean values both the volumetric diffusion
fluxes and the net diffusion molar flux densities are summarized in Table II. Statistically, there was a significant
variation in this parameter which depend on starch source. There was not a significant difference of the starch
concentration over this parameter. Thus in the case of the gas pair Ar/He, the net diffusion molar flux densities
of the Ch-G-RS samples (average 0.11 µmol cm-2 s-1) and Ch-G-CS (0.11 µmol cm-2 s-1) are higher compared to the
samples of Ch-G-BS (average 0.06 µmol cm-2 s-1) and Ch-G-Ca (average 0.07 µmol cm-2 s-1). While in the case of
the gas pair He/H2, the net diffusion molar flux densities of the samples Ch-G-CS (average 0.09 µmol cm-2 s-1) is
higher than for the samples Ch-G-RS (average 0.06 µmol cm-2 s-1), Ch-G-BS (average 0.05 µmol cm-2 s-1) and ChG-Ca (average 0.05 µmol cm-2 s-1). This behavior could be related to the distribution of starch. As it was
aforementioned in the SEM micrographs, the films are composed of a compact structure (chitosan/soluble starch
and glycerin) and the area occupied by starch granules. The areas composed of chitosan/soluble starch and
glycerin might be less gas permeable than the granules of starches, thus films with homogeneous distribution of
starch present higher net diffusion molar flux density. Since the sample Ch-G-CS presented the most
homogeneous distribution of starch, this sample has the highest net diffusion molar flux density. The sample ChG-RS presented a more and less distribution of starch in the films and the second highest net diffusion molar flux
density. The samples Ch-G-BS and Ch-G-Ca with very heterogeneous distribution of starch showed higher gas
diffusion resistance.
Another factor that could explain this tendency is the amylose content in the starch. The higher amylose content
in the starch, the higher amount of free OH- that could form hydrogen bonds with chitosan in solution after
gelatinization and retrogradation. Thus, in films containing starch with higher amylose content, the number of
hydrogen bonds are higher leading to films of stronger interaction between starch and chitosan and possibly
with less porosity for a gas diffusion transport. Therefore, films with higher amylose content based on banana
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and cassava starches (Table II) revealed higher gas diffusion resistance compared to the films based on rice and
corn starches with lower fraction of amylose.
Table II
Results of the gas diffusion measurements performed in Graham’s diffusion cell
Sample
Ch-G-RS1
Ch-G-RS2
Ch-G-RS5
Ch-G-CS1
Ch-G-CS2
Ch-G-RS5
Ch-G-BS1
Ch-G-BS2
Ch-G-BS5
Ch-G-CaS1
Ch-G-CaS2
Ch-G-CaS5

t

p

Vd

Nd

[oC]

[kPa]

[cm3 min-1]

[µmol cm-2 s-1]

Ar/He

25.0

98.6

0.42

0.09

He/H2

25.0

98.6

0.32

0.07

Ar/He

25.2

97.9

0.60

0.13

He/H2

25.2

97.9

0.33

0.07

Ar/He

26.0

97.8

0.49

0.10

He/H2

25.8

97.6

0.23

0.05

Ar/He

23.8

98.4

0.58

0.12

He/H2

23.6

98.4

0.40

0.08

Ar/He

23.8

98.7

0.49

0.10

He/H2

23.8

98.7

0.46

0.10

Ar/He

25.6

97.8

0.55

0.11

He/H2

25.2

97.8

0.47

0.10

Ar/He

24.6

98.6

0.35

0.07

He/H2

24.6

98.6

0.29

0.06

Ar/He

24.4

98.6

0.18

0.04

He/H2

24.4

98.6

0.16

0.03

Ar/He

24.4

98.6

0.36

0.08

He/H2

24.6

98.6

0.29

0.06

Ar/He

24.6

98.7

0.31

0.07

He/H2

24.6

98.7

0.26

0.05

Ar/He

25.2

98.6

0.32

0.07

He/H2

24.8

98.6

0.24

0.05

Ar/He

24.2

98.6

0.31

0.07

He/H2

24.0

98.6

0.24

0.05

Gas pair

Conclusion
Starch/chitosan/glycerol films were prepared to study the significant influence (p < 0.05) of starch source and
starch proportion over their microstructural properties. All samples revealed two phases, the first is a compact
structure that is constituted by chitosan/glycerin and soluble fraction of starch. The second is composed by
granules of starch distributed in the first phase. The granules of rice starch reveals irregular shape, elliptical forms
and they are distributed in almost whole surface of the film. The granules of corn starch were round, more regular
and homogeneously distributed in the film. The granules of cassava starch were ovals to round with edges and
they were distributed rather anisotropic. It was found that the effective gas diffusion transport properties
significantly depend on the starch source used. Differences in diffusion transport rates through the films
prepared with different starches are related to the size and distribution of granules of starch in the films and/or
the amylose content.
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WASTE MATERIALS IN THE MICROBIAL PRODUCTION OF LACTIC ACID AND BUTANOL
Drahokoupil M., Patáková P.
Department of Biotechnology, University of Chemistry and Technology, Prague, Czech Republic
drahokoupil.marek@vscht.cz

Abstract
The objective of our project was to design and optimize the process of microbial production of lactic acid or
butanol using an alternative, inexpensive substrate with achievement of lactic acid or butanol high yield.
Fermentations were performed using a low-cost source of carbon, hydrolysate of straw or molasses, and a low
cost source of nitrogen, hydrolysate of chicken feather. Straw and feather were hydrolysed with sodium
hydroxide at a concentration of 0.6% by weight. In further experiments the hydrolysate of chicken feather
(hydrolysed with 20% sodium hydroxide) was used as a neutralizing agent. Homofermentative strain
Lactobacillus casei (for a lactic acid production) and solventogenic strain of Clostridium beijerinckii (for a butanol
production) were used as production microorganisms. Obtained data showed that usage of complete medium
containing feather and straw hydrolysates was a good choice for these purposes and that molasses can be used
as an additional source of carbon in fed-batch fermentation. From the results obtained, it is obvious that both
strains can utilize pentoses which is indisputable advantage if lignocellulose hydrolysate is used.

Introduction
Bio-butanol and lactic acid are chemical compounds with a very wide range of use. Lactic acid is naturally
produced by the lactic fermentation of sugars (e.g. in milk, cheese, sauerkraut, etc.) and has been used for a long
time, for example, in bakery, brewing, tanning, preparation of lemonades, non-alcoholic beverages or dyeing and
finishing of textiles. In the cosmetics industry, it is used for its moisturizing effects on the skin, in the pharmacy
as an easily absorbable bioactive substance carrier. It is also used in ointments, mainly because of its antiseptic
properties. Last but not least, the lactic acid polymer is a suitable material for replacing traditional plastics which
main precursor is petroleum.1 In addition to their origin from renewable sources, other major advantages of
lactic acid polymers include, for example, their relatively easy degradability. The most widespread
microorganisms capable of producing lactic acid are lactic acid bacteria. These bacteria belong to an artificially
formed group of microorganisms that was created on the basis of metabolic similarity, then the final product of
metabolism is lactic acid at least 50%.2 Microorganisms of the genus Lactobacillus, the strain Lactobacillus casei
198 and Lactobacillus reuteri LHR14, were selected for our project. These producers were selected from a large
number of strains studied during the previous research in the Laboratory of Microbial Processes at the
Department of Biotechnology UCTP.3 In case of these producers, the highest yield of total lactic acid or its Lisomer, which is generally more valuable than D-isomer, was found. As in the case of lactic acid and other
chemicals produced from renewable sources, there is a great deal of interest in bio-butanol, which can be used
as a biofuel component.4 Compared to ethanol, it has higher energy content, lower fluidity, hygroscopicity and
less corrosivity.5,6,7 In addition to its use as a liquid fuel bio-component, butanol has other broad chemical uses:
in particular as a diluent, a starting material for plastics, explosives, and the like. Nowadays 1-butanol is mainly
made of petroleum derivatives, namely propylene of the so-called oxo process. In the field of research, however,
the possibility of using fermentation by certain species of clostridium, using mutant species, or recombinant
microorganisms with modified metabolic pathway for the production of 1-butanol.5,6,8 In the case of solventproducing clostridia, 1-butanol is formed during the acetone-butanol-ethanol (ABE) fermentation. A
microorganism of the genus Clostridium, the strain Clostridium beijerinckii NCIMB 8052 was selected for our
project.
The cost of the substrate for lactic acid or bio-butanol production is one of the most important economic aspects
of the whole process. Previously used food raw materials, such as starch (derived from corn), sugar beet, sugar
cane, are now receding because of high prices or competition with food production and therefore there are being
sought cheaper substrates for lactic acid or bio-butanol production. These are usually waste products from
agriculture. Now it has been shown that a good substrate for fermentation production of lactic acid, bio-butanol
etc. could be wheat straw hydrolysate or other lignocellulosic substrates.9
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The aim of our work is to use wheat straw and feather hydrolysates as carbon and nitrogen sources, respectively
for production of lactic acid or 1-butanol.

Materials and methods
Hydrolysis of straw and chicken feather
Initially, an alkaline pre-treatment was carried out using a potassium hydroxide solution of 0.6% by weight. 7.5 g
of straw and 1 g of chicken feather were placed into 250 mL Erlenmeyer flasks with 100 mL 0.6% KOH and
incubated for 24 h at 80 °C and 130 rpm. The pH was adjusted to 5.5 and 1.5 ml cellulolytic enzyme was added.
Enzymatic hydrolysis was performed at 60 °C and 130 rpm.10 Finally, the pH was adjusted to the optimum value
for the fermentation of the microorganisms.
Screening in fermentation flasks
For our experiment, screening tests were performed in flasks at first. The inoculum was prepared from 100 ml
sterile MRS medium and 1 ml of cryopreserved Lb. casei 198 or Lb. reuteri LHR14. The flask was then placed in a
thermostat heated to 37 °C for about 18 hours. The inoculum always constituted 10% of the total volume of the
culture medium. 45 ml of common straw and chicken hydrolysate was enriched with the missing MRS
components and subsequently inoculated with 5 ml of inoculum. Cultivation was performed statically in a
thermostat at 37 °C. After 24 hours, samples were taken for the respective analyses and the whole experiment
was terminated. Similar tests were carried out in the case of bio-butanol production using C. beijerinckii NCIMB
8052, except that 5 ml of diluted molasses 1:1 with water were added to the medium after 24 hours of culture
and the cultivation was performed in an anaerobic chamber.
Fermentation in bioreactor
From previous results, strain Lb. reuteri LHR14 for its stable and high production of lactic acid was selected. 450
ml of medium with hydrolysate of straw and chicken feather was prepared, which was inoculated with 50 ml of
inoculum. Cultivations were carried out in two stirred LabFors laboratory reactors at 37 °C, mixing 200 rpm,
without bubbling CO2. Calcium carbonate was added to the medium in excess, both for pH adjustment and for
future work associated with the isolation of lactic acid from the medium. After 8 hours of culturing, 20 g / l
molasses, diluted 1:1 with 0.6% feather hydrolysate was added to each reactor, to replenish carbon and nitrogen
source. After every 6 hours, the carbon source in the form of a sterile molasses solution diluted with chicken
feather hydrolysate was fed into the reactors by peristaltic pumps. During the culture, samples were taken for
HPLC analysis.
HPLC analysis
Carbohydrate and metabolite analysis was performed on a HPLC instrument Agilent Series 1200. The HPLC
conditions are summarized in Tab. I.
Table I
HPLC analysis conditions
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Column

Watrex 250×8 mm polymer IEX H+

Flow

0.5 ml.min-1

Mobil phase

5 mM H2SO4 in demiH2O

Column temperature

60 °C

Detector

Refractometric

Injection volume

20 μl

Time of analysis

30 - 60 min
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Results and discussion
Results for fermentation flasks
To verify conditions for the production of bio-butanol using straw hydrolysates, screening tests were carried out
in flasks. Tests for the production of biobutanol were also carried out, when a dilute molasses solution of 1:1
with water was dosed into the media after 24 hours. The results are summarized in Tab. II.
Table II
Bio-butanol production in fermentation flasks
Bio-butanol production
Sample

Volume of molasses

Glucose concentration

Butanol concentration

(ml)

at start (g.l )

after 48h (g.l-1)

Without molasses

0

21.28

2.63

Without molasses

0

17.88

2.83

With molasses

5

17.18

4.74

With molasses

5

17.34

4.84

-1

By adding molasses as an alternative carbon source, higher butanol production (4.84 g.l-1) was achieved
compared to fermentation without the addition of molasses. However, the increase in concentration was not as
high as expected, and the experiment would still need to be optimized.
Similar tests were also carried out for the production of lactic acid. Experiments were carried out using straw and
feather hydrolysate, where the productions by two strains of the genus Lactobacillus, Lactobacillus casei 198 and
Lactobacillus reuteri LHR14 were tested. The results of the experiment are summarized in Tab. III.
Table III
Lactic acid production in fermentation flasks with strains Lb. casei 198 and Lb. reuteri LHR14
Comparison of strain production Lb. casei and Lb. reuteri
Glucose consumption

Lactic acid production

(g.l-1)

(g.l-1)

Lb. casei 198

13.36

14.00

Lb. reuteri LHR14

11.92

17.99

Strain

From the results obtained, a strain Lb. reuteri LHR14 for its stable and high production of lactic acid was selected.
Results for fermentation in bioreactor
Based on previous successful experiments, an experiment to produce lactic acid was transferred to a larger scale
in the laboratory reactor. Fermentations were carried out using straw and feather hydrolysate enriched with the
missing components of MRS medium. Batch fermentation was first performed. After depletion of the carbon
source, the molasses solution diluted 1: 1 with feather hydrolysate was fed into the reactors. The fermentation
results are summarized in Tab. IV. The fermentation process is shown in Fig. 1 and 2.
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Table IV
Batch fermentation without addition of molasses
Chicken feather hydrolysate
Time
Glucose concentration
(hours)
(g.l-1)
0
20.13
0.5
18.73
3.5
10.83
5.5
6.55
8.5
1.71
Finally, the total fermentation balance was calculated, see Tab.V.

Lactic acid concentration
(g.l-1)
0.00
4.13
8.30
11.79
13.60

Table V
Summarizing results of yield and productivity of lactic acid for fermentation in bioreactors
Total balance of fermentation
Weight of lactic acid produced (g)
36.59
Weight of consumed carbohydrates (g)

40.26

Total yield of lactic acid (%)

90.88

Productivity of fermentation (g.l-1.h-1)

1.37

Table II summarizes the concentrations of lactic acid and remaining glucose for batch culture for both strains Lb.
casei 198 and Lb. reuteri LHR14. Table III summarizes the concentrations of lactic acid and remaining glucose for
batch culture in a bioreactor. A continuous feed of carbon and nitrogen source in the form of a molasses diluted
with 0,6% chicken feather hydrolysate 1:1 solution was introduced at 9th hour. Since the addition of molasses
contributed to volume changes in the reactor, it was necessary to carry out a total weight balance to evaluate
the production of lactic acid. From the total mass balance it was calculated that the total yield of lactic acid was
90.88 %. Total results summarizing the yield and productivity of lactic acid during of bioreactor cultivation are
shown in Table IV. The results show that straw hydrolysate with feather hydrolysate with the addition of molasses
is a suitable medium for the production of lactic acid. The overall course of cultivation is displayed in Figure 1
and 2.
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Figure 1. Concentration profile of the lactic acid production during fermentation in bioreactor
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Figure 2. Concentration profile of the consumption of glucose and xylose during fermentation in bioreactor
In Figures 1 and 2, we see the glucose and xylose consumption patterns and lactic acid production during the
batch culture and followed by fed-batch with feeding of diluted solution of molasses. It is clear from the data
obtained that pentoses in the form of xylose (obtained from straw hydrolysate) and fructose (obtained from
molasses) were consumed during the production of lactic acid. Due to this phenomenon, a large amount of lactic
acid was produced using cheap waste materials as substrates.

Discussion
The obtained data showed the production of bio-butanol on waste materials. After addition of the diluted
molasses solution, as an alternative source C, butanol production was higher, but still at a lower concentration,
compared to fermentation using a standard medium. Therefore, further experiments will be aimed at optimizing
the entire process. It might be also necessary to use another clostridial strain, e.g. C.beijerinckii CCM 6218 which
was already used for butanol production from sugar beet juice.11
The strain Lactobacillus reuteri LHR14 strain was selected based on the high and stable production of lactic acid
during the screening tests of lactic acid production on waste materials. Although the achieved concentration of
lactic acid and its productivity, about 90 g/l and 1.4 g/l/h respectively were high values, still these parameters
might be improved. In case of Lactobacillus delbrueckii, the lactic acid concentration 166 g/l with productivity 4.2
g/l/h were reached.12

Conclusion
From the data obtained in the flask screening experiments, it can be concluded that the most suitable strain for
the production of lactic acid in the common hydrolysate of feathers and straw as the culture medium is the
Lactobacillus reuteri LHR14 strain.
Feeding the molasses solution diluted with feather hydrolysate as source C and N resulted in the yield of lactic
acid 91%. By addition of diluted molasses, in bio-butanol production screening experiments, higher butanol
production was obtained, however, to a lesser extent than expected based on the chosen strain, and therefore
the experiment would need to be further optimized.
Further experiments will also be directed to the isolation of the resulting lactic acid from the culture medium.
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TOLERANCE LEVELS TO SUBSTRATES OF EFFLUX PUMPS IN CLOSTRIDIUM BEIJERINCKII NRRL B-598 AND ITS
BUTANOL RESISTANT MUTANTS
Vasylkivska M., Dobešová P., Patáková P.
University of Chemistry and Technology Prague, Technická 5, 166 28, Prague 6
vasylkim@vscht.cz

Abstract
Butanol with its excellent physical and chemical properties is a perspective biofuel and gasoline additive. Its
production by Clostridium species using ABE fermentation is an attractive and promising, however, not profitable
process mostly due to the low titer produced. This bottleneck is caused by high toxicity of butanol to the
production cells and one of the most promising mechanisms, that can be used to overcome it, is increase in
expression of efflux pump genes which may be followed by increased formation of efflux pump proteins. As this
would lead to the increase in active export of produced butanol to the fermentation medium, bacterial cells can
obtain improved resistance and subsequently improved production.
As not much knowledge is yet available about efflux mechanisms in Clostridia, our aim was to examine tolerance
levels to different known substrates of efflux pumps relevant for the production strain Clostridium beijerinckii
NRRL B-598 and its mutant strains with increased butanol resistance. Mutant strains were obtained either by
random chemical mutagenesis followed by selection on a TYA agar medium containing butanol or ethidium
bromide EtBr (known efflux inducer) in a lethal concentration of both compounds for the parental strain or by
direct cultivation of the parental strain on the agar medium containing EtBr. The broth dilution method was used
for the determination of inhibitory concentrations of butanol, ethanol, ethidium bromide and five antibiotics
(ampicillin, chloramphenicol, erythromycin, tetracycline and streptomycin). Tolerance to these substrates was
tested in 96-well microtiter plate filled with TYA medium and acid base indicator bromocresol purple for the
visual control of growth.
Obtained results contribute to better understanding of efflux mechanisms in Clostridia, and it is possible that
increase of butanol tolerance may be caused by enhancement of the activity of previously unknown type of efflux
pump capable of specific butanol excretion.

Introduction
Solventogenic clostridia are anaerobic, spore-forming, Gram-positive bacteria producing organic acids and
solvents, mainly butanol, via so-called acetone-butanol-ethanol (ABE) fermentation - a promising alternative way
of chemical and biofuel production from renewable sources1.
Currently, ethanol is the main player on the market of renewable biofuels, but butanol can replace ethanol as a
gasoline additive due to its excellent physical and chemical properties: low volatility, lower evaporation
temperature, higher viscosity, non-corrosive nature, lower hygroscopicity and higher octane number. Butanol is
the only "drop-in" biofuel that can be easily blended with gasoline2, 3.
Although butanol production using ABE fermentation is an attractive and promising process, practically all of it
is currently produced petrochemically. Commercialization of fermentation method is limited by several
problems, the most important of which are: relatively high cost of the raw materials used for the production,
energy-intensive butanol isolation process and low maximum achievable concentration of butanol in the
fermentation medium3.
Low concentration of butanol in medium is mainly caused by so-called product inhibition effect of butanol on
Clostridium bacteria1. Mechanism of butanol toxicity is complex, it involves inhibition of active transport and
disruption of structure and components of cell membrane4. Increase in butanol tolerance of the production strain
could lead to the increase in butanol production and consequently to reduction of its production price when
made via ABE fermentation.
Several mechanisms of cell adaptation to butanol stress are described in literature: increasing in ratio of
saturated fatty acids to unsaturated fatty acids in the cytoplasmic membrane, which increases its stability;
increasing in ratio of longer fatty acids to shorter ones and modifying (cyclizing) of fatty acids in the cytoplasmic
membrane; production of "heat-shock" proteins (helps folding of proteins, damaged by the presence of solvents,
into native conformation); an increase in expression of efflux pump genes capable of exporting of produced
butanol from the cell (which may lower the intracellular butanol concentration)1.
Efflux pumps are membrane proteins that transport endo- and exogenous substances. Non-specific MDR (Multi
Drug Resistance) efflux pumps are able to remove wide range of substances with diverse structures, including
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antibiotics, dyes, detergents, heavy metals and organic solvents from the cell5. Due to this mechanism, bacterial
cell can obtain very good tolerance to these substances.
Efflux systems which are capable of active transport of butanol or other solvents are described in several Gramnegative bacteria. In case of Escherichia coli those are AcrAB-TolC and AcrEF-TolC efflux pumps6. The non-specific
efflux pump AcrB-AcrA-TolC removes antibiotics, surfactants and hydrophobic solvents from the cell. The first
pump for the specific butanol excretion was created with the modification of AcrB subunit of AcrB-AcrA-TolC
pump7. Further, genes coding potential efflux pumps, were found in Gram-negative bacteria that are capable of
exporting solvents. Such genes include srpABC discovered in Pseudomonas putida S12 and ttgABC, ttgDEF and
ttgGHI in P. putida DOT-T1E and GM738, 9, 5. Cloning of the gene encoding efflux pump protein srpAB into the E.
coli led to the improvement in tolerance to n-butanol10. But as for Clostridium species, just few works are
currently dealing with butanol (or other organic solvents) efflux.
As a first step to gain more knowledge about possible efflux mechanisms in Clostridia, we used random chemical
mutagenesis to develop a library of Clostridium beijerinckii NRRL B-598 mutant strains with enhanced butanol
tolerance/ butanol efflux. Then we tested tolerance of mutant strains to seven other compounds, potential
substrates of efflux pumps, and compared abilities of mutants to tolerate these compounds with the parental
strain.

Materials and methods
Random chemical mutagenesis
Strain Clostridium beijerinckii NRRL B-598, formerly Clostridium pasteurianum NRRL B-59811 obtained from the
ARS/NRRL collection, was maintained in a form of spore suspension. Spore suspension was heat-shocked for 2
min at 80 °C and cultivated in a modified TYA broth12 in an anaerobic chamber Concept 400 (Ruskinn Technology)
at 37 °C for 24 h. Cell culture was then transferred into sterile Eppendorf tubes, centrifuged and 0.5 ml of fresh
sterile TYA broth was added. Different amount of ethyl methanesulfonate (EMS) (0.2, 2, 5, 10, 20, 30, 40, 50 µl)
was added to the Eppendorf tubes with fresh medium and cells. Cell culture was exposed to the mutagen for 60
or 40 min at 37 °C in the anaerobic chamber. After the exposition, cell suspension was washed and 250 µl was
transferred on the Petri plates for the selection.
TYA agar plates with the addition of butanol at a concentration of 20 g/l and ethidium bromide (EtBr) at a
concentration of 4 mg/l were used for the selection. Plates were cultivated for 48 hours at 37 °C in the anaerobic
chamber. Survived colonies were transferred to the TYA broth, cultivated overnight and cryopreserved in glycerol
under -80 °C.
For the determination of survival rate, cell culture was cultivated anaerobically for 24 h. Part of the cell culture
went through the mutagenesis under the optimal conditions, the other part was treated the same way, but no
mutagen agent was added. From each culture 250 µl of cell suspension were then transferred on ten TYA agar
plates without the addition of any selection reagent, inoculated plates were cultivated under the same condition
as in case of the selection step (48 hours at 37 °C in the anaerobic chamber). After 48 h of cultivation, colonies
were counted and survival rate was calculated as number of colonies that grow after treatment with mutagen
divided by the number of colonies that grow after treatment without mutagen.
Efflux induction by direct cultivation on the agar medium containing ethidium bromide
After the heat-shock step, spore suspension of the parental strain was diluted to 10-4 and 50 µl was transferred
onto the Petri dish containing TYA agar with the addition of EtBr in concentration of 0.5 or 2 mg/l. Inoculated
agar plates were cultivated in an anaerobic chamber for 24 h. Chosen colonies were afterwards transferred to
fresh TYA broth and cultivated in an anaerobic chamber overnight. Obtained cell culture was cryopreserved in
glycerol under -80 °C for the further testing.
Testing of tolerance to substrates of efflux pumps
Eight substrates of efflux pumps, relevant for C. beijerinckii NRRL B-598 and its mutant strains, were chosen for
tolerance testing: two solvents (butanol and ethanol), one fluorescent marker (EtBr) and five antibiotics
(ampicillin, chloramphenicol, erythromycin, tetracycline and streptomycin).
Inoculum of the parental strain was prepared from spore suspension, which was heat-shocked under the
conditions described above. Inoculum of the mutant strains was prepared from cryopreserves. In both cases,
modified TYA broth was used for the preparation, and culture was cultivated under anaerobic conditions
overnight.
Tolerance levels were tested in microtiter plates filled with 120 µl of TYA broth with the addition of acid base
indicator bromocresol purple and target substrate of efflux pumps in different concentrations (broth dilution
method). Plates were than inoculated with 10 µl of cell culture and cultivated anaerobically at 37 °C for 24 hours.
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Tolerance to substrate/ ability to grow in medium with the certain concentration of substrate was controlled
visually. As acids produced during the acidogenic phase of growth induced pH shift, colour of medium with
indicator changed from purple to yellow indicating growth. Additionally, some samples were checked under the
microscope (Olympus BX51; Olympus) with ×400 and ×1000 magnifications for presence/absence of
intact/damaged cells.
Tolerance to substrates of efflux pumps for each strain was tested in at least three repetitions and for each test
TYA broth with indicator but without target substrate was used as a control.

Results and discussion
Tolerance levels of the parental strain
Although physiological state of cell culture played some role in tolerance level differences (data not shown),
repetitions of tests with cell cultures cultivated for approximately the same amount of time before the
inoculation of microtiter plates showed very similar results. Tolerance tests revealed that C. beijerinckii NRRL B598 can survive quite high concentrations of ethanol, chloramphenicol and streptomycin and is not able to
growth in a presence of ampicillin or erythromycin (Table I).
Table I
Tolerance levels to substrates of efflux pumps of C. beijerinckii NRRL B-598
Substrate of efflux pumps

Maximum concentration of the substrate in medium
when growth is still detectable

butanol
ethanol
ethidium bromide
chloramphenicol
streptomycin
tetracycline
ampicilin
erythromycin

10 g/l
37 g/l
2 mg/l
20 µg/ml
20 µg/ml
3 µg/ml
0 µg/ml
0 µg/ml

Measured tolerance level to butanol of C. beijerinckii NRRL B-598 correlates with data obtained for other wildtype solventogenic Clostridium13. For example, Clostridium beijerinckii ATCC 51743 can growth in medium
containing not more than 12 g/l of butanol14, as well as C. acetobutylicum ATCC 5502513. However, some
solventogenic Clostridia strains, such as C. beijerinckii NCIMB 8052, are only able to tolerate lower concentrations
of butanol in medium (0.4 % - 0.6 % (w/v))15, while C. acetobutylicum strain D64 or C. carboxidivorans P7 DSM
15243 can survive higher concentrations than C. beijerinckii NRRL B-598 - up to 16 g/l and 20 g/l respectively16,
17
. These data show that, as long as wild-type Clostridium strain can have higher butanol tolerance, there is a
potential for improving of butanol resistance in the C. beijerinckii NRRL B-598.
According to the literature, wild-type solventogenic Clostridia, such as Clostridium strain DBT-IOC-DC21, C.
carboxidivorans P7 DSM 15243 or C. ljungdahlii PETC, can tolerate up to or higher that 35 g/l of ethanol in
medium18, 17, 19. That means that tolerance level data obtained for C. beijerinckii NRRL B-598 (Table I) are
consistent with those for the other solventogenic Clostridia.
Previous studies of C. beijerinckii NRRL B-598 revealed that efflux pump genes associated with antibiotic
resistance can be found in its genome, which means that efflux can take part in the ability of strain to survive the
addition of different toxic compounds in medium20. However, no genes coupled with erythromycin resistance
were identified20, which can explain strain’s inability to grow in presence of erythromycin (Table I).
Tolerance levels to substrates of efflux pumps for the parental strain were tested prior to the application of
random chemical mutagenesis. Obtained data were used to choose proper concentrations of reagents for the
selection step.
Optimal random chemical mutagenesis conditions
After few series of the random chemical mutagenesis experiments, optimal conditions for C. beijerinckii NRRL B598 mutagenesis using EMS were determined: mutagen concentration of 20 µl/ml, exposition time of 40 min
with the survival rate 7.7 %.
All mutants obtained by random chemical mutagenesis were selected on the agar plates containing almost twice
as much concentration of butanol and EtBr than the parental strain can tolerate (Table I) - 20 g/l and 4 mg/l
respectively.
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Mutant strains with higher butanol resistance
Using optimal mutagenesis conditions, we have obtained 90 new strains, from which 45 strains were selected on
the agar plates containing butanol and other 45 strains on the plates containing EtBr. After testing of butanol
resistance 32 strains showed higher tolerance to butanol that that of the parental strain. These strains were
cultivated in liquid medium or/ and on agar plates to induce sporulation. Presence of spores was controlled under
the light microscope (Figure 1). Obtained cell culture/ colonies that contained high amount of spores were again
tested to butanol resistance and six mutant strains were chosen for the further experiments: strains B33 and B44
– selected on TYA agar plates containing 20 g/l of butanol, strains E15, E28, E32 and E33 – selected on TYA agar
plates containing 4 mg/l of EtBr.

Figure 1. Sporulating culture of C. beijerinckii NRRL B-598 EMS mutant after 48 h cultivation on TYA agar plate
under the light microscope with ×1000 magnification
Additionaly, three strains were obtained using direct cultivation of the parental strain on the agar medium
containing EtBr: strain A – selected on agar plates containing 0.5 mg/l of EtBr, strains B and C – selected on agar
plates containing 2.0 mg/l of EtBr.
Mutant strains showed 50 % to 150 % increase in butanol tolerance comparing to the parental strain (Figure 2).

Figure 2. Maximum concentration of butanol in medium when growth of the strains is still detectable (tolerance
level to butanol). PS- parental strain C. beijerinckii NRRL B-598
Random chemical mutagenesis has proved itself as a simple and effective technique for the increase of butanol
tolerance in Clostridium species, however, obtained increase in butanol resistance for C. beijerinckii NRRL B-598
mutants is higher than average published by other researchers. For example, mutant strain KO-1255 developed
from C. saccharoperbutylacetonicum 27021 by the disparity mutagenesis cocktail gained only approximately 13
% increase in tolerance to butanol comparing to the parental strain (21.1 g/l to 17.8 g/l respectively)21. Other
example is C. acetobutylicum ATCC 55025, which cannot grow under the challenge of 12 g/L butanol, but its’
random mutants JB200 and HKKO have butanol tolerance up to 16 and up to 14 g/l (33 % and 16 % increase),
respectively13.
Similar to ours results were obtained for the related strain C. beijerinckii NCIMB 8052. Its mutant, which was
developed using N-methyl-N-nitro-N-nitrosoguanidine, C. beijerinckii BA101 showed enhanced butanol tolerance
over 23 g/l and 109 % increase of tolerance22. Comparative results in terms of increase of tolerance, but with
higher tolerance levels, were described for mutant strain C. acetobutylicum T64 obtained by other method artificial simulation of bio-evolution. Using this method, researchers were able to increase butanol resistance
from 2% (v/v) for the wild-type C. acetobutylicum D64 to 4% (v/v) for the mutant strain16.
Tolerance levels of the mutant strains to ethanol, ethidium bromide and antibiotics
As well as the parental strain C. beijerinckii NCIMB 8052, none of the mutant strains could grow in medium
containing even small concentrations of ampicillin or erythromycin (lower than 1 µg/ml). In case of erythromycin,
no genes of erythromycin resistance were identified in the genome of the parental strain20, and it is obvious that
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mutant strain could not gain them via mutagenesis. As for ampicillin, at least 4 penicillin-binding proteins (cat,
[GenBank: ALB48156.1, ALB48763.1, ALB44579.1, ALB44008.1]) and β-lactamase (cat, [GenBank: ALB45387.1]),
which are responsible for the β-lactam antibiotic resistance, can be found in the genome of C. beijerinckii NCIMB
8052, which means that the strain or its mutants could have ampicillin resistance. However, in case that more
than one resistance system is present in cell, activity of each system can have additive or multiplied effects on
antibiotic tolerance, which may lead to the tolerance decrease 23.
Results of tolerance testing to ethanol, EtBr and antibiotics (chloramphenicol, streptomycin and tetracycline)
show that with the increase in butanol resistance all mutant strains gained enhanced ethanol (up to 35 %
increase) and EtBr (up to 150 % increase) tolerance (Figure 3). It is possible, that the increase may be caused by
enhancement of the activity of unknown Gram-positive efflux pump(s).

Figure 3. Maximum concentration of ethanol, EtBr, chloramphenicol, streptomycin and tetracycline in medium
when growth of the strains is still detectable (tolerance level to butanol). PS- parental strain C. beijerinckii NRRL
B-598
Case of increased ethanol tolerance cause by the increase in expression of multidrug/solvent efflux pump was
described for Saccharomyces cerevisiae BY4741. Presumed efflux pump ADP1 was cloned to the strain and its
overexpression allowed the transformed strain to grow faster and show better productivity than that of the
parental strain in the presence of 5–7.5 % (v/v) ethanol24.
Increase of tolerance to EtBr associated with efflux was shown for Gram-positive Lactococcus lactis and
Staphylococcus aureus. Due to increased activity of efflux pump LmrP, mutant strains of L. lactis gained resistance
to broad spectrum of substrates and were able to actively efflux EtBr25. In case of S. aureus, over than 70 strains,
with higher tolerance for EtBr comparing to the other tested strains, had at the same time increased expression
of MDR efflux pump gene(s) (mdeA, mepA, norABC, sdrM, and sepA )26.
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Increased/decreased resistance of the mutant strains to antibiotics (Figure 3) also may be due to enhance/drop
in the activity of efflux pumps. Few Gram-positive pumps capable of efflux of these substrates are described in
literature: pump proteins PdrM from Streptococcus pneumoniae and Bmr from Bacillus subtilis use
chloramphenicol as a substrate; pump proteins EfrAB from Enterococcus faecalis and LmrP or MdtA (P) from L.
lactis can actively transport tetracycline; and finally, pump proteins MdtP from B. subtilis and CmpL1-4 from
Corynebacterium glutamicum efflux streptomycin 25. Also, genes coding tetracycline efflux MFS transporter
TetA(P) (cat, [GenBank: ALB45209.1]) and tetracycline resistance MFS efflux pump (cat, [GenBank: ALB45078.1])
can be found in the parental strain genome, which also confirms the presumption.

Conclusion
The present study shows that under optimal mutagenesis conditions it is possible to develop C. beijerinckii NRRL
B-598 mutant strains with remarkable up to 150 % higher butanol tolerance in comparison with the parental
strain. We have demonstrated that for all mutant strains the increase of butanol resistance also led to the
acquisition of higher ethanol and EtBr tolerance. To the best of our knowledge, we are the first to report data
about tolerance levels to EtBr and antibiotics for solventogenic Clostridium. Obtained results are a good starting
point for more detailed studies of efflux mechanisms in Clostridia, and it seems that improvement of butanol
resistance may be due to the increase in the activity of previously unknown type of Gram-positive efflux pump.
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Abstract
Endophytes are microorganisms that colonize the plant's internal tissues and have no negative impact on the
host plant. Most endophytes can even support plant growth and could be thus used as a “green” alternative to
chemical fertilizers. The aim of this work was to isolate endophytes from leaves and green shoots from four
grapevine (Vitis vinifera) varieties. Identification of the isolated bacteria was performed by MALDI-TOF mass
spectrometry. The isolated endophytic bacteria were tested for plant growth promoting properties such as
production of antioxidants and siderophores, minerals phosphate solubilization and atmospheric nitrogen
fixation. The isolated microbes have proved to have beneficial effects on the plant such as growth promotion or
resistance to biotic and abiotic stress.

Introduction
Endophytes are organisms (bacteria or fungi) colonizing internal plant tissues and showing no sign of infection of
negative impact on the host plant1. They are assumed to colonize plant tissues from the rhizosphere either by
passive diffusion or by active selection. Endophytes are associated to different parts of plants, such as roots,
stems, leaves and occasionally fruits2, where they mainly populate the vascular system, the intercellular spaces,
and in some cases the cell cytoplasm.
Some endophytes can act as biocontrol agents and have beneficial effects on the host plants. Promotion of plant
growth is mostly associated with phosphate solubilisation activity, production of siderophore, enhanced uptake
of minerals and alteration of nitrogen accumulation. Contrary to grasses and annual plants, limited knowledge
regarding endophytes colonizing Vitis vinifera is available. The potential of endophytes to positively influence
the growth of grapevine and the characters of wine seems high and more investigation is clearly needed for a
better understanding of the interactions between endophytes and vine.
One important growth promoting property is the ability to utilize 1-aminocyclopropane-1-carboxylate (ACC, the
precursor of ethylene). Ethylene synthesis in plants is a result of the plant's response to stress (presence of
metals, drought or humidity, ultraviolet light, and mechanical wounding, etc.3). One model that describes the
synthesis of ethylene includes the ethylene being synthesized in two peaks4, 5. The first ethylene peak occurs
after the consumption of the existing pool of ACC in stressed plant tissues, is believed to be responsible for
initiating the transcription of genes that encode plant defensive/protective proteins6. The second larger ethylene
peak occurs after additional ACC synthesis in response to stress is often involved in initiating processes such as
senescence, chlorosis and leaf abscission. Any significant reduction in ACC levels might simultaneously decrease
the damage to the plant that occurs as a consequence of stress.
One of the key mechanisms of endophytes in promoting plant growth involves the production of
siderophores7, 8. Most of the iron in soil is unavailable to the plant or other organisms, because it forms insoluble
complexes. Siderophores, secondary metabolites produced by endophytes, help in fulfilment of the iron
requirement of plants by causing its solubilisation and chelation from organic or inorganic complexes present in
soil9.
Nitrogen is the most limiting nutritional factor for the growth of plants. Plants are not able to reduce atmospheric
N2 and it must be first reduced to ammonia. Some endophytic bacteria are able to fix atmospheric N2 and convert
to nitrogen compounds that can be utilized by host plants10. The second most important nutrient for plants after
nitrogen is phosphorus. It is found in soil as mineral salts or incorporated into organic compounds. The low
availability of phosphorus in soils is considered a a major growth limiting factor in agricultural systems11.
Secretion of organic acids is an important mechanism for phosphate solubilizing endophytes to dissolve insoluble
phosphorus in soil12.
A different mechanism of host protection through enhanced oxidative stress tolerance may involve the
production of antioxidants. Several studies have demonstrated the production of phenolic compounds with
antioxidant capacity or mannitol and other carbohydrates and small molecules such as proline with antioxidant
capacity13.
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Experiment
Chemicals
1-aminocyclopropane-1-carboxylic acid (Sigma-Aldrich, US), Bacteriological agar (Oxoid, UK), Bacteriological
peptone (Sigma-Aldrich, US), Chromium Azurol S (Sigma-Aldrich, US), Cycloheximidine (Sigma-Aldrich, US), Dglucose (Lachema a.s., CZ), Sodium glutamate (Sigma-Aldrich, US), Hexadecyltrimethylammonium bromide
(Sigma-Aldrich, US), L-ascorbic acid (Lach-Ner, CZ), LB (Luria - Bertani) medium (DB, US), Manitol (Sigma-Aldrich,
US), Ninhydrin (Sigma-Aldrich, US), PCA (Plate count agar) (Oxoid, GB), Piperazine-N, N'-bis- (2-ethanesulfonic
acid) (Sigma-Aldrich, US), Citric acid (Lach-Ner, CZ), Gluconic acid (Sigma-Aldrich, US), Sodium succinate (SigmaAldrich, US), TSA (tryptone soy agar) (Oxoid, GB), Tween® 20 (Sigma-Aldrich, US)
Plant Material
Isolation and identification
The endophytes were isolated from shoots and leaves of four different grapevine varieties (Muller Thurgau,
Rheinriesling, Pinot gris and Pinot noir) grown in Prague, Czech Republic. Pieces of the size of 5 cm were cut off
the plant with sterile scissors and transferred into a sterile 10 mM solution of MgSO4, cooled by crushed ice. The
plant material was then within 24 hours sterilized in a solution consisting a disinfectant containing sodium
hypochlorite, distilled water (in a ratio of 1:7) with an addition of a detergent. After 7 minutes of shaking
(150 rpm), the plant material was then transferred into a 70% ethanol solution for another 3 minutes. Afterwards
it was washed four times with sterile distilled water. The sterile material (2 g) was homogenized (Polytron, 1 min,
max. Speed) in 20 ml sterile 10 mM phosphate buffer. The mixture was filtered through a 100 μm porosity filter
and a dilution of 1:100, 1: 1000 and 1:10 000 was prepared from which 100 μl was applied to plates with TSA
media with added fungal growth inhibitor (cycloheximidine 100 mg/l). Petri dishes were incubated at 28 °C for
3-5 days. After the visual characterization, the colonies were inoculated on Petri dishes with PCA. After 24 hours
of cultivation on PCA, the individual colonies were transferred to a specific position on a metal plate for MALDI
TOF MS identification. The sample was applied in three parallels, then covered with 1 µl of matrix and allowed
to crystallize at room temperature. The identification took place on MALDI TOF MS (Bruker Daltonics, DE) with
MALDI BioTyper database (Brucker Daltonics, DE).
Determination of siderophore production
This assay is performed by cultivation of the bacteria on CAS agar for 48 hours at 28 °C. Chromium Azurol S (CAS)
and hexadecyltrimethylammonium (HDTMA) bind ferrous ion contained in the medium to produce a blue agar
color. If the iron is removed from the complex by siderophores, the blue color of the agar changes to the
yellow/orange.
Cas agar: 60.5 mg of CAS was dissolved in 50 ml of deionized water and mixed with 10 ml of solution containing
ferrous ion (2.7 mg of FeCl3.6H2O dissolved in 10 mM HCl). While stirring, 72.9 mg of
hexadecyltrimethylammonium (HDTMA) dissolved in 40 ml of distilled water were added to this solution. The
resulting blue solution was autoclaved (0.12 MPa, 121 °C, 30 min). A second solution was prepared by dissolving
15 g of bacteriological agar and 22 g of LB medium in 900 ml of distilled water. 30.24 g of PIPES (piperazine-N, Nbis- (2-ethanesulfonic acid)) was added. The pH of the mixture was adjusted to 6.8 with a solution of 4.16 M
NaOH. The resulting solution was autoclaved (0.12MPa, 121 °C, 30 min). Both solutions were mixed after
sterilization and poured into sterile Petri dishes.
Determination of ACC deaminase activity
In this assay, the reaction of ninhydrin with the amino group in 1-aminocyclopropane-1-carboxylic acid (ACC) is
used. When culturing bacteria with ACC deaminase activity in the presence of ACC, degradation occurs, which
can be measured after the reaction with ninhydrin, after which the absorbance at the wavelength of 570 nm
decreases.
One colony of endophytic bacteria grown on TSA was inoculated into 5 ml of liquid LB medium and cultured for
24 hours at 28 °C with constant shaking. Subsequently, 2 ml of culture were collected and centrifuged (5 min,
8000 x g). The pellet was washed twice with 1 ml of DF medium and suspended in 2 ml of DF-ACC medium and
incubated for 24 hours at 28 °C with constant shaking. At the same time, the DF-ACC medium alone (negative
control) was incubated. 1 ml of each culture was centrifuged (5 min, 8000 x g). 100 μl of each supernatant was
withdrawn and 1 ml of DF medium was added. 60 μl of the diluted supernatant was pipetted in 3 parallels into a
PCR strip and 120 μl of ninhydrin reagent was added. The strips were incubated in boiling water for 30 minutes.
From each tube, 100 μl of the sample was pipetted into a microtiter plate and the absorbance was measured at
570 nm.
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DF minimal salt medium: KH2PO4 (2 gl–1), Na2HPO4 (6 gl–1), MgSO4. 7H2O (0.2 gl–1), D-glucose (2 gl–1), gluconic acid
(2 gl–1), citric acid (2 gl–1), (NH4)2SO4 (2 gl–1).
Trace element solutions: H3BO3 (10 μgl–1), MnSO4. H2O (11.19 μgl–1), FeSO4. 7H2O (1 mgl–1), ZnSO4. 7H2O
(124.6 μgl–1), CuSO4. 5H2O (78.22 μgl–1), MoO3 (10 μgl–1)
The base medium was sterilized in an autoclave (0.12MPa, 121 °C, 30 min). Trace element solutions were
sterilized by filtration using 0.22 μm membrane filters (Millipore®). To 994 ml of sterile DF medium, 1 ml of the
each of the trace element solution was added.
DF-ACC media: ACC was dissolved in distilled water and sterilized by filtration with a 0.22 μm membrane filter
(Millipore®). To 50 ml of DF medium without (NH4)2SO4, 300 μl of a 0.5 M solution of ACC was added.
Determination of phosphate solubility
This assay is performed by culturing microorganisms on Pikovskaya agar, which is opaque because of the
insoluble Ca3(PO4)2, for 48 hours at 28 °C. Phosphate solubilization is manifested by halo/clear zones around the
microbial colonies.
Pikovskaya agar: D- glucose (10 gl–1), agar (23 gl–1), Ca3(PO4)2 (5 gl–1), (NH4)2SO4 (0.5 gl–1), KCl (0.2 gl–1), yeast
extract (0.5 gl–1)
Trace element solutions: MgSO4. 7H2O (0.1 gl–1), FeSO4. 7H2O (1 mgl–1), MnSO4. 2H2O (1 mgl–1)
The base medium was sterilized in an autoclave (0.12MPa, 121 °C, 30min). Trace element solutions were
sterilized by filtration using 0.22 μm membrane filters (Millipore®). To 997 ml of sterile base medium, 1 ml of
each of the trace element solution was added and the medium was poured into sterile Petri dishes.
Determination of nitrogenase activity
Nitrogenase activity is an indicator of the bacteria's ability to fix atmospheric nitrogen. The principle of the
determination is the ability of bacteria with nitrogenase activity to grow in medium with a minimum amount of
nitrogen.
Endophytic bacteria were inoculated into 5 ml of liquid LB medium and incubated for 24 hours at 28°C, 150 rpm.
100 μl of the bacterial culture was inoculated into 5 ml of a liquid medium for nitrogenase activity testing.
Cultivation was carried out for 48 hours at 28 °C with constant shaking. Subsequently, the optical density of the
individual samples was measured at a wavelength of 550 nm. As a negative control, the medium for testing
nitrogenase activity itself was used.
Liquid medium for nitrogenase activity testing: Yeast extract (0.2 gl–1), K2HPO4 (0.5 gl–1), MgSO4. 7H2O
(0.2 gl–1),NaCl (0.1 gl–1), CaCO3 (0.5 gl–1), manitol (10 gl–1), sodium glutamate (0.32 gl–1), sodium succinate
(1.6 gl–1)
The medium was sterilized in an autoclave (0.12MPa, 121°C, 30 min).
Determination of antioxidant production
5 ml of liquid LB medium was inoculated with endophytic bacteria. Cultivation was carried out for 7 days at 28 °C
with constant shaking. The cultured colonies of endophyte bacteria were then centrifuged (5 min, 5000 g) and
1 ml of the supernatant was analysed. The presence of antioxidants was expressed as ascorbic acid equivalents.
25 mg of ascorbic acid was dissolved in 50 ml of distilled water to give a stock solution of 500 mgl–1. A calibration
series was prepared from this stock solution at the concentrations: 2.5; 5; 7.5; 10; 12.5 and 15 mgl–1.
Subsequently, a solution of 52 mg/l of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) was prepared. Measurement
was carried out in a microtiter plate, 200 μl of DPPH was added to 100 μl of the tested sample, incubated for
15 minutes in the dark, and the absorbance was measured at 517 nm.

Discussion and result analysis
Altogether 85 bacterial endophytes were isolated from our studied V. vinifera material (Tab. I). Most of the
isolated and identified bacterial endophytes were from the genus Pseudomas, Bacillus, Kocuria, Pantotea,
Rhodococcus and Micrococcus. The isolated bacteria proved to be different not only in different varieties but also
in different parts of the same plant and exhibited different plant growth promoting activities (Tab. II).
Interestingly, many bacterial isolates exhibited more than one plant growth promoting trait, which is in
agreement with previously reported results14, 15.
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Table I
Number of isolates from different parts and different varieties of Vitis vinifera
Muller

Rheinriesling

Pinot noir

Pinot gris

Leaves

10

11

12

10

Shoots

12

7

3

20

It was determined that 69 out of 85 endophytic isolates were capable of siderophore production. Among the
best siderophore producers were isolates from leaves namely Bacillus subtilis, Bacillus mojavensis (both isolated
form Muller Thurgau) Pseudomonas graminis (isolated from Pinot gris), Micrococcus luteus and Kocuria rosea
(both isolated from Rheinriesling) and Bacillus subtilis isolated from Pinot gris shoots.
Table II
Different plant growth promoting properties of 10 different representative endophytic bacteria isolated from
four different grapevine (M- Muller, PN- Pinot noir, PG- Pinot gris, RR- Rheinriesling) varieties and two different
plant parts (L- leaves, S- shoots)
ACC
Antioxidant
Isolated bacterial Plant
Nitrogenase
Phosphate
Siderophore
production deaminase
Variety
endophyte
part
activity
solubilization
production
activity
(mgl–1)
Bacillus subtilis

L

M

+++

+

+++

11.0

yes

Pantoea
agglomerans

S

M

++

–

+

9.6

no

Kocuria
rhizophila

S

M

+++

–

+

10.9

yes

Rhodococcus
fascians

L

PN

++

–

–

8.5

no

Pseudomonas
caricapapaya

L

PN

++

++

+

16.2

no

Pseudomonas
congelans

L

PN

++

–

+

7.0

no

Pseudomonas
graminis

L

PG

+

–

+

18.5

no

Pantoea
agglomerans

S

PG

+

+

+

14.3

no

Kocuria rosea

L

RR

++

–

+

17.0

no

+

22.6

no

Curtobacterium
S
RR
+++
+
flaccumfaciens
+++: strong activity, ++: mediocre activity, +: weak activity, –: no activity

Only 21 bacterial endophytes were capable of ACC deaminase production. More bacteria isolated from leaves
(14) were capable of utilization of ACC compared to isolates from green shoots (7). No endophytic bacteria
isolated from Rheinriesling were capable to deaminase ACC present in media. Two out of four isolated Bacillus
subtilis strains were able to utilize ACC, which was also observed in previous studies16.
Slightly more bacterial endophytes were able to solubilize the insoluble Ca3(PO4)2 present in the growth media.
Overall 38 bacterial isolates exhibited this feature, particularly Pseudomonas congelans isolated from Pinot noir
leaves and Kocuria rosea isolated from Rheinriesling leaves.
In a study by Andreolli et al.17 on endophytes from Vitis vinifera, it was demonstrated that half of all the bacterial
isolates able to solubilize phosphate represented the genus Pantoea, isolates able to produce siderophores were
mainly from the genus Rhizobium, and ACC deaminase activity was found bacteria of the genus
Methylobacterium.
All 85 bacterial strains were able to grow in media containing minimal amounts of nitrogen. The best growth on
such media was observed in Bacillus subtilis, Kocuria rhizophila, Rhodococcus fascians, Micrococcus luteus,
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Pantoea agglomerans, Curtobacterium flaccumfaciens. The intensity of nitrogen binding differed among the
isolated endophytes even among bacteria of the same species. Although the presence of nitrogenase was not
directly tested, Dadarwal et al.18 proved in their work that all bacteria able to grow on the media for nitrogenase
activity testing proved to have this ability.
All 85 isolated endophytic bacteria produced antioxidants in amounts ranging from 7.0 to 25.2 mgl–1. Both plant
parts were exposed to sunlight, producing reactive oxygen species (ROS) by excitation radiation19. Therefore, it
is understandable that all isolated bacteria produce antioxidants as an answer to such stressful conditions. It is
questionable whether the production of antioxidants alone by endophyte is sufficient to protect the plants
against oxidative stress. However, a study by White and Torres13 suggests that a major benefit for plants might
be the formation of a small amount of ROS by an endophyte microorganisms, thereby adapting the plant cells to
oxidative stress.

Conclusion
The colonization of plant tissues by bacterial endophytes may offer benefits to the host plant such as enhanced
growth and protection against stress. In recent years, the role of endophytes in vineyards has attracted attention
because endophytic bacteria could help with ecologically beneficial vineyard management and sustainable
viticulture. The analysis of endophytic bacteria from leaves and green shoots of four grapevine varieties proved,
that many bacterial isolates possess traits beneficial for the host plant.
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PLATINUM NANOPARTICLES VS. BACTERIA
Koukalová M., Čejková A., Slepička P.
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Abstract
In recent decades, the attention of some research groups has focused on the research and development of metal
nanoparticles. Nanoparticles have different physicochemical properties than their bulk forms. Due to their
unique properties, they can be used in many industries, for example in medicine, for various types of therapies.
About silver has long been known to have antimicrobial effects, gold may be used in cancer treatment for
targeted drug transport or photothermal therapy. Platinum nanoparticles can be used in biomedical practice for
example to diagnose cancer. However, the toxicity of these nanoparticles is not yet sufficiently documented. In
this topic, we studied the effect of platinum nanoparticles on the growth of potential pathogens, gram-negative
bacteria Pseudomonas aeruginosa ATCC 10145 and ATCC 15442 and Serratia marcescens CNCTC 5965. For all
bacteria, the effect of platinum nanoparticles on cell growth was examined both in suspension and biofilm form
of growth. One factor influencing the virulence of these bacteria is a phenomenon called quorum sensing.
Therefore, the influence of platinum nanoparticles on the production of these signal molecules was also studied.

Introduction
The widespread use of antimicrobial agents has led to the rise of resistance to antibiotic therapies. The
mechanism of microbial resistance is caused by a natural evolutionary mechanism of the microorganisms. The
primary cause of the resistance is overuse of antimicrobials in food products and therapies without the proper
indication1. Antimicrobial resistance has a direct impact on the public health, leading to an increase in the time
required to treat the disease, longer duration of hospitalisation and also costs much more money2. One of the
factors influencing the virulence of microorganisms is the phenomenon of quorum sensing (QS) which is a
system of stimuli and response correlated to population density. Cells produce and then recognise small signal
molecules, so-called autoinductors, that make cells discover the existence of the surrounding population.
Depending on the density of the cell population, regulation of gene expression may occur. The signalling
network of Pseudomonas aeruginosa is the best studied among all microorganism systems. P. aeruginosa
produces N-acyl homoserine lactones (AHLs) along with a large number of gram-negative bacteria, and to date,
AHLs are the most studied communication molecules3. QS system is also connected with biofilm formation.
Therefore, use of nanoparticles can be a promising approach to treatment and prevention of diseases caused
by resistant microorganisms.
Nanoparticles with significantly unique and distinct physical, chemical, and biological properties due to their
nanoscale size have gained high interest over past few decades. Nanostructure materials are attracting a great
deal of attention because of their potential for achieving specific processes and selectivity, especially in
biological and pharmaceutical applications. Properties of nanomaterials differ essentially from their
corresponding counterparts, due to the quantum size effect. For example, gold nanoparticles (AuNPs) usually
have wine red colour, but metallic gold is golden yellow. But also the colour of AuNPs can vary with the size and
shape4. Gold has exceptional binding properties, it can bind molecules which contain sulfur, so it can be used to
enhance biomolecular interactions5. In comparison with silver, gold nanoparticles show weaker antimicrobial
effect. Silver is long known for its antimicrobial properties, and they possess numerous antimicrobial
mechanisms, which decrease the possibility of development of resistance to AgNPs. They interact with cell
membrane via sulfur and phosphorus-containing proteins, which can create holes in the membrane. AgNPs can
also interact with cytochromes6, cause DNA and RNA damage7 and cause the formation of reactive oxygen
species (ROS)8.
Biomedical applications of platinum nanoparticles (PtNPs) include, for example, cancer diagnostics, cancer
treatment, targeted chemotherapeutic drug delivery, experimental treatment of Parkinson's disease and
osteoporosis based on antioxidant properties of platinum, HIV and tuberculosis treatment, specific nitric oxide
or cholesterol biosensors2, 9.
PtNPs have been shown to possess the capacity to enter cells. There is also evidence of DNA damage and
antioxidant response changes associated with platinum nanoparticle treatment in vitro10. The potential
antimicrobial activity of PtNPs is not yet sufficiently documented. Recent reports show that smaller
nanoparticles exhibit higher antimicrobial effectiveness in comparison with larger nanoparticles11, 12. In this
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topic, we studied the effect of PtNPs with the average size of 2 nm on three bacterial strains (Pseudomonas
aeruginosa ATCC 10145, ATCC 15442 and Serratia marcescens CNCTC 5965) that were supposed to show
antibacterial effect.

Materials and methods
Microbial strains and cultivation conditions
Two strains of gram-negative bacteria Pseudomonas aeruginosa ATCC 15442 and ATCC 10145 and Agrobacterium
tumefaciens (Rhizobium radiobacter) NTL4 (pZLR4) ATCC BAA-2240 were obtained from the American Type
Culture Collection, USA. Serratia marcescens CNCTC 5965 was obtained from Czech National Collection of Type
Cultures, Czech Republic. Stock cultures were stored at -70 °C and pre-cultured, for 24 hours aerobically at 37 ˚C
or 30 °C respectively before each experiment, in an appropriate medium.
Nanoparticles
Platinum nanoparticles (PtNPs) were obtained from the Department of Solid State Engineering, UCT Prague.
Nanoparticles have an average size of 2 nm and were stabilised in the 10 % polyethylene glycol. Nanoparticles
were stored at room temperature.
Inhibitory effect of PtNPs on suspension growth
The influence of PtNPs on suspension growth was carried out in 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 in Luria-Bertani (LB) medium (OD600 nm = 0.2), an
appropriate volume of nanoparticles solution and growth medium were added to each well of the plate, so the
total volume was 320 µL. Nanoparticles free controls were included. Plates were incubated for 24 hours at 37 °C.
Experiments were performed with five replicate wells for each concentration. This method is used to determine
minimum inhibitory concentration (MIC80), where the growth is reduced by more than 80 %, compared to the
control.
Inhibitory effect of PtNPs on biofilm form of growth
The influence of PtNPs 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
suspension in Luria-Bertani (LB) medium (OD600 nm = 0.8) and appropriate volume of nanoparticles to reach the
concentration were added. Also, LB medium was added to the total volume was 300 µL. Nanoparticles free
controls were included. Plates were incubated for 24 hours at 37 °C.
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. Using the microplate reader Infinite M200 PRO (Tecan Group Ltd.,
Switzerland) absorbance of 100 µL of that solution at 580 nm was measured. 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 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) solution in PBS (1 mg mL-1) with 60 µL of glucose solution in PBS (57.4 mg mL1
) were added and incubated at appropriate temperature (37 °C and 30 °C respectively) in the dark until crystals
of formazan appeared. After MTT incubation, 100 µL of washing solution was added, and the plate was shaking
for 30 minutes to dissolve crystals of blue formazan. Using the microplate reader Infinite M200 PRO (Tecan Group
Ltd., Switzerland) absorbance of 100 µL of that solution at 570 nm was measured. Experiments were performed
with eight replicate wells for each concentration. This method is used to determine minimum biofilm inhibitory
concentration (MBIC80), where the cell viability is reduced by more than 80 %, compared to the control.
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.
Determination of N-acyl homoserine lactones (AHL)
This method is based on the genetically modified strain of Agrobacterium tumefaciens NTL4 (pZLR4). This strain
contains an inserted plasmid which, in the presence of HSL, is responsible for the expression of the intracellular
enzyme β-galactosidase, which subsequently cleaves X-Galactose to the coloured (blue) product.
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The aliquots of 50 µl of standard biosensor suspension (OD400 nm = 0.50 ± 0.02) in AB medium containing glucose
and gentamicin were cultivated in the presence of P. aeruginosa or S. marcescens supernatants in polystyrene
96-well microtiter plate for 16 -18 h at 30 °C, in an orbital shaker (150 rpm). After cultivation, 50 µl of lysis buffer
(4.351 g l-1 MgCl2.6H2O, 200 mg l-1 cetyltrimethylammonium bromide and 800 mg l-1 NaN3 dissolved in phosphatebuffered saline, pH 7.4) was added to each well. After shaking for 90 minutes, 5 mg of X-Gal dissolved in 1 ml of
DMSO was mixed well with 4 ml of lysis buffer, and 50 µl of this solution was added to each well. The absorbance
of the blue product was measured at 660 nm, after one hour from the start of the reaction.

Results and discussion
We have investigated the effect of PtNPs against two strains of P. aeruginosa and one S. marcescens in
suspension growth and biofilm form of growth. Table I. shows obtained MIC80 for tested bacteria. All bacteria
showed susceptibility to PtNPs in suspension growth, unlike cells in biofilm form of growth. These results confirm
that cells growing in a biofilm are more resistant than suspension cells13.
Table I
Minimum inhibitory concentrations (MIC80) of PtNPs for tested bacteria
P. aeruginosa ATCC 15442

P. aeruginosa ATCC 10145

S. marcescens CNCTC 5965

45

45

50

MIC80, mg.L-1

A significant decrease in total biofilm biomass was observed with P. aeruginosa ATCC 15442 (Fig. 1). However,
we were not able to obtain MBIC80 as metabolic activity was decreased only by 20 %. Also (AHL)-dependent QS
systems of P. aeruginosa ATCC 15442 under the influence of PtNPs does not differ much from the control.
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Figure 1. The influence of PtNPs on biofilm form of growth of P. aeruginosa ATCC 15442, expressed as total
biomass (CV), metabolic activity (MTT) and β-galactosidase activity (AHL)
With P. aeruginosa ATCC 10145 (Fig. 2) we were not able to obtain MBIC80 as well, although the inhibitory
effect of PtNPs was more significant than with P. aeruginosa ATCC 15442. With the highest concentration of
PtNPs used, the growth was decreased by 42 %, compared with control measurement. Total biomass of biofilm
was decreased with lower concentrations of PtNPs (20 – 35 mg.L-1), but with the highest concentrations was
almost at the same level as a control measurement. As same as with P. aeruginosa ATCC 15442, (AHL)dependent QS systems of P. aeruginosa ATCC 10145 was not affected by PtNPs.
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Figure 2. The influence of PtNPs on biofilm form of growth of P. aeruginosa ATCC 10145, expressed as total
biomass (CV), metabolic activity (MTT) and β-galactosidase activity (AHL)
S. marcescens CNCTC 5965 showed completely different behaviour than both strains of P. aeruginosa.
Metabolic activity of this bacteria was rather increased under the influence of PtNPs than control measurement
(Fig. 3). An interesting fact is that with the lowest concentration of PtNPs (5 mg.L-1) the activity of βgalactosidase was at the lowest level, unlike with the highest concentration (45 mg.L-1), where the activity was
above control.
Obtained data showed that even very small PtNPs did not significantly decrease biofilm formation. These
results correspond with the result from Hashimoto et al., 201711, where platinum nanoparticles (up to 5 nm)
were used and the reduction of bacterial biofilm formation occurred at a concentration of 400 mg.L-1, which is
ten times higher nanoparticle concentration than in our experiment. Also, different microorganisms were used.
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Figure 3. The influence of PtNPs on biofilm form of growth of S. marcescens CNCTC 5965, expressed as total
biomass (CV), metabolic activity (MTT) and β-galactosidase activity (AHL)

Conclusion
We examined the effect of PtNPs against three bacterial strains that posses (AHL)-dependent QS systems,
which is responsible for biofilm formation and associated infections development. PtNPs had an average size
2 nm, and we anticipated their toxicity against used bacteria due to their small size. Moreover, PtNPs
antimicrobial activity is not yet fully examined. Unlike other metal nanoparticles, PtNPs are quite easily
synthesised at a small size (< 5 nm). In this study, the antibacterial effect was evaluated by monitoring optical
density in time for suspension growth, for biofilm formation as cell viability (MTT assay), total biomass
evaluation (crystal violet staining) and additionally we determined N-acyl homoserine lactones (AHL) that are
associated with biofilm formation. Obtained data showed the antibacterial effect of PtNPs on cells in
suspension growth. However, PtNPs did not affect biofilm formation. Moreover, each microorganism reacted
differently. For further studies, higher concentrations of PtNPs would be needed. Unfortunately, we were
limited with the concentration of PtNPs stock suspension, that was 90 mg.L-1.
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Abstract
The formation of structured communities (biofilms) is one of the basic strategies for the survival of
microorganisms under unfavorable conditions. Many microorganisms have the ability to adhere to the surface
of various surgical instruments, including joint replacements. Biofilm cells often show resistance to commonly
used antibiotics. Candida biofilms cause nosocomial infections and their treatment is often very difficult. This
study was aimed at testing a biologically active substance with an anti-biofilm effect. For this purpose a natural
substance chitosan was selected. We studied its potential to inhibit the biofilm formation and influence the
adhesion of opportunistic yeasts (various strains of Candida albicans, Candida krusei and Candida parapsilosis).
The cells were cultivated on Ti6Al4V alloy discs. The amount of biofilm biomass and the metabolic activity of the
cells in biofilm was determined using crystal violet staining and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) assay, respectively. The biofilm was subsequently visualized by a fluorescence
microscope. The highest effect of chitosan on the metabolic activity of cells in biofilm was confirmed in the case
of C. albicans at 200 mg l-1.

Introduction
The microorganisms in biofilms live in a self-produced matrix of hydrated extracellular polymeric substances
(EPS) that consist of polysaccharides, proteins, lipids and nucleic acids. Biofilm cells often show resistance to
commonly used antibiotics. The most common isolated yeasts species from nosocomial infections are Candida
albicans, Candida krusei and Candida parapsilosis. These opportunistic pathogens are known to adhere to various
materials and to cause many infections1.
Although Candida is not one of the most common pathogens of joint replacements infections, it is considered to
be one of the most insidious pathogens2. For this reason, we mainly focused on the prevention of Candida biofilm
formation. The initial adhesion of cells was studied on carriers made from titanium alloy (Ti6-Al4-V), which is the
most commonly used material for the production of implants and joint replacements3.
Nowadays, the activity of natural substances against a broad range of microorganisms, e.g. Candida genus is
intensely studied as a possible alternative to conventional antibiotic therapy. Chitosan (natural polysaccharide
biopolymer) is used as an antimicrobial agent against many microorganisms. This substance is made by treating
the chitin shells of shrimps and other crustaceans with an alkaline compound4.

Materials and methods
Yeasts strains
The representative strains of yeasts, Candida parapsilosis CCM 8260 and Candida krusei CCM 8271, were
obtained from Czech Collection of Microorganisms (Brno). The third representative, Candida albicans ATCC 2091,
was obtained from American Type Culture Collection (USA).
Cultivation conditions
Stock cultures were stored at -70 °C in 50 % glycerol solution. All strains of yeasts were grown in Yeast Extract –
Peptone – Dextrose (YPD) medium for 24 h at 37 ˚C, stirred at 150 rpm.
Biological active substances
The biological active substance chitosan was dissolved in YPD medium to a final concentration. The required
amount of chitosan was dissolved in 99% acetic acid to occupy a maximum of 2 % of the total volume of the final
solution.
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Biofilm cultivation on carriers made from titanium alloy (Ti6-Al4-V)
The standard cell suspension of Candida strains (OD600nm = 0.6) was cultivated in the presence of chitosan on
carriers made from titanium alloy (Ti6-Al4-V) (72 h, 37 °C, YPD medium). Concentration ranges of chitosan were
0 – 200 mg l-1. Controls without agent were also included. Each experiment was performed in three replicates.
MTT assay
The metabolic activity of biofilm-growing cells was determined by MTT assay. After 72 h non-adherent cells were
removed by washing three times with saline. Then the carriers were transferred into the 340 μl MTT (1 g l-1), 408
μl glucose (57.4 g l-1) and 75 μl menadion (0,11 g l-1) solutions. Cultivations without chitosan were used as a
control. All experiments mentioned were performed in three parallels and incubated for 1,5 h (37 °C; 150 rpm).
After the incubation a solubilization solution was added to each carrier (750 µl) and incubated for 30 minutes at
150 rpm to dissolve the formazan crystals. The absorbance of coloured solution (100 µl) was measured at 492
nm (three replicate wells of polystyrene microtiter plate).
Crystal violet staining
The total biofilm biomass formed on carriers made from titanium alloy (Ti6-Al4-V) was quantified using crystal
violet staining method. Non-adherent cells were removed from carriers by washing three times with saline. The
0,1% crystal violet filtered solution (2 ml) was added to each carrier. After 20 minutes of incubation at room
temperature, the carriers were washed again three times with saline to remove unbound dye. Addition of 2 ml
of 96 % ethanol was used to elute the bound dye. After 10 minutes, a 100 µl volume of coloured solution was
transferred to the microtiter plate to measure absorbance (580 nm).

Results and discussion

Inhbibition of biofilm metabolic activity, %

The influence of chitosan on Candida biofilm was observed. The inhibition of metabolic activity of Candida
albicans ATCC 2091 is shown in Figure 1, in Figure 2 Candida krusei CCM 8271 and in Figure 3 C. krusei 8260.
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Figure 1. Effect of chitosan concentration on adhesion of C. albicans ATCC 2091; expressed as the inhibition of
metabolic activity of biofilm (MTT)
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Figure 2. Effect of chitosan concentration on adhesion of C. krusei CCM 8271; expressed as the inhibition of
metabolic activity of biofilm (MTT)
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Figure 3. Effect of chitosan concentration on adhesion of C. parapsilosis CCM 8260; expressed as the inhibition
of metabolic activity of biofilm (MTT)
We have investigated the inhibition of the metabolic activity of the cells by chitosan in all studied strains. A
significant increase in metabolic activity of the cells in biofilm of C. parapsilosis CCM 8260 (Figure 3) on titanium
alloy carrier was observed at concentration of 200 mg l-1 (by at least 91 %). In the case of C. albicans ATCC 2091
(Figure 1) was the inhibition of the metabolic activity stronger than in C. krusei CCM 8271. The metabolic activity
of the cells C. albicans ATCC 2091 was decreased by chitosan at concentration of 100 mg l-1 (by 62 %). Chitosan
had similar effect on the inhibition metabolic activity of C. krusei CCM 8271 at all tested concentrations (inhibition
by 30 – 37 %) (see Figure 2).
The natural substance chitosan affected the metabolic activity of all three tested representatives of Candida. On
contrary, the total biofilm biomass of all studied strains of Candida (stained by crystal violet) showed inductive
character (data not shown).
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Conclusion
We carried out experiments focused on the determination of the anti-biofilm acitivity of chitosan. It was proved,
that studied yeast strains are sensitive to chitosan. The highest effect of chitosan on the metabolic activity of
cells in biofilm (inhibited by 91 %) was confirmed in the case of C. albicans at 200 mg l-1. This observation
demonstrates the potential of using this substance in the treatment of infection caused by yeast strains.
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Abstract
Pterostilbene is a representative of a stilbene group of substances. In addition to its wide pharmacological and
antimicrobial potential pterostilbene is able to cooperate with antibiotics in synergism thus lowering their
minimum effective concentrations for curing illnesses caused by multi-drug resistant bacteria.
Our work focused on the effect of pterostilbene alone and in combination with antibiotic tetracycline on
suspension growth of Staphylococcus epidermidis.
MIC80 of pterostilbene was 37.5 µg/mL, whereas MIC80 of tetracycline was much higher in comparison to
pterostilbene. Pterostilbene indeed worked synergistically with tetracycline resulting in significant decrease of
their concentration in comparison with them acting alone.

Introduction
Cells of microorganisms has been becoming less susceptible to antibiotic therapy for already decades1,2,3.
Microorganisms acquire this resistance mainly via horizontal gene transfer, which provides them genes for efflux
pumps, enzymes for degradation of antibiotics or for modification of target structures4,5,6. Since there are
reported some strains resistant even to the antibiotics of last choice (methicillin or vancomycine), it is of a high
importance to find new alternative approach to fight these infections. One option is to look for natural
substances with efficient antimicrobial properties, that can act alone or in combination with antibiotics6.
Pterostilbene is a representative of naturally occurring substances called stilbenoids. Stilbenoids are
polyphenolic compounds derived from stilbene consisting of two hydroxylated benzene cores joined by vinyl
bridge9. The structure of pterostilbene is depicted in Figure 1. Pterostilbene can be found in various plants but
was isolated from Pterocarpus santalinus for the first time7. Its name was therefore derived from genus
Pterocarpus. However, it can be also found in Vaccinium berries, peanuts or in Vitis vinifera8,9. Vitis vinifera
contains also another much more studies analogue - resveratrol10. Pterostilbene has been widely used via extract
from sandal wood already for centuries in traditional Indian medicine - ayurveda11. It has great pharmacological
potential since it is an efficient antioxidant. It has hypolipidemic, hypoglycemic and antiflogistic properties and it
acts as non-specific cyclooxigenase inhibitor as well as chemoprotective agens12,13. Along with its
pharmacological properties, pterostilbene also represents effective antimicrobial substance. Its reported
synergistic action with various antibiotics against resistant microorganism will be partly evaluated in this
work14,15,16.
OH

CH3
O

O

CH3

Figure 1. Molecular formula of trans-3,5-dimethoxy-4'-hydroxystilbene (pterostilbene)

Materials and methods
Microorganisms
Three collection strain of Staphylococcus epidermidis DBM 3179 (ATCC 12228) was provided by Collection of
Department of Biochemistry a Microbiology, UCT Prague. Microorganisms were stored in 50% sterile glycerol in
-70 °C.
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Antimicrobials
Pterostilbene was kindly provided by Prof. Ing. Jan Šmidrkal, CSc from Department of Dairy, Fat and Cosmetic
Science, UCT Prague. The stock solution was prepared by dissolving pterostilbene in 100% dimethylsulfoxide (Carl
Roth, Germany). The final amount of pterostilbene solution in cell suspension was 1 % of work volume since
dimethylsulfoxide inhibits cell growth in higher concentration. Tetracycline was acquired from Sigma Aldrich
(USA). Stock solutions of the antibiotic was prepared by dissolution in growth medium.
Cultivation of suspension cells
Stock culture of microorganism was inoculated into 100 ml of sterile TSB medium. TSB (Tryptone Soya Broth)
medium was provided by Oxoid (Great Britain). The mixture was cultivated for 24 h at 150 rpm and 37 °C. The
inoculum was then centrifuged (10 min, 4 °C, 23 478×g) and once again resuspended in TSB medium. The optical
density was adjusted to OD600nm = (0,100 ± 0,010). The inoculum was added into the microtitre plate wells in a
volume of 30 μl. The well volume was completed with stock solution of antimicrobial and growth medium to 320
μl. The cells were cultivated in microtitre plate in microcultivation device Bioscreen C (Labsystems, Finnland) for
24 h at 37 °C. The cells were instensively stirred every 30 min for 60 s and then absorbance was measured. The
growth curves were created from acquired data. On their bases minimum inhibitory concentrations could be
found. Minimum inhibitory concentration (MIC80) is the lowest concentration of chemical substance, which has
already caused 80% decrease in microbial growth of suspension cells after 24 h of cultivation.
Evaluation of the effect of antimicrobials in combination on microbial growth of cells in suspension
Fractional inhibitory concentration index (FICi) was used for evaluating the combinatory effect of antimicrobials
according to Maťátková et al.17. The FICi calculation is mentioned here:
FICi = FICA + FICB = cA (comb)/MIC80,A + cB (comb)/MIC80,B
FICi - fractional inhibitory concentration index
FIC - fractional inhibitory concentration for the substance
c - the lowest concentration in combination, which has already caused 80% decrease of microbial growth
MIC80 - minimum inhibitory concentration for the substance
The value of FICi defines the effect of antimicrobials in combination. According to this value the combinations
could have synergistic, additive, indifferent or antagonistic effect. Each effect is determined by an interval of
FICi values, which are depicted in Table I.
Table I
The effect of substances in combination according to FICi
FICi
0.1-0.5
0.5-1.0
1-3
>4

Effect of combination
synergistic
additive
indifferent
antagonistic

The substance concentrations used in combination were prepared in a way that their FICi had a value in an
interval of 0.1-1.0. That way the potentially synergistic or additive combinations were only studied.

Results and discussion
Effect of antimicrobials on suspension growth of S. epidermidis
The effect of antimicrobials was studied on suspension cells of S. epidermidis DBM 3179. Tetracycline was less
effective against S. epidermidis DBM 3179 (MIC80 = 65 mg/L, data not shown), pterostilbene was effective against
suspension cells of S. epidermidis and its MIC80 was 37.5 mg/L (see Figure 2).

43

ICCT 2018 | PROCEEDINGS

BIOTECHNOLOGY AND BIOREFINARY

Figure 2. The influence of pterostilbene (concentration range 0-75 mg/L) on the suspension growth of
S. epidermidis DBM 3179 after 24 h cultivation (37 °C, TSB medium)
Tetracycline in combination with pterostilbene had synergistic effect on S. epidermidis DBM 3179 (Figure 3).
Tetracycline at concentration 0,2×MIC80 (13 mg/L) with 0,2×MIC80 pterostilbene (7.5 mg/L) acted synergistically
(FICi = 0,4). Another two synergistic combinations for this strain was found: the combination of 0,1×MIC80 of
tetracycline (6.5 mg/L) with 0,6×MIC80 of pterostilbene (13 mg/L) and the combination of 0,6×MIC80 of
tetracycline (26 mg/L) with 0,1×MIC80 of pterostilbene (3.75 mg/L).

Figure 3. The isobologram of the effect of pterostilbene in combination with tetracycline on suspension growth
of S. epidermidis DBM 3179 after 24 h cultivation (37 °C, TSB medium). Dark grey shows synergistic inhibition of
substances in combination, light grey shows theoretical indifferent effect.

Conclusion
This work confirmed the ability of pterostilbene to act additively or synergistically with antibiotics. Both
pterostilbene and tetracycline were effective against planktonic cells of S. epidermidis DBM 3179 alone, but in
combination, significantly lesser concentrations were needed to display the inhibitory effect. The most efficient
combination of pterostilbene with tetracycline against suspension cells of S. epidermidis DBM 3179 was found at
13 mg/L (tetracycline) with 7.5 mg/L of pterostilbene.
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THE INHIBITION OF PSEUDOMONAS AERUGINOSA GROWTH BY CHITOSAN
Michailidu J., Čejková A.
VŠCHT, Praha, Česká republika

Abstract
In the last decades, it became increasingly apparent, that the antibiotic solution to infectious diseases is a
temporary one. Scientists are therefore trying to find novel ways or improve known methods to tackle this issue.
One of the possibilities at hand is the use of natural substances with a particular antimicrobial activity. In this
study, we observed the effects of chitosan, the product of partial deacetylation of a naturally occurring substance
– chitin – on various strains of an opportunistic pathogen P. aeruginosa. The inhibitory effects of chitosan were
studied using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and crystal violet assays,
which provide a measurable visualization of the metabolic activity of biofilm and its total biomass. According to
our results, chitosan can be effective at P. aeruginosa inhibition even at relatively low concentrations (20-60
mg/l).

Introduction
Infectious diseases have been plaguing the human race throughout its history. Apart from traditional medicine
approaches from all over the world, probably the biggest victory in our battle against microorganisms must have
been the discovery of antibiotics in the 20th century. However, now we face a new challenge; the uninhibited use
of antibiotics led to the emergence of resistant strains. In an attempt to solve this issue, scientists are trying to
come up with new ways to combat pathogenic microorganisms1,2.
One of the possible ways to broaden our antimicrobial agent arsenal is of course turning to nature. There are
many naturally occurring substances with antimicrobial properties and even more can be derived from those;
chitosan, a partially deacetylated chitin, fits just this description. It is a polyaminosaccharide derived from a
substance relatively abundant in nature, whose antimicrobial properties have already been established for a lot
of human pathogens3–5. In this study, we demonstrate chitosan’s inhibitory properties against two strains of a
notorious opportunistic human pathogen P. aeruginosa (DBM 3081 and DBM 3777).

Materials and methods
Microbial strains and growth media
P. aeruginosa. Glycerol cryopreserves of the microorganisms were stored at -70° C. All P. aeruginosa strains were
precultivated before each experiment in a Luria-Bertani (LB) liquid medium at 37° C. All the strains were precultured for 24 h to achieve the exponential phase of growth (100 ml in Erlenmeyer flasks, 150 rpm).
Biologically active agents
Chitosan (low molecular weight – LMWC; 90-150 kDa) was purchased from Sigma-Aldrich. Before the
experiments, LMWC was dissolved in a 2 % w/v acetic acid solution. This acetic acid addition is needed to improve
LMWC’s solubility and was proven not to interfere with the growth and evaluation methods by independent
control cultivations.
Determination of minimum adhesion inhibition concentrations and efficiency against biofilm formation in
polystyrene microtiter plates
The biofilm cultivation was carried out in 96-well microtiter plates; aliquots of 210 μl of standard cell suspensions
(A600nm = 0.80 ± 0.02) in the LB medium and the desired amount of agent were transferred into each well. The
microtiter plate was then placed on an orbital shaker (150 rpm) at 37° C. After 24 h, each well was washed three
times with saline and then the biofilm formation and viability was assessed by MTT reduction assay and crystal
violet staining method. Cultivations without LMWC were used as a control. All experiments mentioned were
performed in 8 parallels.
Determination of minimum biofilm eradication concentrations and efficiency against established biofilms in
polystyrene microtiter plates
The biofilm cultivation was carried out in 96-well microtiter plates. Aliquots of 280 μl of standard cell suspensions
(A600nm = 0.60 ± 0.02) in the LB medium were transferred into a 96-well microtiter plate for the initial biofilm
cultivation (24 h). The microtiter plate was placed on an orbital shaker (150 rpm) at 37° C. After 24 h (of biofilm
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development without LMWC), each well was washed three times with saline, followed by the addition of LB
medium and serially diluted LMWC. The cultivation then continued for additional 24 h (37° C; 150 rpm), after
which each well was washed three times with saline. The biofilm susceptibility to LMWC was assessed by MTT
reduction assay and crystal violet staining method. All experiments mentioned were performed in 8 parallels.
MTT reduction assay
The inhibition of metabolic activity by LMWC was determined using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) reduction assay. For each assay, the wells were washed three times with saline to
remove planktonic cells and then 60 μl of glucose solution (57.4 mg/mL) and 50 μl of MTT:buffer solution (1
mg/mL) were added. The plate was incubated in the dark at 37° C for 1-3 h, after which 100 μl of washout solution
was added. The plate was incubated for another 30 minutes at room temperature and then 100 μl was
transferred from each well into a new 96-well microtiter plate, so that the colorimetric difference could be
determined using a spectrophotometric reader (Tecan, Switzerland) at 492 nm. Experiments were performed in
8 parallels.
Minimum biofilm eradication concentration (MBEC) was determined by the MTT reduction assay – MBECs were
assigned as the lowest concentration that did not exhibit more than 80 % (MBEC80) or 50 % (MBEC50) inhibition
of the biofilm metabolic activity. Cultivations without LMWC were used as a control.
Crystal violet staining
The total biofilm biomass was determined by staining the biofilm with crystal violet (CV). Each well was washed
three times with saline and then 100 μl of 0.1 % filtered CV (Carl Roth, Germany) were added into each well. The
plate was incubated for 20 min at room temperature. Afterwards, each well was washed three times with saline.
CV bound to the biofilm biomass was released by adding 200 μl of 96 % ethanol (Penta, Czech Republic) and,
after a 10 min incubation (at room temperature), measured using a spectrophotometric reader at 580 nm.
Experiments were performed in 8 parallels.

Results and discussion
In this study, we observed the inhibitory effects of chitosan on two Pseudomonas aeruginosa strains (DBM 3081
and DBM 3777). The results of MTT assay were used to demonstrate the inhibition of metabolic activity. Similarly,
the results of the crystal violet staining were used to determine the inhibition of total biofilm biomass production.
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Figure 1. Effects of chitosan on adhesion of P. aeruginosa DBM 3081; inhibition of biomass production and
metabolic activity evaluated by crystal violet and MTT assay
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Figure 2. P. aeruginosa DBM 3081 biofilm eradication effects of chitosan; inhibition of biomass production and
metabolic activity evaluated by crystal violet and MTT assay
When it comes to chitosan’s effects against the adhesion of P. aeruginosa DBM 3081 (Fig. 1), our results show
that there was an 80% inhibition of metabolic activity when the concentration was 60 mg/l. A 50% total biomass
production inhibition was observed with 80 mg/l concentration of chitosan. In the biofilm eradication context
(Fig. 2), 60 mg/l concentration of chitosan inhibited the metabolic activity of P. aeruginosa biofilm by 90%.
However, even the highest concentration we explored (100 mg/l) did not produce 50% inhibition of total biomass
production.
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Figure 3. Effects of chitosan on adhesion of P. aeruginosa DBM 3777; inhibition of biomass production and
metabolic activity evaluated by crystal violet and MTT assay
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Figure 4. P. aeruginosa DBM 3777 biofilm eradication effects of chitosan; inhibition of biomass production and
metabolic activity evaluated by crystal violet and MTT assay
Regarding the adhesion of P. aeruginosa DBM 3777 (Fig. 3), 40 mg/l of chitosan produced 90% inhibition of both
total biomass production and metabolic activity. The situation was different when observing the biofilm
eradication effect (Fig. 4); even though the metabolic activity was inhibited by more than 80% with the use of 40
mg/l of chitosan, the total biomass production of P. aeruginosa biofilm was not severely inhibited with any
observed concentration.

Conclusion
This study confirmed that chitosan, in fact, has an antimicrobial effect against two studied strains of an
opportunistic human pathogen, P. aeruginosa (DBM 3081 and DBM 3777). Before adhesion, chitosan severely
inhibited the metabolic activity of P. aeruginosa DBM 3081 at 60 mg/l and it was even more effective with P.
aeruginosa DBM 3777 – an 80% inhibition with only 20 mg/l of chitosan. The effects on eradication of P.
aeruginosa regarding the metabolic activity inhibition differed only slightly; an 80% inhibition of metabolic
activity was observed at 60 mg/l with P. aeruginosa DBM 3081 and at 40 mg/l with P. aeruginosa DBM 3777.
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Abstract
Phenylacetic acid (PAA) is the product of the biotransformation of 2-phenylethanol (PEA) by the strains of
bacteria such as Gluconobacter oxydans that have an incomplete oxidative metabolism. PEA can be easily
produced by the biotransformation from L-phenylalanine using ordinary yeasts such as Saccharomyces
cerevisiae. Both, PAA and PEA are valuable components of flavors for the flavor industry. In this work we
proposed the membrane hybrid system for extractive bioproduction of PEA that consisted of mechanically mixed
tank bioreactor (STR) and immersed silicone rubber membrane module. To regenerate the water extractant from
the membrane module two approaches were used: 1. Water solution of extracted PEA was led to the adsorption
column (AC), where product was accumulated. 2. Extracted PEA was led to the airlift reactor (ALR) with bacteria
strain Gluconobacter oxydans, where produced PEA was oxidized to PAA. The both approaches proved that the
silicone rubber membrane module was capable to effectively remove the product and thus to overcome the
inhibition. In second approach the product with higher value was produced in combination of one hybrid system.

Introduction
PAA can be produced by the biotransformation of PEA with the strains of bacteria with incomplete oxidative
metabolism such as Gluconobacter oxydans (Fig. 1) which are able to oxidize primary alcohols to the
corresponding carboxylic acids1. Bioproduction of PEA is well known and it can be easily produced by the
biotransformation from L-phenylalanine using baker yeasts Saccharomyces cerevisiae (Fig. 1)2. Both PAA and PEA
are valuable components of flavors and their natural production is of great interest in the flavor industry. In an
ordinary bioreactor produced PEA strongly inhibits the biomass growth and thus the biotransformation, which
allows reaching the maximum PEA concentration of 4 g L-1 in the fermentation medium3.

Figure 1. Scheme of phenylacetic acid production from L-phenylalanine through the precursor 2-phenylethanol
biocatalyzed by Saccharomyces cerevisiae and Gluconobacter oxydans
To increase the PEA production it is necessary to remove the product from the fermentation medium during the
process, which can be achieved by several ways4. A new suitable method for PEA removal is the application of
continual membrane extraction using a silicone rubber capillary membrane module placed directly in the
bioreactor. 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 water5 or using it in
swelled form to extract hydrophobic products of biotransformation productions6,7. In this work we proposed the
membrane hybrid system for extractive bioproduction of PEA that consisted of 3 L STR and immersed silicone
rubber membrane module. To regenerate the water extractant from the membrane module two approaches
were used: 1. Water solution of extracted PEA was led to the AC filled with adsorbent Macronet, where product
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was accumulated. 2. Extracted PEA was led to the ALR with bacteria strain Gluconobacter oxydans under the
non-growth conditions, where produced PEA was oxidized to PAA, which was accumulated in the bioreactor.

Materials and methods
Experimental equipment
Biotransformation experiments were carried out in silicone rubber membrane hybrid system consisted of two
main parts: a STR and an immersed capillary membrane module (Figure 2, Figure 3). 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 2.5-3.5 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 2. Scheme of silicone rubber membrane hybrid system (MHS1) with integrated AC. (FI – flow indicator,
MP – membrane pump, pH – pH probe, pO2 – oxygen probe, PP-peristaltic pump, 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 12 m long tubes
coiled around baffle structure of the bioreactor. Terminations of the tubes were connected with polypropylene
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. Total outer area of membrane module was 0.47 m2. The
inlet and the outlet of the membrane module were connected with flexible tubes led to the AC (MHS1, Figure 2)
or to the ALR (MHS2, Figure 3). The water phase was pumped through the module using a membrane pump
(Liquiport, KNF Flodos, Sursee, Switzerland) installed at the inlet of the membrane module.
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Figure 3. Scheme of silicone rubber membrane hybrid system (MHS2) with integrated ALR. (FI – flow indicator,
MP – membrane pump, pH – pH probe, pO2 – oxygen probe, PP-peristaltic pump, THS – thermostat, TI –
temperature indicator)
Biotransformation experiments performed in hybrid system
In the hybrid systems MHS1 and MHS2, two biotransformation experiments, B1 and B2, were carried out.
Experiment B1 was performed in hybrid system MHS1 combined with AC (Figure 2) for PEA removal. Experiment
B2 was performed in hybrid system MHS2 combined with ALR where extracted PEA was continually transformed
to PAA by bacteria Gluconobacter oxydans (Figure 3). Both experiments B1 and B2 were performed with real
production of PEA in the STR by Saccharomyces cerevisiae in growth conditions and the PEA transport from the
STR to the AC or ALR.
For experiment B1, at the beginning of the biotransformation, the STR was filled with 1.8 L of the fermentation
medium: a solution of distilled water with corn steep, essential micro and macro components, grow factors and
glucose in the concentration of 5.6 g L-1. After the pH adjustment (to 5.5), tempering (25 °C) and aeration of the
system (800 L h-1), 9 g of lyophilized baker’s yeasts (Saccharomyces cerevisiae) were added to the fermentation
medium and left to activate for one hour. Then, 18 g of crystallic L-phenylalanine (Phe) were added to the
fermentation medium and the biotransformation started (production of PEA in the STR). The STR was fed with a
water solution of glucose (Glu) with the mass fraction of 50 % (feeding rate of 5.5 g of glucose per hour). LPhenylalanine was fed several times in crystalline form to ensure the Phe concentration in the STR over 2 g L-1.
Membrane extraction started 7 h after the start of the biotransformation with the average water flow rate of
0.13 L min-1. The volume of water in reservoir with fully flooded AC and membrane module for was 1 L. The AC
was filled with 100 g of adsorbent Macronet, which are particles with mean diameter 0.5 mm. Inner column
diameter was 0.03 m, the column height was 0.6 m and the height of particle layer in the column was 0.46 m.
Samples of the fermentation medium in the STR were taken every 3 h together with the samples of water phase
at the input and at the output from the AC.
For experiment B2 the setup for STR was the same as for experiment B1 besides initial glucose concentration set
to 5.6 g L-1 and glucose feeding rate increased to 7.5 g of glucose per hour. Membrane module was
interconnected with ALR with circulation flow rate of fermentation medium set to 0.19 L min-1. Membrane
extraction started 7 h after the start of the biotransformation. The ALR was filled with the 13 L of fermentation
medium a short time before the extraction. Dimensions of the ALR are shown in paper Mihal et al.8. As the
fermentation medium, phosphate buffer, composed of a 0.1 M aqueous solution of potassium phosphate and a
0.1 M aqueous solution of potassium hydrogen phosphate mixed together in the ratio of cca 0.9:1 to get pH 6.8
of the final buffer solution, was used. The ALR contained 5 g of free cell mass of Gluconobacter oxydans (dry
mass), increased by 2.6 g in 51 h of the experiment. The aeration in the ALR was kept at 800 L h-1. The
temperature of the fermentation medium in the ALR was kept at 27 °C and pH at 6.8 (with additions of 2 M
NaOH). Samples of the fermentation medium in the STR and ALR were taken every 3 h. At the same time, sample
of water phase at the output from membrane module was also taken.
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Both biotransformation experiments lasted 72 h. Samples of fermentation medium in STR were analyzed for PEA,
biomass, L-phenylalanine (Phe), glucose (Glu) and ethanol (EtOH) concentration. Samples of fermentation
medium in ALR were analyzed for PEA and PAA concentration. Samples of water phase circulated through
membrane module were analyzed only for PEA concentration.

Results and discussion
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Biotransformation experiment B1 was carried out in the hybrid system MHS1 with real production of PEA from
Phe in the STR using growing Saccharomyces cerevisiae. Figure 4a displays the concentration profile of biomass,
EtOH, Phe, Glu and PEA in the fermentation medium of the STR. The concentration of PEA in the STR reached its
maximum of 3.3 g L-1 in 25 h and then it gradually decreased below 2 g L-1 until the end of the experiment. High
PEA concentration secured high driving force for the membrane extraction and thus exponentially increased
mass of PEA extracted from the system and adsorbed in the AC (Figure 4b). The concentration of biomass reached
20 g L-1 in around 40 h and till the end of the experiment it increased only of 2 g L-1. The slowdown of the
biomass growth was induced due to the high PEA concentration. Thanks to the moderate rate of Glu feeding, the
concentration of Glu was kept at a value close to zero, which helped to prevent the formation of EtOH. The
integrated AC was capable to adsorb totally 17 g of PEA. MHS1 was capable to reach 11 g/L of PEA volumetric
productivity.

Time / h

Figure 4. Concentration profile of compounds in the fermentation medium in the STR for biomass, EtOH, Phe,
Glu and PEA (a); produced and extracted mass of PEA from the STR and PEA volumetric productivity in the STR
for biotransformation experiment B1 carried out in silicone rubber membrane hybrid system with integrated
adsorption column (b).
Biotransformation experiment B2 was performed in the hybrid system MHS2 integrated with the ALR, where
coproduction of PAA took place. Figure 5a shows the concentration profile of the key components in the STR:
biomass, PEA, Phe, Glu and the PAA mass in the ALR. The increase of the PAA mass in the ALR was quite constant
till time 57 h (21 g of PAA mass, 1.61 g L-1 PAA concentration) and the PAA productivity reached 73.7 ´ 10-3 g h1 per 1 g of dry biomass. The concentration of biomass in the STR gradually increased to the maximum of 25 g L1 at time 50 h and kept stable to the end of the experiment. High activity of free cells of Gluconobacter oxydans
in the ALR caused the almost zero concentration of PEA in the ALR during the experiment. Maximum biomass
concentration at time 50 h corresponds with maximum produced mass of PEA 24.5 g and PEA volumetric
productivity 13.5 g L-1 (Figure 5b). Hybrid system MHS2 achieved higher efficiency with average reaction rate of
PEA 0.19 g L-1h-1 compared to 0.15 g L-1h-1 for biotransformation experiment B1. The difference was caused by
the lower PEA concentration inside capillaries of the membrane module, which induced higher driving force for
PEA transport and thereby lower PEA concentration is the STR, which decreased the inhibition of biomass growth
and increase PEA production compared to experiment B1 performed in MHS1. In both experiments Phe to PEA
yield reached values close to 100 %. The summarized results from biotransformation experiments B1 and B2 are
shown in Table I.
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Time / h

Figure 5. Concentration profile of compounds in the fermentation medium in the STR for biomass, Phe, Glu, PEA
and concentration profile of PAA in the ALR (a); produced and extracted mass of PEA from the STR and PEA
volumetric productivity in the STR for biotransformation experiment B2 carried out in silicone rubber membrane
hybrid system with integrated ALR (b).
Table I
Results from biotransformation experiments B1 and B2 performed in silicone rubber membrane hybrid system
with integrated absorption column or ALR
Type of hybrid system
MHS1 with integrated AC
MHS2 with integrated ALR
Final biomass concentration (g L-1)
21.5
25
Total Glucose consumption (g)
379
483
Total Phe consumption (g)
27.6
33.2
Total PEA production (g)
19.8
24.5
Total PAA production (g)
20
Produced biomass (g)
29.7
36.3
PEA volumetric productivity (g L-1)
11
13.5
Yield of Phe to PEA (%)
97
100
Average reaction rate of PEA (g L-1h-1)
0.15
0.19
Maximum PEA concentration (g L-1)
3.3
3.0

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. In case of membrane hybrid system MHS1
the integrated AC was capable to adsorb 17 g of PEA and effectively decrease PEA concentration below the toxic
value with high PEA volumetric productivity 11 g L-1. Membrane hybrid system MHS2 with integrated ALR was
capable to directly produce PAA from Phe for 72 h with PEA volumetric productivity 13.5 g L-1 and 20 g of
produced PAA. In addition applying the hybrid system, it was not necessary to process and purify PEA for its
consequential use for PAA production. Moreover, membrane extraction of PEA to the ALR serves as the
regeneration of the extractant, substituting thus a regeneration unit. The both approaches proved that the
silicone rubber membrane module was capable to effectively remove the product and thus to overcome the
inhibition. Nevertheless, in second approach the product with higher value (PAA) was produced in combination
of one hybrid system without necessity of purification and pre-concentration of the intermediate (PEA).
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Abstract
In recent years, we have observed an increased interest in natural antioxidants and their potential to replace
synthetic antioxidants currently used in food, cosmetic and pharmaceutical industries. With rising demand comes
the necessity to find new safe and cheap sources of these natural compounds. LCMS analysis of commercially
available dietary supplement revealed a plethora of phenolic compounds, of which the two most abundant have
been subsequently identified and isolated from vineyard and winery waste materials, such as stems, canes and
prunnings. These materials have been extracted with 40 % ethanol and resulting extracts have been analysed to
determine their composition, total phenolic content and antioxidative activity. Highest content of phenolics
(17.6-80.7 gGA/kgDW) and antioxidative capacity (3.2-17.8 gGA/kgDW) have been found in stems, while highest
amounts of trans-resveratrol and polydatin (4.47-252.79 mg/kgDW and 4.24-48.73 mg/kgDW respectively) have
been found in canes from winter pruning.

Introduction
Synthetic antioxidants are widely used in food, pharmaceutical, and cosmetic industries. However some of these
synthetic antioxidants such as butylatedhydroxyanisole (BHA), butylatedhydroxytoluene (BHT) and tert-butyl
hydroquinone (TBHQ) have toxicological effects and suspected carcinogenic potential1. This fact, combined with
pressure from consumers who prefer natural products „without chemicals“, leads to significant rise in demand
for natural antioxidants. Prevalent natural antioxidants commonly used in food and cosmetics are tocopherols
and ascorbic acid. Alas, in comparison to their synthetic counterparts they are much less efficient. Therefore the
need arises to find new natural antioxidants that (i) would match or surpass effectivity of synthetics and would
be (ii) safe to use and (iii) cheap to produce.
Polyphenols are the most abundant group of plant secondary metabolites. They vary greatly in both chemical
structure and biological activity, nevertheless number of these compounds has shown antioxidative and
antimicrobial properties2,3. They are ubiquitous in the plant kingdom and therefore can be extracted from many
cheap and available sources, and because of their low cytotoxicity4 and common occurrence in foods they are
presumed to be safe for human consumption. Moreover, a number of epidemiological studies indicate that diet
rich in polyphenols contributes to disease prevention and lowers the risk of many chronic and degenerative
diseases, such as diabetes, osteoporosis, cardiovascular diseases and certain types of cancer5.
Grapevine (Vitis vinifera) is one of the most widely grown crops in the world, with a great economic importance.
Grapevine growing and wine production generate a considerable amount of green waste, e.g. wine prunnings
and canes, grape stalks, grape pomace and wine lees. Currently, only a fraction of winery waste is being handled
in a way that is environmentally friendly and at the same time improves the economic value of these materials.
Grapevine, its waste and by-products are rich in polyphenolic compounds, mainly stilbenes produced in reaction
to biotic and abiotic stresses, such as UV, mechanical damage and fungal infection. These materials could be
therefore valorised as source materials for extraction of natural antioxidant which, if safely extracted, could at
least partially supply the rising demand for natural antioxidants.
Since stilbene production depends on multiple factors, its content in plant materials may vary significantly. In
this work we study the content of total polyphenols, their composition and antioxidative activity in stems, green
shoots and canes obtained from multiple localities during the vegetation period.

Experiment
Chemicals
Ethanol 96% (v/v) p.a. (Penta, Czech Republic), Ethanol 96% (v/v) denatured, Acetonitrile for HPLC super gradient
(VWR Chemicals, USA), trans-resveratrol, ≥ 99% GC (Sigma Aldrich, Germany), trans-polydatin ≥ 95% HPLC
(Sigma-Aldrich, Germany), Folin-Ciocalteu reagent (Sigma-Aldrich, Germany), 2,2-diphenyl-1-picrylhydrazyl
(DPPH) (Sigma-Aldrich, Germany).
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Sample preparation
Vineyard and winery wastes from growing and processing of white and blue varieties of Vitis vinifera were
analyzed. These samples were obtained from multiple vineyards located in both Bohemian and Moravian wine
regions. Green shoots were obtained in June, July, September and November 2016; stems in September/October
2016, canes in January/February 2017. All samples were dried to constant mass and subsequently grinded to the
size of 1–3 mm. A solid-liquid extraction was applied to obtain phenols. The optimized conditions for phenolic
extraction were 40% (v/v) ethanol for 24 hours at room temperature.
Analytical methods
• Concentrations of trans-resveratrol and trans-polydatin were determined by RP-HPLC (125x4 mm
Watrex, Nucleosil 120-C18 column; MF gradient of acetonitrile and demineralized water; diode array
detection at 306 nm) and quantified using available standards.
• Total polyphenols content (TPC) was determined spectrophotometrically using Folin-Ciocalteu reagent.
• Antioxidative activity was assayed via measurement of DPPH free radical scavenging method.
• Commercially available dietary supplement from grape extract was analysed by UHPLC-ESI-TOF-MS.

Discussion and result analysis
HPLC analysis of Vitis vinifera samples provided by Bohemian and Moravian vineyards showed that canes from
winter pruning were the richest sources of analysed stilbenes (reaching between 4.47 and 252.79 mg/kgDW
resveratrol, and 4.24 to 48.73 mg/kgDW polydatin).
Green shoots showed much greater variety of polyphenol content, with polydatin peaking in July (16.74–
47.96 mg/kgDW) and decreasing in later months to 0.66–8.58 mg/kgDW (Fig. 1), and resveratrol gradually
increasing from July (0.74–1.81 mg/kgDW) to November (0.97–22.13 mg/kgDW) (Fig. 2).

Figure 1. Polydatin content in Pinot Noir variety green shoots obtained from multiple vineyards during vegetation

Figure 2. Resveratrol content in Pinot Noir variety green shoots obtained from multiple vineyards during
vegetation
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The highest total polyphenol content (17.6 – 80.7 gGA/kgDW) and antioxidative capacity (3.2 – 17.8 gGA/kgDW) were
observed in grape stems. Unlike other winery wastes (pomace, wine lees) stems are not prone to decay and can
be easily stored.
The LC-MS analysis of commercially available dietary supplement from grape extract showed a various content
of phenolic compounds, e.g. trans-resveratrol, polydatin, catechin, procyanidins, tartaric acid, quercetin,
kaempferol, gallic acid etc. (Fig. 3, 4). The most abundant compounds found in the dietary supplement
(trans-resveratrol and polydatin) are stilbenes with high biological activity and well documented positive effect
on human health.

Figure 3. Mass spectrum of commercial polyphenolic product, positive ionization

Figure 4. Mass spectrum of commercial polyphenolic product, negative ionization

Conclusion
We performed analysis of commercially available dietary supplement. The most abundant biologically active
compounds found in the dietary supplement (polydatin, trans-resveratrol) have also been identified and
isolated from vineyard and winery waste materials. Since the extraction was carried out in ethanol, the extract
yielded by this method is eligible for use in the food, cosmetic and pharmaceutical industry.
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Abstract
The kinetics of the simultaneous hydrolysis of macromolecular proteins (keratin) and lipids (fat) from waste
chicken feathers was investigated in this study. The perspective option pressure hydrolysis at elevated
temperature was designed as one of the primary tasks within the research program in frame of the Competence
Centre BIORAF, supported by the Technology Agency of the CR. The process development of simultaneous
hydrolysis of proteins and lipids contained in the waste is focused on this potential alternative raw material for
the preparation of valuable amino acids1 and proteins of low molecular weight. In this study, the acidic hydrolysis
kinetics of the waste biomass was performed using a batch stirred bench scale autoclave at elevated temperature
and pressure of inert atmosphere from 0.9 to 2.3 MPa. Produced hydrolysate was filtrated and subsequently
analyzed using HPLC/MS method at the UCT Prague.

Introduction
Poultry feathers represent a difficult waste from the food processing industry2. There are no rational usage and
great troubles in case of both composting and incineration. There is a need to recover biogenic elements in
accordance with the natural circulation. Hydrolysis of waste feathers can provide valuable amino acids and
proteins in the mixture with acylglycerols and higher fatty acids.
The possibility of hydrolysate promises recovery in agricultural trade in a form of protective or stimulating plant
sprays. Another possible use of products is, i.e., in the field of preparation3 of biomaterials for regenerative
medicine, cosmetics, biodegradable food packaging, functional ingredients in food etc.
The commonly applied hydrolysis using a strong mineral acid4 or base5 leads to the necessary subsequent
recycling of the process solutions, including neutralization and the resulting formation of undesirable salts. It is
therefore required to search for greener bio-waste treatment.

Materials and methods
Samples of waste chopped frozen chicken feathers (genotype Ross 308, age 39 days) were supplied by Rabbit
Trhový Štěpánov, Corp. Dry matter was determined to 35 wt.%.
Hydrolysis was executed in batch stirred bench scale autoclave (volume 2 litres) under CO 2 atmosphere for
4 hours at elevated temperatures from 85 to 126 °C, working pressure was sustained in the range of 0.9 to
2.3 MPa. Produced hydrolysates were filtered.
Profiles of amino acids, low molecular weight proteins and lipid components were determined by HPLC/MS
method at the Department of Food Analysis and Nutrition FFBT UCT Prague.

Results
During the study of waste feather hydrolysis, the influence of pressure and temperature on the creation of the
monitored substances was pursued. The concentrations and distribution of individual amino acids (AA), the
water-soluble low molecular proteins and the lipid portion components – triacylglycerols (TAG) and free fatty
acids (FFA) were analyzed.
Profiles of selected amino acids
Totally 23 amino acids were determined in hydrolysate samples. To compare the amino acids concentrations,
particularly those, which are dominantly present in the reaction products were selected in Figure 1 and 2. Their
sum exceeded 70 % of the total identified quantity.

60

ICCT 2018 | PROCEEDINGS

BIOTECHNOLOGY AND BIOREFINARY

Figure 1. Pressure effect on amino acids composition (temperature 113-115 °C)
The results of experiments depicted in Figure 1 were performed in this case at temperatures of 113-115 °C, a
reaction time of 4 hours and a pressure range of 0.9 to 2.3 MPa. The total amount of amino acids grew with an
increasing pressure of 0.9 - 1.4 - 1.6 and 2.3 MPa in the order of 29.9 - 27.5 - 68.6 - 135.4 mg/l, which from the
pressure of about 1.5 MPa shows the strong dependence of the concentration of the total amount of amino acids
in the hydrolysate on the operating pressure of the hydrolysis process. This form of dependence is probably
related also to the content of free fatty acids in the hydrolysate resulting from the hydrolysis of lipid components
of the feathers.
The most significant influence of pressure can be seen in the increase of the valine content. It, due to the nonreactive aliphatic side chain, belongs to the family of hydrophobic amino acids. It is incorporated into the internal
structure of proteins, and therefore very limitedly accessible. It is evident that the increased reaction pressure
contributes to its release from the structure of the processed material.

Figure 2. Temperature effect on amino acids composition (pressure 1.3-1.5 MPa)
Similarly, in the case of the temperature dependence of the total amino acid concentration (demonstrated by
the results in Figure 2), it cannot be expected a monotonously growing trend in accordance with the Arrhenius
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equation. However, it should be realised that the hydrolysis of keratin to amino acids represents a system of
subsequent reactions. The total amount of amino acids grew with an increasing temperature of 85 - 104 - 114
and 126 °C in the order of 0.2 - 36.8 - 27.5 - 304.6 mg/l. The first stage represents hydrolysis of the keratin to
water-soluble proteins with a lower molecular weight. Thus, the temperature dependence of amino acid
formation in the second reaction stage has a more complex shape.
The experiments were in this case carried out under reaction times of 4 hours, temperatures of 104 to 126 °C
and pressure of 1.3-1.5 MPa.
The results show not only an increase in the total amount of determined amino acids. Especially notable is the
dominant increase in the concentration of phenylalanine (Phe), isoleucine/leucine (Ile + Leu) mixture and, in
particular, valine (Val) amino acids. The vigorous change in valine content in hydrolysates at temperatures above
115 °C represents release from the internal structure of feathers from the order of units mg/l to 248 mg/l. A
branched-chain amino acid mixture, i.e. leucine/isoleucine/valine, most commonly in a 2/1/1 ratio, is one of the
popular dietary supplements in bodybuilding. However, there are no detail studies to determine long-term safe
and effective doses6.
Proteins
Other studied substances belonged to low molecular proteins resulting from the cleavage of disulphide bridges
in the keratin molecule.
Figure 3 shows the analogous trends in the influence of reaction pressure and temperature on the content of
soluble low molecular weight proteins in chicken feather hydrolysates. For example, from the trends of
dependence on these figures, it can be assumed that the limit concentrations of the proteins in the reaction
mixture are thermodynamically limited by their limited solubility in the actual reaction mixture. Although the
change in pressure to the total amount of obtained proteins had virtually no effect, the increase in temperature
significantly increased the cleavage of keratin and releasing of proteins into the reaction solution.

a)

b)

Figure 3. Pressure and temperature effects on protein content in hydrolysates;
a) temperature 113-115 °C, b) pressure 1.3-1.5 MPa
Lipid components - triacylglycerols and free fatty acids
In addition to the representation of proteins and amino acids, the presence of lipid components and their
derivatives in chicken feather hydrolysates were studied in detail in this work. Chromatographic analysis
determined the distribution of triacylglycerols (TAG) and free fatty acids (FFA) as the main components of animal
fat. Twenty TAGs ranging in length of chain C44 to C54 and main FFA were analysed. Only the most represented
TAGs contained in all samples were selected for simplification. Relative representation of TAGs ratio was
available. Summary of the results are presented in Figures 4-6.
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Figure 4. Pressure effect on TAGs composition (temperature 113-115 °C)

Figure 5. Temperature effect on TAGs composition (pressure 1.3-1.5 MPa)
No obvious trends are evident from the course of relative concentration dependencies of TAGs and major free
fatty acids on temperature and pressure. Very complex interaction of individual organic components of the
reaction system does not allow for a clearer interpretation of the obtained data. In this respect, more intense
future research of the monitored parameters will be necessary.
An insignificant effect contributing to the complexity of this reaction system is the limited solubility of the
individual reaction products in the liquid phase of the reaction mixture as well as the decomposition reactions of
solid phase containing some less stable substances.
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a)

b)

Figure 6. Pressure and temperature effect on free fatty acid (FFA) profile in hydrolysates;
a) temperature 113-115 °C, b) pressure 1.3-1.5 MPa

Conclusions
The study was focused on comparing the influence of hydrolytic treatment conditions of waste feathers on
obtaining nutritionally valuable components - amino acids, low molecular peptides and lipid part (triacylglycerols
and/or free fatty acids). The experiments were carried out in a temperature range of 85 to 126 °C, pressure of
0.9 to 2.3 MPa uniformly for reaction time of 4 hours under an oxygen free atmosphere. The increase in pressure
had a positive effect on the yield of essential amino acids, the content of peptides and triacylglycerols did not
show a significant change. Effect of temperature increase was apparent above 125 °C, where the concentration
of valine markedly increased in the hydrolysates. The content of proteins in hydrolysates increased significantly, the
concentration of TAGs and free fatty acids did not manifest a visible trend.
It is evident that acid treatment of feathers involves a complex system of many parallel hydrolytic destruction of
ester and peptide bonds of many components in three-phase reaction mixtures. The obtained complex image of
the studied reaction system, however, appropriately contributes to the understanding of the individual reactions in
the studied system. For the scale-up of the process a future research and development are necessary.

Abbreviations
AA
Ala
FFA
Glu
Gly
Ile+Leu
Lys

amino acid
alanine
free fatty acid
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isoleucine+leucine
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Pro
TAG
Thr
Tyr
Val

phenylalanine
proline
triacylglycerol
threonine
tyrosine
valine
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Abstract
Magnolia × pruhoniciana is a unique hybrid originated by the crossing of Japanese M. obovata and American M.
tripetala. It has been cultivated and grown since the 1950s in the Průhonice park, part of the Institute of Botany
of the CAS. However, biologically active substances contained in intensely fragrant blossoms have not been
sufficiently described, yet. From that reason the research was focused on extraction of the volatile substances
from fresh blossoms using various solvents. Samples of magnolia blossom extracts revealed variously rich profiles
of volatile substances, depending on the extraction agent used. To obtain information on volatile substances the
analytical method GC/HRMS was employed. Magnolia extracts contained a large number of valuable substances
such as alkaloids, coumarins, flavonoids, lignans and neolignans, phenyl-propanoids and terpenes have been
identified. Obtained extracts possessed a typical magnolia fragrance, which confirmed that the obtained
products could be potentially used for cosmetic applications.
Figure 1. Flower of Magnolia × pruhoniciana

Introduction
Magnolia, is a genre popular as a decorative tree [1].
Magnolia flowers often smell of fruit and are used for their
effects against respiratory problems, bacterial infections,
viruses and high blood pressure, leukemia, and malignant
tumours. Laboratory experiments have shown that magnolia
active substances inhibit tumour growth in mice in half of all
cases. Intended experimental tests to investigate the
possibility of some bio-refining procedures for the processing
of magnolia magnolias and the isolation of the valuable
substances found in magnolias such as alkaloids, coumarins, flavonoids, lignans and neolignans, phenylpropanoids and terpenes. Magnolol (2 to 11%) and honokiol (0.3 to 4.6%) are found in the magnolia bark of the
neo-ligand.
Honokiol and magnolol (Fig. 2) were initially described as components of the genus Magnolia, which are
components of Chinese (Kampo) herbs, including houpo and saiboku-tu(o) [1]. In the 1990s honokiol and
magnolol were found to have activity as free radical and lipid peroxidation inhibitors. Thereafter, honokiol,
magnolol, and a methanol extract of Magnolia were shown to exhibit anti-oxidative, anti-inflammatory, antitumour, anti-diabetic complications, anti-microbial, anti-neurodegeneration, anti-depressant, pain control,
hormone, gastrointestinal, and uterus modulation, cardiovascular and liver protective properties [2-4].

Figure 2. The chemical structures of (A) honokiol and (B) magnolol
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Experiments
Several possibilities of isolation of valuable substances from Magnolia × pruhoniciana flowers from the Botanical
Institute of AS CR, v.v.i. were provided. All procedures are summarized in Tab.I.
Table I
Procedures used for isolation of valuable substances
Flower processing procedure
Simplified describe preparation process

___________________________________________________________________________
pressing on juicers

steam distillation
hexane - stirred reactor
hexane – Soxhlet´s reactor
supercritical extraction CO2 (SFE)

pressing 785.0 g of frozen flowers on a juicer,
261,3 g of juice, 474,3 g of matolin
515 g of fresh flowers, 900 ml of water for 50 minutes (2x)
40.5 g of dried flowers + 750 ml of hexane in a stirred reactor
40.5 g of dried flowers + 750 ml of hexane in the Soxhlet´s extractor
17.23 g of dried flowers are extracted with 100 L of supercritical CO2

____________________________________________________________________________________________________________________________________________

Magnolia flowers pressing
Frozen magnolia flowers were processed by pressing on juicers. Two fractions were obtained from the flowers juice and solid phase matolin and were analysed for volatile components. The experiment was performed on an
Angel Juicer 7500 stainless steel juicer press, which cuts the raw material and doubles through a sieve with holes
of 1 mm diameter. The material for pressing was the magnolia flowers cultivated by Institute of Botany of the
Czech Academy of Sciences, Průhonice, which were frozen before transport.
Steam distillation
Water vapour distillation: Volatile high molecular weight substances from biological materials can be gently
separated by steam distillation. Fresh Magnolia flowers weighing 258 g were extracted with water vapour for 50
minutes using 450 mL of water. Water vapour distillation was carried out in two batches, about 500 g of frozen
flowers were processed, from which 2x450 ml of an aqueous product with the smell of magnolia flowers was
obtained. Samples of 450 mL were passed for analysis, respectively. sensory assessment from each batch. 450
mL given for analysis at the Institute of Chemical Technology and the ASCR. The total weight of the two liquid
products was 1033.2 g.
Extraction of dried magnolia flowers
Supercritical extraction
Supercritical extraction was also performed from dried magnolia flowers, and 17.23 g of dried magnolia was
extracted with 100 L of CO2 (0.5 L / min) at 25 MPa and 40° C. This procedure yielded 0.4015 g of the extract.
Hexane extraction
Extraction of dried magnolia was carried out with n-hexane in a stirred reactor under argon at 65° C, filtration
was carried out the following day and the perfume product was obtained. The extracted flowers were dried
freely. The second extraction was performed in Soxhlet extractor under a protective argon atmosphere, the next
day was separated by filtration product whose smell was more intense than in the first case. The extracted
flowers were dried freely.
Preparation of extracts from fresh magnolia flowers
To avoid unwanted loss of fragrance components, the flowers were extracted fresh. The extraction of the cut
flowers by leaching was carried out in two stages, while only the extracts from the first stage were used for the
preparation of cosmetic scents Ethanol (70%wt. water solution according to the Czech Pharmacopoeia) and
glycerol (p.a.) were used as extracting agents. Both extractions were run in parallel. The ratio of fresh flowers /
extraction agent was 3g/4mL in both cases. Simultaneously, one-stage magnolia extraction with petroleum ether
was also performed. Extraction by leaching took place at room temperature for 30 days. For further processing
filtered extracts were used, which formed 2 phases - organic and aqueous. The phases were separated.

Results and discussion
Comparison of sample extracts based on their fingerprints (obtained by UPLC-HRMS by separating the analyte
molecules in the C18 reverse stationary phase chromatographic column and their subsequent electrospray
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ionization in positive and negative mode - ESI + and ESI-) is summarised in the Table II. Obtained results give
qualitative information about the richness of the analysed extracts. The Table II contains the comparison of
samples from the point of view of detected compounds number.
Table II
Number of detected compounds
Flower processing procedure Number of detected compounds Number of detected compounds
ESI+
ESI___________________________________________________________________________________________
pressing on juicers - juice
2194
1015
pressing on juicers - matolin
3561
1154
steam distillation
392
18
hexane - stirred reactor
2795
738
hexane – Soxhlet´s reactor
2638
919
supercritical extraction CO2 (SFE)
3413
984
___________________________________________________________________________________________
Following Fig. 3 represents the only part of the spectrum detected compounds with the highest content in
samples of above mentioned procedures for processing magnolia flowers.

Figure 3. Effect of bioreffining methods on main components in extracts
The main interest was focused to screen biologically active substances that were previously detected in Magnolia
obovata and Magnolia tripetala and consequently to select the most advantageous bioremediation procedure
based on either mechanical operation (pressing of the juice and processing of the corresponding matolin) or
extraction separation. solvent, extractor arrangement and time of operation. The magnolol and honokiol were
detected in samples of pressing, steam distillation and hexane extraction. Most magnolol and honokiol were
observed in the matolin. Lower but significant amounts of both compounds were found in the case the stirred
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extractor and Soxhlet´s extractor application. A negligible amount of those components was determined in the
other samples.

Figure 4. Profiles of main components in extract using different solvents and number of extraction stages
Cosmetic products
To avoid unwanted loss of fragrance components, the catted flowers were extracted in fresh form and to increase
the efficiency two extraction stages were applied. For the preparation of cosmetic scents only the extracts from
the first stage were used. Fig.4 presents concentration main volatile components in extracts using of ethanol,
glycerol and petroleum ether. For the identification of volatile substances with a different representation, a solidphase micro-extraction technique in headspace variant (HS-SPME) was used to trap volatile matter in the space
above the sample. Samples of extracts of magnolia blossoms revealed
variously rich profiles of volatile substances, depending on the
extraction agent used. The reason is undoubtedly the presence of water
in fresh flowers extracted in the first stage of the process. The richest
profile was obtained by analysing a sample called "petroleum ether
phase”. Ethanol, glycerol and petroleum extracts were used to make
face creams and cologne water with a magnolia x pruhoniciana
fragrance.
Figure 5. Products for cosmetics use

Conclusion
When pressing flowers biomass, most of the target substances remain
in the waste matolin. There is obviously necessary to respect economy
efficiency of the process. A small efficiency has been observed in case
of the water vapour as well as extraction using supercritical extraction
by carbon dioxide.
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On the contrary, some prospects have both extractions with hexane, with the stirred extractor. In this case the
higher concentrations of magnolol and honokiol in extracts were obtained. The reason consists in the more
intense mass transfer between the solid and liquid phases. Magnolol and honokiol are promising for farmacology
applications because of their antioxidant, antidepressant, anti-inflammatory, antiviral and antimicrobial effects.
Fragrant essences obtained by extracting fresh flowers have been tested as face creams and fragrant ingredients
that retain the pleasant smell of magnolia flowers and they could be useful for other various cosmetic products.
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Abstract
Microbial surface active substances (biosurfactants) are amphiphilic compounds produced by numerous
microorganisms. These bio-based molecules reveal a number of advantages over oil-based surfactants.
Biosurfactants are not toxic and, moreover, are fully biodegradable. Moreover, they can also be obtained from
renewable sources and operate within a wide range of pH, temperature or salinity. Therefore, they might be
used in numerous applications including those requiring non-toxicity and biocompatibility. Apart from
biosurfactant biosynthesis, many bacteria produce also polyhydroxyalkanoates (PHA) - microbial polyesters that
are considered biodegradable and renewable alternatives to petrochemical polymers. It should be noted, that
PHA is an intracellular product whereas biosurfactants are extracellular, so it would be interesting to produce
both valuable metabolites in a single biotechnological process. Therefore, we have employed various methods
to screen biosurfactants production in selected PHA producers and we have identified potential strains which
could be employed for simultaneous production of PHA and biosurfactants.

Introduction
Surfactants are amphiphilic compounds containing both polar and non-polar moiety. The polar part of the
molecule is soluble in water and other polar solvents, and the non-polar portion is soluble in non-polar
compounds such as oil. Thanks to these properties, surfactants demonstrate very interesting properties and a
wide use. Most surfactants that are used today are made of oil and burden the environment1. However,
biosurfactants represent alternative group of surface active substance but are produced by microorganisms.
These biosurfactants do not represent serious environmental issue since they are non-toxic and fully
biodegradable. Their further advantage is their effectiveness under various conditions such as, for example, high
temperature, acidic or alkaline pH or high salinity. Moreover, they can be produced from renewable sources.
Thanks to their valuable properties, they can be used in bioremediation, in the health, cosmetics and agriculture
or food industries2.
Polyhydroxyalkanoates (PHA) are microbial polyesters produced by a number of gram-positive and gramnegative bacteria as intercellular inclusion called PHA granules. Bacteria use PHA as a source of carbon and
energy under unfavourable conditions. When extracted from microbial cells, the properties of these polyesters
are similar to polymers made from petroleum, and, therefore, PHA are considered being their appropriate
alternative. PHA are biodegradable and biocompatible and do not burden the environment. Renewable sources
or wastes from the food industry, such as waste feathers, straw, saws or coffee grounds, can be used as platform
substrates for their production. PHA have numerous applications. They can be used for production of bottles,
containers, disposable packaging, but also in cosmetics or medicine as surgical threads or drug carriers3,4.
In this work we aimed at exploring possible interconnection of PHA and biosurfactant production (Figure 1).
Coproduction of both valuable metabolites could substantially improve economic aspects of their manufacturing
and, moreover, the process could benefit from the fact, that PHA represent intracellular product while
biosurfactants are produced extracellularly, which might simplify and facilitate down-stream processing. Hence,
we have performed screening of biosurfactant production among PHA producing bacteria available in our culture
collection.
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Figure 1. Basic idea of the project – coproduction of intracellular PHA (white granules in bacterial cells) and
biosurfactant as extracellular product

Experiment
Several methods have been tested to screen biosurfactant production capacity in the tested bacterial strains.
The tested methods were: Oil spread method (OSM), Emulsification test, Orcinol method, Solubilisation of
anthracene and Direct measurement of surface tension. For evaluation of each test, positive control (5% triton)
and negative control (distilled water) were used. Oil spread method (OSM) is qualitative method. The principle
of this method is to drip the oil into water. Subsequently, a supernatant containing the biosurfactants is added.
If the oil droplets burst, the biosurfactants will be proven. The emulsion test indicates emulsion formation using
an emulsion coefficient. The supernatant is mixed with hexane and after 24 hours the emulsifying layer is
measured. This is a qualitative and quantitative method. Orcinol method is quantitative colorimetric method
using an orcinol agent and extraction into diethyl ether. Solubilization of anthracene consists in stirring
anthracene with the supernatant after 24 hours. Then the rate of the solubilized anthracene is measured
spectrophotometrically5-7. Surface tension is measured using the Du Noüy ring method. If surface tension falls
below 35 mN·m-1, it is a surfactant7,8. The surface water pressure of pure water is 75 mN·m-1.
Eleven bacterial species (Table I) capable of producing PHA were tested for the production of biosurfactants.
Initially, their inoculating (complex) medium was tested. Cultivation was carried out for 48 hours at their
optimum temperature and 180 rpm. After cultivation, the cells containing medium was centrifuged at 6000 rpm
for 5 min. The supernatant was used for biosurfactants screening by methods described above. Further, the
presence of the biosurfactants in the production (mineral) medium was also tested. First, cultivation was run for
24 hours in the inoculum medium, then 72 hours in a production medium where glucose or fructose was used
as the carbon source according to the preference of the particular microorganism. After culturing, the cell
medium was again centrifuged at 6 000 rpm for 5 min and the supernatant was used to detect biosurfactants.
Table I
An overview of used bacteria
Bacteria
Pseudomonas putida
Pseudomonas fulva
Pseudomona gessardii
Burkholderia sacchari
Bulkhorderia cepacia
Halomonas organivorans
Halomonas elongata
Halomonas salina
Halomonas halophila
Cupriavidus necator H16
Haloferax mediterranei

Collection of the microorganism
DSM 6125
natural isolate
natural isolate
DSM 17165
CCM 2656
CCM 7142
CCM 3756
CCM 4361
CCM 3662T
CCM 3726
DSM 1411

Results
At first, we intend to evaluate various screening methods of biosurfactant detection to select the most suitable
methods in terms of repeatability and reproducibility and also based on its time and labour demands. An
overview of the individual methods and their basic characteristics is shown in Table II.
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Table II
An overview of methods for detection of biosurfactants
Method
Oil spreading method
(OSM)
Emulsification test
Solubilization of
anthracene (SA)
Surface tension
Orcinol method

Repeatability

Amount of sample

Rate of analysis

++

µl

Min

+

ml

Day

+

ml

Day

++
-

ml
µl

Min
day

Selected methods for detecting biosurfactants have been used to detect biosurfactants in inoculation and
mineral media. Comparison of the production of biosurfactants in tested bacteria in the complex and mineral
media is shown in Table III.
Table III
A summary of the results of the production of biosurfactants
Bacteria
Positive control
Negative control
Pseudomonas
putida
Pseudomonas
fulva
Pseudomona
gessardii
Burkholderia
sacchari
Bulkhorderia
cepacia
Halomonas
organivorans
Halomonas
elongata
Halomonas
salina
Halomonas
halophila
Cupriavidus
necator H16
Haloferax
mediterranei

Inoculum medium
Emulsion
test
58
0

Production medium

1.575
0

Surface
tension
32.3
75

Emulsion
test
57
0

1.512
0

Surface
tension
32.3
75

41

0.832

30.4

33

0.678

29.3

37

0.174

48.1

13

0.047

45.6

44

0.103

49.4

2

0.123

53.5

55

0.269

49.3

0

0.149

46.2

13

0.328

46.8

13

0.270

59.3

42

0.448

516

0

0.422

50.5

44

0.498

54.3

42

0.234

55.4

30

0.483

56.3

13

0.403

62.1

0,9

0.284

48.3

0

0

53.7

20

0

50.1

0

0.203

49.7

0

0.086

54.7

0

0.563

56

SA

SA

In the emulsion test, the formed emulsion layer is determined. The higher the emulsifying layer, the better higher
concentration of more effective biosurfactant is produced. Using this method, however, we have found that the
emulsifier layers may be high but are sparse or, on the contrary, are lower but are very dense and will last for
several days without change. Hence, apart from its portion it is also important to evaluate appearance of the
emulsion formed. The best results were obtained with Burkholderia sacchari in the inoculant medium and
Halomonas elongata in the production medium, but their edges were very sparse. That is why we consider the
best for Pseudomonas putida in both cultivation media, since supernatants obtained from this bacterium were
capable of formation of emulsion with quality and appearance comparable to positive control.
Measurement of anthracene solubilization rate was easy to prepare and provided good repeatability. The higher
the absorbance was measured, the more anthracene solubilized and the more biosurfactant was present in
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tested supernatant. The best results were again achieved with Pseudomonas putida bacteria both in inoculation
and production media. Surface tension measurement is the most straightforward and very accurate quantitative
method that can be used to demonstrate the presence of a biosurfactant but requires a larger sample volume of
tens of ml. In our experience, it is a quick and very reliable method. If the surface tension falls below 35 mN·m-1,
it can be expected that the supernatant contains a biosurfactant. The supernatant of the bacterium
Pseudomonas putida reduced the surface tension in both media to 30 mN·m-1.

Conclusion
In this work we compared various methods for screening of biosurfactant production among tested bacteria and
we identified anthracene solubilization, surface tension and emulsification test as the most suitable.
Furthermore, we have screened biosurfactant production among bacterial strains capable of PHA production
and we identified P. putida being very interesting strain capable of co-production of both desired metabolites.
Biosurfactant production by P. putida and its co-production with PHA will be further investigated and optimized.
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Abstract
Polyhydroxyalkanoates (PHAs) are bacterial polyesters which are considered as biodegradable and
environmentally-friendly alternative to petrochemical plastics. Poly-3-hydroxybutyrate is typical but in the
plastics industry, the copolymer of poly-3-hydroxybutyrate-co-3-hydroxyvalerate (P3HB-co-3HV) is significantly
better utilized due to its material properties. The aim was to use the concept of evolutionary engineering to
obtain strains capable of utilization levulinic acid for production P3HB-co-3HV. Adaptation tests were carried out
with the Cupriavidus necator H16 strain. Higher LA concentrations have been shown to significantly reduce the
growth of the selected strain. Adaptation tests led to an increase in the proportion of PHV in the copolymer
produced.

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.1
The most common polymer among polyhydroxyalkanoates is polyhydroxybutyrate (PHB) which, although having
material properties very close to polypropylene, lacks some qualities. Above all, it is very stiff and brittle. This
problem is usually solved by the production of the copolymers, most often with 3-hydroxyvalerate units (3HV).
The 3HV/3HB ratio significantly influences the different characteristics of the copolymer, such as impact strength,
flexural modulus and melting temperature.2 For this purpose, it is necessary to add 3HV precursors which
bacteria can incorporate into the copolymer structure. These are mostly expensive, which affects the already
expensive PHA production. One of the possible precursors is levulic acid (LA), which can be produced cost
effectively and in high yield from renewable feedstocks.3 LA is a relatively cheap substrate and compares
favorably with other possible precursors like propionic acid, valeric acid.

Materials and methods
Cupriavidus necator H16 (CCM 3726) was obtained from the Czech Collection of Microorganisms, Brno, Czech
Republic. The bacterial strain was subjected to evolutionary engineering aimed at adapting to levulinic acid
(Sigma Aldrich, Germany) (Figure 2). Bacterial strains obtained by evolutionary engineering were stored in cryotubes at -80 °C in a 10% glycerol medium to maintain viability.
Mineral medium was composed from 3 g/L (NH4)2SO4, 1.02 g/L KH2PO4, 11.1 Na2HPO4, 0.2 MgSO4l, 1 ml/L
microelement solution and 20 g/L fructose as the sole carbon source. Cultures were cultivated in 250ml
Erlenmeyer flask for 72 h in 30 °C, 180 rpm. The cells were harvested (centrifugation, 8000 rpm, 5 min) and PHB
content was analysed by gas chromatography. The flasks were inoculated by 10 mL of the overnight culture of
cells grown in Nutrient Broth medium (NB medium, 10 g peptone, 10 g beef extract, 5 g NaCl in 1 L of distilled
water).
Before PHB analysis by gas chromatography, the cells washed with distilled water 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.
Analysis of levulinic acid were performed with a Thermo Scientific UHPLC system – UltiMate 3000. REZEX-ROA
column (150 × 4.6 mm, 5 μm; Phenomex, USA) was used for separation.
Mutant strain Cupriavidus necator H16/PHB-4 (DSM 541) was used for assessing involvement PHA into the stress
response to levulinic acid. Experiment was performed with microplate reader Bio-Tek EI808. Microplate reader
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Bio-Tek EI808 was also used for determinations of specific enzyme activity of all enzymes involved in in the
biochemical pathway of PHA.

Results and discussion
Assessing the effect of levulinic acid on the growth potential of the original strain
Both cultures were cultivated in 96 well plate with different concentrations of levulinic acid. pH of media was
adjusted to 7. Low levulinic acid levels seem to have a slight positive effect on bacterial growth. Results are shown
in Fig. 1. Higher concentrations than 1 g/L already have a negative impact. Bacteria incapable of PHA production
cannot respond to higher levulinic acid concentration. On the contrary, bacteria accumulating PHA can resist
concentration between 1 and 5 g/L and then the growth rate decreases considerably.

Cupriavidus necator H16

Cupriavidus necator H16/PHB-4 (unable
to produce PHA)
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Figure 1. Comparison of growth of the PHA-producing strain (right side) with the non-producing PHA strain (left
side) at different levulinic acid concentrations
Scheme of evolutionary test
The original strain growing in Nutrient Broth medium was transferred to a mineral medium containing 0.5 and 5
g/l levulinic acid. After 72 hours cultures were transferred to a petri dish with mineral medium and levulinic acid
at concentrations of 5 and 10 g/l. Selected colonies were again transferred to a new petri dish containing levulinic
acid 5 and 7.5 g/l. Selected colonies were incubated in the Nutrient Broth medium and then cryopreserved.
Figure 2 presents final scheme of experiment.
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Figure 2. Scheme of the experiment, which led to obtaining adapted cultures
PHA production using evolved strains
All the three obtained strains were compared with original strain. Results indicate that the adapted strains do
not reach their original cell growth. However, biomass analysis showed that these strains are capable of
accumulating higher PHA content in their structure. The ratio of 3HV/3HB units in the polymer significantly
increased (Fig. 3).
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Figure 3. Comparison of the strains obtained with the original strain. The result of the gravimetric determination
of the biomass is on the left and the PHA content in the cell dry weight is on the right.

0

PHA biosynthetic enzyme activities
Within the biochemical characterization of adapted PHA-producing mutants, several experiments were
performed to determine the activities of selected intracellular and membrane-bound enzymes involved in central
metabolism, PHA metabolism, and levulic acid metabolism. The activities of all the mutant enzymes determined
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were compared with wild-type C. necator H16 enzyme activities to assess the effect of adaptation to levulinic
acid in relation to PHA production and other relevant metabolic transformations. For all these determinations of
specific enzyme activity, were all strains cultured for 48 hours in mineral medium with 3.5 g/l of levulinic acid.
All specific enzyme activities are shown in Table I. Symbols ↓, ↑ and ≈ are used for comparison control with
obtained strains.
Table I
Specific enzyme activities of selected enzymes involved in biosynthesis of polyhydroxyalkanoates
specific enzyme activity [U/mg]
control
E0550 E0575 E5075
PHA synthase
18
↓
214
73
122
acetoacetyl-CoA reductase
618 ↓
1733
1856
2179
63
↓
95
138
108
b-ketothiolase
NAD+ dependent isocitrate dehydrogenase
54
↓
124
197
926
NAD+ dependent malate dehydrogenase
410
≈
629
220
301
malate synthase
164 ↑
196
499
224
2-methylcitrate synthase
473 ↓
2504
1440
1440
glucose-6-phosphate dehydrogenase
525 ↑
510
128
17
NADP+ dependent isocitrate dehydrogenase
54
↓
1606
1143
1506
NADP+ dependent malate dehydrogenase
303
≈
315
589
237
Based on the correlation analysis of the variables (specific enzyme activities of the analysed strains) using the
Pearson correlation coefficient, six positive and one negative correlations were detected. In positive correlations,
it was assumed that with the increasing specific activity of one of the enzymes, the enzyme-specific enzyme
activity of the second enzyme increased based on the direct proportions. For negative correlations when
increasing one of the variables, the value of the second variable is decreased.
The highest positive correlation was detected between the specific enzyme activity of malate synthase and acylCoA synthetase determined from membrane-bound proteins. When considering the metabolic transformations
that catalyse these enzymes, it is possible to consider the release of free coenzyme A in the formation of the
malate required to convert levulic acid to levulinyl CoA, which is further processed.5

Conclusion
The ability of the bacteria to produce PHA is significantly reduced by the inhibitory effect of the levulinic acid. A
specific procedure based on the gradual increase of levulinic acid in the growth medium (Fig. 2) resulted in the
acquisition of three evolutionarily adapted strains. Adapted bacteria were able to accumulate more PHA when
levulinic acid was applied reaching higher 3HV/3HB ratio.
Moreover, enzymatic assays have shown that PHA biosynthesis was enhanced in evolved strains indicating that
PHA biosynthetic pathway is involved in stress response of C. necator against levulinic acid.
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Abstract
Nowadays, natural substances are still being sought to protect building materials from biological pests. One of
the most degradable building materials is wood. In this work, the effect of active substances obtained by leaching
the Melissa officinalis L. plant to the growth of wood-decaying fungi Pleurotus ostreatus was studied. Testing was
performed under laboratory conditions on agar. Preliminary results indicate an effect of Melissa officinalis
leachate on mycelium growth of the model organism.

Introduction

Wood as a natural renewable resource plays an important role in the construction and furniture industry.
The expectation for better options in preserving wood from biodegradation during storage, transportation,
manufacturing, and in service is actual1. Presently, original chemical preservatives containing metals or persistent
organic substances are gradually withdrawn from sales and banned for their toxicity, persistency and
bioaccumulative potential. Plant extracts, biological control agents can be a suitable solution. The most spread
and effective natural biocides contain extracts from trees as bark sources of plant oils (either vegetal oils or
essential oils), flax seeds2, cinnamon3, citrus peels4, and tung seeds have been experimented as potential wood
protectors, showing diverse activities as antibacterial, antifungal, antitermite, and antinematode agents1.
Melissa officinalis is a medicinal plant that grows normally in gardens or fields. Bubble leaf tea reduces stress,
soothes, relaxes, makes sleep pleasant and ensures good digestion. Its leaves contain various silicas and tannins
or hydroxytriterpenic acid, malts, slime, flavonoids and minerals. Mixture of these additive substances offers
extracts or leachates of M. officinalis as a potential protective species in wood preservative industry. However,
yield of active substances from the plants depends on many ways, for example on distillation processes5 or on
the time, when plants are harvested - during growing season, during the daye.g,.6.
From this reason, we tried to test water leachate of dry leaves of M. officinalis against one of the most used
model fungus, Pleurotus ostreatus. The white rot fungus Pleurotus ostreatus is an edible industrial mushroom
commonly cultivated worldwide. This species is also used in cosmetic and medical industry. Recently, it has been
used for degradation of endocrine disruptors7. Although the benefits of its cultivation are predominant for
humans, this species is also a pest of live or dead wood.

Experiment
Pleurotus ostreatus (grainy seedlings – a mycelium with spores) was purchased from Jiří Václavík
(https://www.jedlehouby.cz/). The experiment was performed with sterilised 3% malt agar. 1% and 5% leachate
was prepared from dry leaves of Mellisa officinalis plant (balm mint) in sterilised distilled water. Plant tea bags
were purchased from a local market. The leachates were mixed with boiling agar before spilling it into the Petri
dishes. The crushed fungal mycelium containing spores were placed on the surface of the agar after it had
solidified. The mycelium was placed into a middle of each Petri dish. Three replicate dishes were done
for each concentration and control (without leachate). The Petri dishes were wrapped in aluminium foil and
located into a thermostat under laboratory conditions without light (at 22 ± 2 0C). The experiment lasted for 28
days. Petri dishes were checked (moulds, other contamination) once a week. After 28-d period, the
P. ostraeatus growth was observed.

78

ICCT 2018 | PROCEEDINGS

BIOTECHNOLOGY AND BIOREFINARY
Discussion and result analysis
P. ostreatus is one of our wood decaying fungi that can cause white rot. This species can attack mainly live
deciduous trees and its effect is very fast and destructive. From this reason, it is used as one of the most used
model species in experiments focusing on decay efficiency of fungi after various types of wood treatment as
thermal or UV application8,9,10.
Photos of the present study indicate that 1% as well 5% leachate of M. officinalis have an increased negative
effect on growth of mycelium in comparison to control (see Figure 1, 2, 3). 5% leachate caused almost 100%
inhibition of fungal growth. Currently, there is no accessible scientific publication focused on the same topic. Our
results seem to be unique in this area of research and from this reason we were not able to compare them with
data from other literature sources. Nevertheless, some studies dealing with composition of M. officinalis have
been done. Extracted oils from M. officinalis were used in a study as antimicrobial agent against various
saprophytic bacteria species. It was found that oils of this plant were effective against Pseudomonas syringae
and against Pseudomonas fluorescens11. The overall results of other study suggest that M. officinalis essential
oil has also potential as a bio-antifungal preservative for the control of post-harvest diseases of apple12.
In the present study, we did not determined content of organic substances in our plants or leachates, respectively
but the study of Proestos et al.13 analysed naturally occurring phenolic compounds in balm mint. They analysed
by HPLC that their plants of M. officinalis consisted of caffeic acid, ferulic acid, p-hydroxybenzoic acid, Eriodictyol
and (+)-catechin hydrated. In a study of Sentkowska et al.14 was found that the aqueous extracts of lemon balm
(the other name for M. officinalis) can be a source of phenolic compounds such as rutin, quercetrin, and myricetin
from the flavonoid family as well as some phenolic acids, known by their bioactive effects. We can suppose that
composition of our plants was similar but the quantitative representation of individual substances could, of
course, be different. In each case, one of these substances or their particular combination can be probably
responsible for decreasing of mycelium growth.

Figure 1. Petri dish with agar medium without M. officinalis leachates – control (photo. K. Kobetičová)

Figure 2. Petri dish with agar medium containing 1% of M. officinalis leachates (photo. K. Kobetičová)
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Figure 3. Petri dish with agar medium containing 5% of M. officinalis leachates (photo. K. Kobetičová)

Conclusion
The results of our preliminary study indicate a potential for use of leachates from M. officinalis against wooddecaying fungi P. ostreatus as a wood protection agent in timber industry. The concentrations in range 1- 5% of
M. officinalis leachates should be tested on various species in the future.
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Abstract
Candida albicans is a common member of the human oral and gastrointestinal microflora, but also one of the
leading causes of nosocomial infection at intensive care units. Hypha and biofilm formation is a complex process,
with significant consequences for human health, regulated by the production of signal molecules. Anti-virulent
therapy addressing this regulation is being investigated. Polyphenols are among the compounds, whose
mechanism of action involves upregulation or downregulation of genes encoding enzymes needed for the
biosynthesis of signal molecules, the hyphal growth and the biofilm formation. In this study, we investigated the
influence of crude extract from Vitis vinifera, plant rich in polyphenols, on C. albicans morphogenesis and biofilm
formation. We compared the effects of the extract with the effects of pure biologically active substances
contained in it. Pure substances (quercetin and 3-phenyllactic acid) prevented biofilm formation rather than
inhibiting metabolic activity of the C. albicans cells. Whole extract inhibited both these parametersby more than
70 % and 60 % even when applied in low concentration (555 mg l-1).

Introduction
One of the major contributions to Candida albicans virulence is its adaptability to a variety of different
environments and the formation of surface-attached communities, known as biofilms1, 2.C. albicans biofilm has
a highly heterogeneous matrix structure composed of different cell types (yeast cells, pseudohyphae or hyphae)3.
The pseudohyphal and hyphal cells are more adapted to invasion through the human epithelial tissue and due
to this morphology are also more resistant to phagocytosis4, 5.The infection caused by hyphal form of C. albicans
(vulvo-vaginal candidosis), occurs at least once in life of approximately 70-75 % of all women6. Hypha and biofilm
formation is a complex process, regulated by the production of signal molecules, mainly by farnesol and tyrosol.
Farnesol is extracellular, diffusible molecule that is produced continuously during the C. albicans growth7.
Farnesol inhibits the attachment of the cells to the surface, as well as the biofilm development8 and blocks the
yeast-to-hyphal switch9. This dimorphic switching is crucial factor for C. albicans biofilm development. Tyrosol
identified as a second signal molecule is produced mainly by biofilm-growing cells and accelerates the hyphae
formation10.
Available therapies for candidosis are based on anti-fungal drugs including azoles (e.g. fluconazole) whose
mechanism of action lies in inhibition of lanosterol demethylasein the ergosterol biosynthetic pathway11, 12.
Nevertheless, irrelevant clinical use of fluconazole resulted in emergence of multi-drug-resistant strains
of C. albicans9. Nowadays, disruption of cell signalling is considered to be a new alternative strategy for
preventing the biofilm formation13. Many natural substances interfering with signalling of bacteria have already
been described, e.g.the main constituent of cinnamon bark oil - cinnamaldehyde14, 15, furanocoumarins from
grapefruit – bergamotin and dihydroxybergamotin16 or phenyl-lactic acid produced by Lactobacillus species17.
However the anti-virulent approach in treatment of infections associated with the C. albicans biofilms lags
behind. Among the compounds, whose mechanism of action is upregulation of the gene encoding phosphatase
(the key enzyme for farnesol biosynthesis), could be bisbibenzyls18. Other candidates include substances that
downregulate gene encoding adenylate cyclase, an enzyme which is necessary for hyphal growth and biofilm
formation, eg. quercetin9. Singh, Upreti9 proved that quercetin increases the susceptibility of C. albicans to
fluconazole by this mechanism.
In the current study, we applied crude extract from the blue grapes of Vitis vinifera, complex mixture of
polyphenols and other biologically active substances enriched by resveratrol from Polygonum cuspidatum root,
on the planktonic and biofilm-growing cells of C.albicans. We compared the effects of this extract (resveratrol
content 9 %), with the effects of extract from cane of V. vinifera(resveratrol concentration 730 mg l-1) and with
the effects of pure biologically active substances contained in it (resveratrol, quercetin and 3-phenyllactic acid).

Material and methods
Bacteria strains and culture condition
The Candida albicans DBM 2164 strain was kindly provided by Department of Biochemistry and Microbiology
UCT Prague. The Candida albicans ATCC 2091strain was obtained from the Czech Collection of Microorganisms
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(Faculty of Science, Masaryk University, Brno).Stock cultures were stored at -70 °C in 50% glycerol solution.
BothCandida strains were grown in YPD medium, Candida albicans DBM 2164 at 30 °C, Candida albicans ATCC
2091 at 37 °C.
Biologically active substances
Crude extract from Vitis vinifera blue grape is a complex mixture of trans-resveratrol, cis-resveratrol, transpolydatin, quercetin, quercetin glucoside, catechin, phenyllactic acid and procyanidins. This extract, kindly
provided by Interpharma Praha, Czech Republic,contains certified amount of resveratrol (from Polygonum
cuspidatum root). Stock solutions were prepared by dissolving in DMSO, as well as pure resveratrol, quercetin
and phenyl-lactic acid purchased from Sigma-Aldrich.The content of DMSO (≤1% in all assays) did not interfere
with the C. albicans growth. Ethanol extract from canes of V. vinifera was prepared by our laboratory. The
resveratrol concentration (730 mg/l) in this extract was determined by HPLC/UV analysis. The content of ethanol
(≤3 % in all assays) did not interfere with the C. albicans growth.
Planktonic growth of C. albicans
The growth of C. albicans in presence of V. vinifera extractsand pure biologically active substances was
investigated by micro-cultivation device Bioscreen C (Oy Growth Curves Ab Ltd., Finland). A standard yeast
suspension (OD600nm = 0.10 ± 0.02) in YPD medium (30 μl) was added into each well of 10x10-well Honeycomb
microplates (Oy Growth Curves Ab Ltd., Finland). Concentration ranges were 0 – 1667 mg l_1 for crude extract
from V. vinifera blue grape (resveratrol content 0 – 150 mg l-1), 0 – 30 mg l-1 for equivalent amount
of resveratrol in extract from cane of V. vinifera, 0 – 150 mg l-1 for pure resveratrol, 0 – 200 mg l-1 for quercetin
and 0 – 10 g l-1 for phenyl-lactic acid. Controls; cells in medium without agent and medium with DMSO (1 %) or
EtOH (3 %) were included. Growth was investigated by monitoring optical density automatically, every 30
minutes. Each experiment was performed in three replicates.
Biofilm cultivation in polystyrene microtiter plates
A standard yeast suspension (OD600nm = 0.60 ± 0.02) in YPD medium (280 µl) was cultivated in the presence
of V. vinifera extracts and pure biologically active substances in polystyrene 96-well microtiter plate (TPP AG,
Switzerland), for 24 h at 30/37 °C, in an orbital shaker (150 rpm). Concentration ranges were 0 – 2222 mg l-1 for
crude extract from V. vinifera blue grape (resveratrol content 0 – 200 mg l-1), 0 – 30 mg l-1 for equivalent amount
of resveratrol in extract from cane of V. vinifera, 0 – 200 mg l-1 for pure resveratrol, 0 – 200 mg l-1 for quercetin
and 1 – 6 g l-1 for phenyl-lactic acid. Controls without anti-biofilm agents were also included. Each experiment
was performed in eight replicates.
Crystal violet staining
Crystal violet staining was used for the quantification of total biofilm biomass formed in polystyrene microtiter
plate. Planktonic cells were removed from wells by washing three times with phosphate buffered saline.
Afterwards, 200 µl of crystal violet filtered solution (0.1%) were added to each well. The wells were washed again
three times with saline after 20 minutes of incubation at room temperature. The wells were then filled with 96%
ethanol (200 µL). The absorbance (580 nm) of colored solution was measured using a microtiter plate reader
(Tecan, Switzerland) in the microtiter plates (Gama, Czech Republic) after 10 minutes of incubation with ethanol.
Colorimetric assay for measuring metabolic activity in C. albicans
The metabolic activity of C. albicansbiofilm-growing cells was determined by MTT testaccording to Riss, Moravec
[19]. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromidewas purchased from VWR and solution
of 1 g/l was prepared in phosphate buffered saline (pH 7.4) Planktonic cells were removed from wells by washing
three times with phosphate buffered saline.To each well 50 μl of MTT (1 mg ml-1) and 60 µl glucose (57.4 mg ml1
) were added. Solubilization solution (100 µl) was added to each well after 3 hours of incubation in order to
dissolve formazan crystals. The absorbance (570 nm) was measured using a microtiter plate reader (Tecan,
Switzerland) in the microtiter plates (Gama, Czech Republic).
Light microscopy - Cellavista device
Cellavista device (Roche, Switzerland) is a fully automated inverted microscope, which allows, among other
things, taking pictures of samples in the 96-well microtiter plates. For each concentration, one representative
sample was selected and the area populated by biofilm was visualized by Cellavista device, as previously
described in Kvasnickova, Matatkova [20].
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Results and discussion
We evaluated the influence of crude extract from Vitis vinifera blue grape and extract from cane of V. vinifera
on the growth ofC. albicansplanktonic cells(strains DBM 2164 and ATCC 2091). The results were compared
with the effects of pure resveratrol at the same concentration.The growth of C. albicans DBM 2164 was inhibited
after administration of resveratrol in the extract fromblue grapeof V. vinifera at a concentration
10 mg l-1 (Fig. 1A), after administration of resveratrol in the extract from cane ofV. vinifera at 20 mg l-1 and
at 30 mg l-1more pronounced inhibition of growth was demonstrated (Fig. 1B). In contrast, pure resveratrol did
not inhibit the growth at these concentrations (Fig. 1C). According to the definition by Andrews [21], minimum
inhibitory concentrationwas determined, as the lowest concentration that causes at least 80% decrease in
growth after overnight incubation, at 80 mg l-1 (data not shown).Lee et al. (2005) determined the minimum
inhibitory concentration of resveratrol for C. albicansat 250 mg l-1.

Figure 1. Effect of extract fromblue grapeof V. Vinifera (resveratrol content 10 – 30 mg l-1) (A), extract from cane
of V. vinifera(resveratrol content 10 – 30 mg l-1) (B),pure resveratrol (10 – 30 mg l-1) (C) and phenyllactic acid (1
– 2 g l-1) (D) on the growth of C. albicans DBM 2164 planktonic cells, YPD medium, 24 h, 30 °C
Phenyllactic acid naturally occurs eg. in honey and lactic acid bacteria fermented food22. In addition to its
antibacterial activity, yeast inhibitory effect against Candida parapsilosis and Rhodotorulla mucilaginosa has also
been demonstrated23. Lavermicocca, Valerio [24] demonstrated the inhibitory effects of phenyllactic acid on the
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growth of wide range of microscopic fungi isolated from bakery products, including some mycotoxigenis species,
eg. Aspergillus ochraceus or Aspergillus flavus (MIC90 7.5 g l-1). In the current study, the growth
of C. albicans DBM 2164 was slightly inhibited by the concentration 2 g l-1 (Fig. 1D). Quercetin did not inhibit the
growth at the concentration range from 0 to 200 mg l-1 (data not shown).
Extracts from the blue grapes of V. vinifera and from cane of V. vinifera significantly affected the metabolic
activity of the biofilm growing cells of the both strains (Tab. I) and total biofilm biomass quantified by crystal
violet staining (data not shown). Extract from blue grape of V. Vinifera inhibited both these observed
parametersby more than 70 % and 60 % respectively even after applying low concentration (555 mg/l)
in C. albicans DBM 2164. Pure resveratrol was less effective. In C. albicans ATCC 2091, metabolic activity of
biofilm was due to the application of pure resveratrol (200 mg l-1), decreased by 70 %. In order to inhibit
metabolic activity of the biofilmby 80 %, resveratrol in the extract from cane of V. vinifera at concentration
10 mg l-1 was successfully applied (Tab. I).
Table I
Effect of biologically active substances on metabolic activity of biofilm, YPD medium, 24 h, 30/37 °C

metabolic activity of biofilm inhibition (%)
Biologically
active substances

strain

extract from
blue grape
of V. vinifera

C. albicans DBM 2164
C. albicans ATCC 2091

extract from
cane
of V. vinifera

C. albicans DBM 2164
C. albicans ATCC 2091

pure
resveratrol

C. albicans DBM 2164
C. albicans ATCC 2091

*R = resveratrol content

concentration (mg l-1)
555 (R 50)
73.8 ± 9.8
50.6 ± 9.5
R5
9.8 ± 5.1
44.1 ± 8.9
50
6.9 ± 4.4
41.1 ± 6.9

1111 (R 100) 1667 (R 150) 2222 (R 200)
85.0 ± 3.6
84.7 ± 1.0
87.1 ± 2.0
67.2 ± 3.4
71.5 ± 7.1
72.2 ± 7.6
R 10
R 20
R 30
24.9 ± 10.4
71.9 ± 4.4
82.4 ± 2.1
81.8 ±4.6
88.9 ± 2.1
94.1 ± 0.9
100
150
200
14.0 ± 4.8
30.7 ± 5.3
43.4 ± 7.6
45.1 ± 8.5
63.6 ± 6.0
70.9 ± 2.5

Quercetin, another biologically active substance present in the extract did not affect the metabolic activity of the
C. albicans DBM 2164 cells significantly (data not shown). In strain C. albicans ATCC 2091, we observed change
in the morphology due to the presence of quercetin. Quercetin suppressed hypha formation (Fig. 2).

Figure 2. Change in C. albicans ATCC 2091 morphology due to the presence of quercetin, control on the left and
exposure to quercetin (50 mg l-1) on the right, YPD medium, 24 h, 37 °C, scale bar = 100 μm
Singh, Upreti [9] by HPTLC analysis data revealed, that exposure of C. albicans NBC099 to quercetin induced
extracellular farnesol (which is capable of blocking the yeast-to-hyphal switch) production in a concentrationdependent manner. Complete inhibition of conidial germination was observed in P. roqueforti IBT18687 by
Lavermicocca, Valerio [24]when phenyllactic acid (5 mg l-1) was applied. In current study, we mainly observed
inhibition of C. albicans ATCC 2091 biofilm formation at the same concentration instead of change in morphology
(data not shown).
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Conclusion
The anti-biofilm effect was observed for both extracts of V. vinifera. Pure substances prevented biofilm formation
rather than inhibiting metabolic activity of the C. albicans biofilm-growing cells. In our opinion, the anti-biofilm
effect is caused by a complex mixture of biologically active substances. V. vinifera extracts could contribute to
solving the problem of microbial resistance to commonly used antibiotics. The use of waste products from the
vineyards is economically more advantageous than the use of pure biologically active substances.
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Abstract
Predicting gene function can be very challenging. However, various in silico tools are available for this purpose.
Here, we present a bioinformatics study focused on identifying potential genes that code efflux pumps in the
strain Clostridium beijerinckii NRRL B-598. This rod-shaped, oxygen-tolerant, spore-forming bacterium is studied
especially for its ability to produce acetone-butanol fermentation, with butanol being the main product. Current
knowledge suggests that small uncharged molecules, including butanol, are transported out of the clostridial cell
not only through a passive process of diffusion, but also due to the activity of efflux pumps. However, an
ineffective excretion system together with low butanol tolerance currently present the most significant obstacles
for industrial exploitation of butanol production in bacteria. Bioinformatics analysis of the strain C. beijerinckii
NRRL B-598 can help us to understand these mechanisms in more detail not only for the studied strain, but also
for Gram positive species in general. In this study, we used several online bioinformatics tools for the prediction
of genes coding efflux pumps based on sequence information. Our results were verified by comparison with
transcriptomic data using RNA-Seq technology. In silico identification of genes coding putative efflux pumps in C.
beijerinckii NRRL B-598 will be further investigated in our future work, which will involve performing in vivo and
in vitro lab experiments.

Introduction
Efflux pumps are much better described in Gram negative than Gram positive bacteria and are preferentially
associated with removal of antibiotics, biocides and other harmful compounds from cells. Currently, efflux of
antibiotics is being studied as a potential primary mechanism for acquiring resistance to antibiotics in pathogenic
bacteria.
In bacteria, efflux pumps are usually classified into five families – resistance-nodulation-division (RND), small
multidrug resistance (SMR), major facilitator superfamily (MFS), multidrug and toxic compound extrusion (MATE)
and ATP-binding cassette (ABC)1. These families differ in primary structure and energy-coupling and, with the
exception of the ABC family, they are secondary transporters, which means that transport of the required
molecules is usually coupled with antiport of H+ or Na+. ABC pumps are the only primary transporters and they
use energy generated from ATP consumption for transport of desired target molecules.
Here, we present a bioinformatics study focused on identifying potential genes that code efflux pumps in the
strain Clostridium beijerinckii NRRL B-598, previously misidentified as Clostridium pasteurianum NRRL B-5985.
This rod-shaped, oxygen-tolerant, spore-forming bacterium is studied especially for its ability to produce
acetone-butanol fermentation, with butanol being the main product. Current knowledge suggests that small
uncharged molecules, including butanol, are transported out of the clostridial cell not only through a passive
process of diffusion, but also due to efflux pump activity. However, an ineffective excretion system and low
butanol tolerance are currently the most significant obstacles for industrial exploitation of butanol production in
bacteria. So far, efflux pumps have mainly been described in pathogenic clostridia such as Clostridium difficile3.
A rare example dealing with efflux pumps in solventogenic clostridia is a recent article describing a transcriptional
response of Clostridium beijerinckii NCIMB 8052 to ferulic acid4. In this case, changes in transcriptions of different
genes coding transport proteins from the MATE, MFS, SMR and RND families were mapped.

Materials and methods
In silico gene function prediction
For this bioinformatics analysis we used the complete genome record of C. beijerinckii NRRL B-5986, which can
be accessed through NCBI Reference Sequence NZ_CP011966.2. Firstly, we selected all annotated genes that had
complete CDS and also complete protein sequences with assigned protein ID. The total of 5,074 protein
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sequences were exported in FASTA format and we tried to find adequate computational tools for the function
annotation of this set of amino acid sequences.
Although we tested several online bioinformatics tools for annotation of protein function, we encountered some
restrictions, e.g. the number of sequences that could be analysed from one submission was usually limited. Many
of the tools enable the user to evaluate only one protein sequence from each submission. Another limitation for
the complete genome annotation was computational time. In one case, the evaluation of the whole genome
annotation could take several days.
For this study, we eventually selected two bioinformatics tools for protein function annotation. The PANNZER27
(Protein ANNotation with Z-score) tool assigns functional annotation using the sequence similarity
neighbourhood based on homology search and weighted statistical testing. This tool evaluates two tasks: onetext-line description (DE) and Gene Ontology (GO) classification. The DE line is written by biologists and provides
a description of the protein’s function in one sentence. The GO annotation is a standard used in bioinformatics
analysis and includes prediction of molecular function, involvement in biological processes, and cellular
localisations of protein sequences. Annotations obtained from PANNZER2 do not contain only one protein
function or description line. The results include all GO terms and DE together with their standardised score of
statistical testing (PPV).
The second tool used in this study was BLANNOTATOR8. This tool was developed for homology-based function
prediction of bacterial proteins. It is based on a search for similarities of query sequences in the UniProt database
and Gene Ontology annotation using BLAST. Results are scored according to DE and GO annotation and the final
annotation is summarised in a one-line description.
Both tools for automated protein annotation evaluated all 5,074 protein sequences. Together with annotation
of C. beijerinckii NRRL B-598 provided by the NCBI Prokaryotic Genome Annotation Pipeline, potential genes
coding efflux pumps were predicted by text mining. We searched for the keyword ‘efflux’ in all collated
annotations with the aid of scripts in R (R version 3.4.2). The total number of annotations including this keyword
was 224 across all different contexts. Some of these records referred to the same protein. Therefore, we removed
the redundant records.
Verification in RNA-Seq data
We conducted a validation of our results by comparison with transcriptomic data using RNA-Seq technology.
Samples for RNA sequencing were taken at various times during the first 24 hours of batch bioreactor cultivation
to cover all main events in the clostridial life cycle (see Table I), i.e. transition from vegetative cells to spore
formation, acidogenic as well as solventogenic metabolism, and a transition between these two metabolisms.
Table I
Time points of cultivation
Sample
T1
T2
T3
T4
T5
T6

Time (h)
3.5
6.0
8.5
13.0
18.0
23.0

Transcripts and reads of RNA-Seq samples were mapped to the C. beijerinckii NRRL B-598 reference genome
(NZ_CP011966.2). The number of assigned reads was evaluated by RPKM (Reads Per Kilobase per Million mapped
reads), computed using the R/Bioconductor edgeR package9. Transcription profiles evaluated by the Z score of
average expression of selected genes were visualised using a heatmap constructed by the ggplot2 R package10
from DESeq2 normalised data11.

Results and discussion
A total of 55 genes were identified as potential genes coding efflux pumps. Moreover, we can identify 25 genes
(see Table II) which, based on acquired results from in silico tools and data from RNA-Seq analysis (see Table III)
correlate in time with butanol production. These genes are expressed more or less in accordance with butanol
formation, which starts to prevail over formation of acids from the 8.5th hour of the cultivation (time point T3).
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Table II
Final selection of genes together with their locus tags, heatmaps, RPKM values and annotations
Locus Tag
X276_RS03045
X276_RS08650
X276_RS02820
X276_RS19125
X276_RS19160
X276_RS07235
X276_RS25205
X276_RS18025
X276_RS12500
X276_RS02435
X276_RS11300
X276_RS11250
X276_RS08895
X276_RS14815
X276_RS14865
X276_RS14915
X276_RS14925
X276_RS13730
X276_RS00295
X276_RS10630
X276_RS13950
X276_RS13955
X276_RS11070
X276_RS17350
X276_RS09020
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T1

T2

T3

T4

T5

T6

8,663

4,228

23,512

59,025

44,925

20,090

5,985

11,007

13,352

20,830

17,794

14,452

2,240

3,409

3,382

8,126

6,203

4,118

2,593

1,759

2,169

5,374

5,498

3,753

0,697

0,917

1,043

1,797

1,883

1,327

18,313

20,979

35,176

82,460

61,823

44,394

25,192

29,101

54,437

119,595

92,424

70,201

4,16183

2,9749

5,56873

14,4411

11,614

11,0992

181,233

94,718

162,838

673,220

1040,359

620,690

9,578

9,977

10,629

20,999

55,454

59,601

2,849

3,016

2,475

12,120

11,986

5,839

2,187

2,605

3,140

18,442

28,963

34,129

9,399

8,630

6,561

13,571

31,377

40,647

1,892

4,078

4,131

5,628

8,978

8,654

2,670

5,277

4,700

5,473

5,980

5,841

3,932

3,880

5,613

13,722

9,537

6,872

1,730

2,133

1,843

2,298

3,107

2,461

18,784

14,266

12,370

28,241

24,285

17,048

20,231

29,900

41,606

50,521

42,497

39,865

5,400

10,181

11,294

25,874

28,086

23,668

16,781

38,799

51,571

67,737

45,782

41,709

14,885

32,953

52,091

68,032

47,829

40,683

1,159

1,641

3,551

13,115

11,522

5,484

3,070

2,481

3,168

18,100

28,520

26,244

10,199

14,855

16,120

41,623

34,058

28,148

Annotation
membrane protein
MATE family efflux transporter
MATE family efflux transporter
MATE family efflux transporter
tetracycline efflux MFS transporter
TetA(P)
MATE family efflux transporter
cation transporter
EamA family transporter
cytochrome b5
MATE family efflux transporter
HlyC/CorC family transporter
MATE family efflux transporter
hypothetical protein
MFS transporter
efflux RND transporter periplasmic
adaptor subunit
hypothetical protein
efflux RND transporter periplasmic
adaptor subunit
MATE family efflux transporter
MATE family efflux transporter
arsenical pump-driving ATPase
efflux RND transporter periplasmic
adaptor subunit
AcrB/AcrD/AcrF family protein
HlyC/CorC family transporter
cation transporter
arsenical pump-driving ATPase
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Table III
Example of results for gene on locus tag X276_RS08650: heatmap and RPKM values for time points T1 – T6,
annotations received from bioinformatics tools
Locus Tag:
T1
T3
T3
T4
T5
T6
X276_RS08650
Heatmap
RPKM
5,985
11,007
13,352
20,830
17,794
14,452
Annotations
Description line (DE)
Tool
PPV
Description
+ GO terms
NCBI:
MATE family efflux transporter
PANNZER2:
DE
0,342
Staphylococcal virulence regulator protein A
Molecular Function
0,720
drug transmembrane transporter activity
0,715
antiporter activity
Biological Process
0,723
drug transmembrane transport
Cellular Component
0,305
membrane part
BLANNOTATOR:
putative protein without homology
In the set of candidate genes, those annotated as MATE family efflux transporters occur most frequently. MATE
transporters are secondary efflux proteins which use the H+ or Na+ electrochemical gradient to extrude different
compounds from cells. In C. difficile, a CdeA MATE-family efflux transporter coupled with Na+ antiport was
identified12. Furthermore, a gene for the TetA(P) efflux protein from the MFS family was found in this set.
However, this protein, found in Clostridium perfringens4, which contributes to tetracycline resistance, exhibited
very low RPKM during the whole life cycle. It is therefore not likely to be the pump that we are searching for.
In addition, parts of RND-family pumps were found in the data set (see Table III). Complete RND pumps, having
a standard tripartite structure1, bridge inner and outer membranes together with the periplasmic cavity and
therefore can only exist in Gram negative bacteria, because in Gram positive bacteria, including clostridia, there
is only an inner membrane. However, parts of RND pumps are frequently found in Gram positive bacteria, where
they probably also act as efflux pumps13. The most-studied RND pump seems to be AcrAB-TolC from E. coli14,
which is composed from membrane fusion protein AcrB, an integral part of an inner membrane, AcrA periplasmic
adaptors placed in the periplasmic cavity and TolC protein channel, which spans an outer membrane. It is also
noteworthy that, when the AcrB protein was modified, the pump was able to efflux butanol from E. coli cells15.
Our analysis reveals that a gene coding an AcrB/AcrD/AcrF family protein (X276_RS13955) was transcribed in
accordance with butanol formation, having the highest transcription at the time point T4. However, further
investigation is necessary to prove whether this protein may export butanol from cells. Unexpectedly, genes
sharing homology with those coding periplasmic adaptor subunits (AcrA-like) and the TolC protein channel were
also found. Their role and placement in clostridium efflux remain to be discovered.
Other potential efflux transporters were found based on the structural similarity with other membrane proteins,
and whether these might be involved in butanol transport is a matter for further research. HlyC/CorC-family
proteins can also be found in C. beijerinckii NCIMB 8052 as possible transmembrane proteins with unknown
function. Arsenical pumps and cation transporters are annotated based on their probable function, which is the
extrusion of metals, including heavy metals, from cells.

Conclusion
In silico gene function prediction was conducted using two selected bioinformatics tools (PANNZER2,
BLANNOTATOR). With these tools, using the pre-existing genome annotation of C. beijerinckii NRRL B-598, we
filtered out 55 genes that are probably included in the efflux pumps system through data mining. Analysis of
RNA-Seq data from cultivation of the studied bacterium evaluated gene expression at six time points that cover
the main events in the clostridial life cycle, through RPKM values and heatmap. Based on these results, we
selected 25 putative genes that may be involved in butanol efflux. However, further research is needed to
confirm that the genes identified here play a role in butanol efflux in Clostridium beijerinckii NRRL B-598.
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Abstract
Nosocomial infections are often caused by bacteria from the Staphylococcus genus. The clinically relevant
representatives of this species are Staphylococcus epidermidis and Staphylococcus aureus which grow
predominantly as surface-attached stable communities known as biofilms. Cells in these biofilms are often highly
resistant to antibiotics. Therefore, new antimicrobial or antibiofilm substances are still being developed. In this
study, we investigated the influence of cobalt bis(dicarbollide) or its amino derivatives, and antibiotics
(erythromycin, tetracycline) - alone and in combination - to determine the antimicrobial activity and the
inhibition of biofilm formation against three type strains of S. epidermidis. We used a microcultivation device to
determine the minimum inhibitory concentrations and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) assay to determine the metabolic activity of the cells in biofilms. We observed the
synergistic effect of cobalt bis(dicarbollide) and its amino derivatives with both the antibiotics on both the
planktonic and biofilm cells.

Introduction
The most common isolated bacteria strains from nosocomial infections are Staphylococcus aureus,
Staphylococcus epidermidis, Enterococcus faecalis, Klebsiella pneumonia, Pseudomonas aeruginosa and
Escherichia coli. The treatment of biofilm-associated diseases is very difficult because biofilm cells often show
resistance to commonly used antibiotics. This leads to the search for various alternative ways to solve this
problem1.
Boranes and their derivatives, heteroboranes, are abiotic inorganic compounds composed mainly from boron,
hydrogen, and facultatively from many other elements. Basic experimental and theoretical research on
substituted o-carboranes has found applications in medicine (boron neutron capture therapy for cancer),
polymer science, supramolecular chemistry, and as semiconducting materials. Some of these substances have
antitumor and antiosteoporotic activity2,3. It was proved that cobalt bis(dicarbollides) derivatives inhibit the
microbial growth of bacterial strains including Staphylococcus aureus, Escherichia coli and Pseudomonas
aeruginosa4.
The goal of our experimental work was monitoring of the ability of cobalt bis(dicarbollide) amino derivate and
selected antibiotics (alone and in combination) to determine their antimicrobial activity and the inhibition of
biofilm formation against Staphylococcus epidermidis.

Materials and methods
Bacteria strains
The representative of gram-positive bacteria, Staphylococcus epidermidis DBM 3179 was obtained from
Collection of Microorganisms of Institute of Biochemistry and Microbiology UCT Prague, Staphylococcus
epidermidis CNCTC 5671 from Czech National Collection of Type Cultures and Staphylococcus epidermidis CCM
2343 from Czech Collection of Microorganisms.
Cultivation conditions
Stock cultures were stored at -70 °C in 50% glycerol solution. Strains of S. epidermidis were precultured
aerobically at 37 °C in Trypton Soya Broth medium (TSB medium), stirred at 150 rpm for 24 h. Then the cultures
were centrifuged at 9000 g for 10 minutes and resuspended in the same medium. The experiments were also
carried out in this growth media.
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Antimicrobial compounds
The amino derivate of cobalt bis(dicarbollide) - SK-5 - was synthetized in the Institute of Inorganic Chemistry of
Academy of Sciences of the Czech Republic, v.v.i. SK-5 was tested for its antimicrobial and antibiofilm activity.
This compound was dissolved in DMSO to a final concentration series from 0.01 mg/L to 500 mg/L. The
concentration of DMSO was under 1 % in all experiments.
Antibiotics
The antibiotics erythromycin and tetracycline were dissolved in TSB medium to obtain a concentration range
from 0.5 mg/L to 500 mg/L.
Investigation of antimicrobial activity
The antimicrobial activity of selected heteroborane SK-5 and an appropriate antibiotic for each microbial strain
was determined by microdilution method. The cultivation was carried out in 100-well microtiter plates using
Bioscreen C analyzer (monitored by OD 600 nm determination). To each well 30 µl of standard cell suspensions
of one of the microorganism (OD600nm = 0.1) were added. Microtiter plates were incubated for 24 h at 37 °C.
Controls without agents were also included. Each experiment was performed in three replicates.
Biofilm cultivation in 96-well microtiter plates
The cultivation was carried out in 96-well polystyrene microtiter plates. To each well 210 µl of standard cell
suspension of S. epidermidis (OD600nm = 0.8) and 70 µl of the SK-5 or antibiotic solution were added (alone or in
combination). Microtiter plates were incubated for 24 h at 37 °C and stirred at 150 rpm. Then non-adherent cells
were removed by washing with saline solution (three times).
After 24 h we observed anti-adhesive properties SK-5 and antibiotics against biofilms adhered to polystyrene
microtiter plates using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium
reduction assay to determine the metabolic activity of the cells in biofilm. All experiments were measured in
eight replicates.

Results and discussion
The results showed the high inhibition capability of SK-5 against suspension growth of gram-positive bacteria S.
epidermidis (strains CNCTC 5671, CCM 2343 and DBM 3179). We determined the effective concentration of
amino derivate of cobalt bis(dicarbollide) SK-5 at 3.8 mg/L in the case S. epidermidis CNCTC 5671 (Figure 1) and
S. epidermidis DBM 3179 (Figure 3) and at 2.4 mg/L in the case S. epidermidis CCM 2343 (Figure 2). The antibiotic
tetracycline inhibited the growth of S. epidermidis CNCTC 5671 at 45 mg/L, S. epidermidis DBM 3179 at 65 mg/L
and S. epidermidis CCM 2343 at concentration of 5 mg/L. The effective concentrations of erythromycine against
the three studied strains of S. epidermidis were in the range of concentrations from 0.5 to 0.75 mg/L (data not
shown).
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Figure 1. The effect of SK-5 on the suspension growth of S. epidermidis CNCTC 5671 (24 h, 37 °C, TSB medium);
control cultivation and the lowest effective concentration of SK-5 are shown
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Figure 2. The effect of SK-5 on the suspension growth of S. epidermidis CCM 2343 (24 h, 37 °C, TSB medium);
control cultivation and the smallest effective concentration of SK-5 are shown
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Figure 3. The effect of SK-5 on the suspension growth of S. epidermidis DBM 3179 (24 h, 37 °C, TSB medium);
control cultivation and the smallest effective concentration of SK-5 are shown
It was shown that the most effective combination of SK-5 at the concentration 0.38 mg/L and tetracycline at the
concentration 27 mg/L has a significant effect on the growth of S. epidermidis CNCTC 5671 (data not shown).
It was found that SK-5 shows significant anti-adhesive activity against these three bacterial strains. There is
almost no metabolic activity of adhered biofilm cells in relatively low concentration (10 - 50 mg/L). This is contrast
to the antibiotic control (erythromycin), which hadno anti-adhesive efficiency against S. epidermidis. The
antibiotic tetracycline at concentration of 400 mg/L inhibited the metabolic activity of adhered cells over 80 % in
all tested strains of S. epidermidis (data not shown).

Conclusion
We proved that the studied Staphylococcus strains are sensitive to amino derivate of cobalt bis(dicarbollide). The
highest effect on inhibition of microbial growth was confirmed in the case of S. epidermidis CCM 2343. Compared
to antibiotics, SK-5 may have better anti-adhesive properties. This observation demonstrates the real possibility
of using these substances in the treatment of infection caused by gram-positive bacterial strains.
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Abstract
The chemical industry, like all technical sectors, is currently suffering from a shortage of skilled labour. It is
therefore very important to increase the interest in the study of chemistry and chemical technology at secondary
and higher education institutions, as well as to increase the attractiveness of employment in the chemical
industry. To increase its attractiveness, we need to know how young people and the general public perceive the
attractiveness of chemistry and employment in the chemical industry. It is about finding out to what extent wages
in this sector, labour demands, working conditions and career growth opportunities are attractive.
The paper defines the general aspects of employment attractiveness and summarizes the results of primary
quantitative research focused on the perception of the attractiveness of employment in the chemical industry
from the point of view of the Czech public and, within it, from the point of view of secondary school students.
The research was carried out in 2017 by the method of personal interviewing with the public in the East
Bohemian region. The sample size was 1364 respondents selected by quota selection. It also summarizes the
results of research of the same focus in a group of 391 secondary students studying in the 3rd year of schools
completed with the secondary school exit exam or "maturity diploma" (GCSE).
We examined the perception of the demands of chemistry and chemical technology, the demands on knowledge
and skills, the prestige of work, the attractiveness of work, safety at work, remuneration, working conditions, the
attractiveness of employee benefits, career growth opportunities.
The research has shown that the public in the East Bohemia region considers the study of chemistry and chemical
technology to be challenging and, at the same time, rather practical, rather interesting and rather prestigious.
The attractiveness of employment in the chemical industry is perceived by the public in the East Bohemian region
controversially. Employment in this industry is considered rather well paid, rather prestigious, interesting
especially in the area of research and development, but with worse, less secure working conditions, threatening
health, with higher demands on the qualification of the workforce. Also, career growth opportunities and social
benefits for employees in the chemical industry are only at the middle level, according to the public opinion in
the East Bohemia region. The attractiveness of employment in the chemical industry is perceived worse by
secondary school students than by the general public.

Introduction
There is a long-term lack of technically educated people in the Czech Republic. There has been a drop in interest
in the study of technical disciplines at secondary and tertiary schools. The unfavourable demographic trend over
the past decades has been exacerbating this negative trend even further. This also applies to the chemical
industry. It is highly necessary to take measures to reverse this unfavourable situation and increase the
attractiveness of the study of chemical and chemical-technological fields and to increase the attractiveness of
employment in the chemical industry. The basis for making decisions on effective measures for the acquisition
of a quality workforce is the knowledge of the perception of the attractiveness of employment in chemical
companies and the perception of the attractiveness of the study of chemistry in the general public. In fact, the
attractiveness of employment is reflected in the interest in the study of chemistry, in the willingness to seek
employment in the sector, and in the ability of enterprises in the industry to acquire a sufficiently motivated,
skilled and efficient workforce. This is a prerequisite for increasing the performance of enterprises, strengthening
their position in the sector, but also the position of the sector in the national economy.
Attractiveness of employment and its aspects
The attractiveness of employment in an enterprise is primarily reflected off the reputation of the industry and
companies belonging to the particular sector. Fombrun1 defines the reputation of a particular object as follows:
"Reputation is how both past activities and future prospects of the object (industry, business, brand, occupation)
are perceived that demonstrate the overall attractiveness of the object in all of its principal components
compared to other leading objects." In accordance with Fombrun's concept1, Brown et. al2 also define the
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reputation of an object. They see it as a psychological association with the object under consideration that
stakeholders in fact have with the object.
The reputation of the object has partly rational (i.e. real comparison with other objects (other sectors,
enterprises, types of occupations, fields of study, etc.), but also emotional aspects (i.e. individual perception,
motivation, sympathy or antipathy etc.) , which often play a very important but difficult-to-influence role. Thus,
it is clear that every subject can look at the reputation of the object from a somewhat different perspective, but
reputation is seen as an overall (global) perception of the object across all stakeholders. Thus, reputation can be
considered as an overall evaluation of the extent to which the object is basically "good" or "bad". Emotional
components are involved in creating a reputation for every object, and certain attitudes toward the object are
created, which, apart from emotions, carry the cognitive and the conative component (i.e. tendency to act
towards an object with an attitude in a certain way according to the direction of the given attitude).
These general findings about reputation also apply to perception of the attractiveness of employment, or
attractiveness of study, as the case may be. Barrow3 describes the employer reputation (employer brand
attractiveness) as the ‘package of functional, economic and psychological benefits provided by employment, and
identified with the employing company’. Kashive and Khaasa4 show that ‘advertisement, publicity and word of
mouth impact all aspects of employer brand knowledge such as employer familiarity, employer image or job
association, and employer reputation‘. Backhaus and Tikoo5 emphasize the specific association of the
employment offer with a firm in a widely cited definition who state that ‘the employment brand highlights the
unique aspects of the firm's employment offerings or environment […] and is a concept of the firm that
differentiates it from its competitors […] by attracting, motivating, and retaining the firm's current and potential
employees’. These unique criteria of the employment offer, or the ‘package of reward features or employment
advantages and benefits offered to employees’, are often referred to as the ‘employer value proposition’ 6, 7. The
attractiveness of employment in a particular industry and business depends not only on the reputation of the
industry and the enterprise, but also on the wages and salaries and the extent of other benefits for workers 8, 9,,
the prestige and the attractiveness of the work, the demands of the work in relation to the qualification of
workers, possibilities of self-realization, career growth opportunities, working conditions 10, 11, and, last but not
least, the style of leadership and the level of interpersonal relationships at the workplace 12. The attractiveness
of employment in a particular industry is very closely related to the attractiveness of the study preparing
jobseekers in this industry.
Our research was focused on determining the current perceived attractiveness of the study of chemistry and
chemical technology and the attractiveness and challengingness of employment in the chemical industry both
by the general public in the East Bohemia region and by the 3rd year students of secondary schools completed
with the secondary school exit exam or "maturity diploma" (GCSE).
Objective and methodology of research, discussion and result analysis
The main objective of the research was to determine the attractiveness of study of chemistry and chemical
technology and the related attractiveness of employment in the chemical industry.
The research was carried out through personal interviews with students from the University of Pardubice in late
2017 and early 2018. The sample comprised 1364 respondents from the Czech population over 15 years of age,
selected by quota selection, where the structure of the sample by age, gender and education corresponded to
the structure of the population of the whole Czech Republic according to these characteristics. Furthermore,
research was carried out in a group of 391 students of various secondary schools in the East Bohemian region,
studying in the 3rd year of study. The research was conducted in schools completed with the maturity diploma.
The research involved students of Gymnasia, chemical and non-chemical industrial schools, trade academies,
schools with apprenticeship courses with GCSE, health schools and a number of integrated schools. The schools
were personally visited by the interviewers - students of the University of Pardubice. They informed the
respondents about the research objective and provided instructions for filling in a questionnaire accessible via
the Internet.
The data was processed and analyzed using the IBM SPSS Statistics statistical software version 24 using the
procedures of frequencies, crosstabs, compare means and nonparametric tests.
Attractiveness of the study of chemistry and chemical technology
In the first part of the survey, the respondents from the general public aged 15 years and older and third-grade
secondary school students evaluated the attractiveness of the study of chemistry and chemical technology. The
attractiveness of the study of chemistry was determined using a Likert scale of agreement and disagreement
when respondents expressed their views on various aspects of the statements about the subject. A five-point
Likert scale was used where 1 - I strongly disagree, 2 - I rather disagree, 3 - I neither agree nor disagree, 4 - I
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rather agree and 5 - I strongly agree. The results of the research for the general public and for third-grade
students of secondary schools with GCSE are summarized in Table I and Table II.
Table I
Attractiveness of the study of chemistry and chemical technology as perceived by the Czech population aged 15+
and secondary school students (positive statements)
Secondary School
Public
Positive statements about the attractiveness of the study of
Students
chemistry and chemical technology
Percentiles
Percentiles
Mean

The study of chemistry and chemical technology is
interesting.
The study of chemistry and chemical technology is practical.
The study of chemistry and chemical technology makes it
easier to find a job in the labour market.
Demand for workers with chemical and chemicaltechnological education is high.
The study of chemistry and chemical technology makes it
possible to apply also in technical fields other than
chemistry.
Demand for workers with chemical and chemicaltechnological education is steadily increasing.
The study of chemistry and chemical technology is
prestigious.

25

50

75

3.6

3

4

4

3.5

3

4

3.5

3

3.5

Mean

25

50

75

3.6

3

4

4

4

3.5

3

4

4

4

4

3.5

3

4

4

3

4

4

3.5

3

4

4

3.5

3

4

4

3.5

3

4

4

3.5

3

4

4

3.5

3

4

4

3.5

3

3

4

3.5

3

3

4

Table II
Attractiveness of the study of chemistry and chemical technology as perceived by the Czech population aged 15+
and secondary school students (negative statements)
Secondary School
Public
Negative statements about the attractiveness of the study of
Students
chemistry and chemical technology
Percentiles
Percentiles
Mean

The study of chemistry and chemical technology is
challenging.
The interest of young people in education in chemistry and
chemical technology is declining.
The study of chemistry and chemical technology is costly.
It pays to study chemistry and chemical technology only in
areas where chemical companies are located.
Graduates in chemistry and technical chemistry prefer
working in a non-chemical field.
Chemistry is mostly studied by those who were not admitted
to a more attractive school.

25

50

75

4.1

4

4

5

3.2

3

3

3.2

3

3.0

Mean

25

50

75

4.1

4

4

5

4

3.2

3

3

4

3

4

3.2

3

3

4

2

3

4

3.0

2

3

4

2.8

2

3

3

2.8

2

3

3

2.3

1

2

3

2.3

1

2

3

The general public in the Czech Republic at the median level rather agrees that the study of chemistry and
chemical technology is challenging but interesting, practical, prestigious, making it easier to find a job in the
labour market as demand for graduates is high, steadily increasing and graduates can also find employment in
sectors other than the chemical industry. Neutral attitudes were expressed towards extending the scope of
chemistry education at secondary schools, increasing support for chemistry education by the state and by the
chemical industry. It rather disagrees that the scope of chemistry education at elementary schools should be
increased, that it pays to study chemistry only in areas where chemical companies are located and that graduates
prefer working in non-chemical fields. It strongly disagrees that chemistry is only studied by those who were not
admitted to a more attractive school.
Our research was also focused on necessity of support and extension of the study of chemistry and chemical
technology from the point of view the Czech population aged 15+ and secondary school students. See the results
of the research in Table III.
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Table III
Support and extension of the study of chemistry and chemical technology as perceived by the Czech population
aged 15+ and secondary school students
Secondary School
Public
Statements about support and extension of the study of
Students
chemistry and chemical technology
Percentiles
Percentiles
Mean

It is necessary to support education in the field of chemistry
and chemical technology.
The state should further support education in the field of
chemistry and chemical technology.
The chemical industry strongly supports education in the
field and young scientists.
Chemistry should be taught at secondary schools to a greater
extent than it has been.
Chemistry should be taught at primary schools to a greater
extent than it has been.
The study of chemistry and chemical technology is
particularly sought after for its scientific and research
potential.

25

50

75

3.7

3

4

4

3.6

3

4

3.4

3

3.3

Mean

25

50

75

3.7

3

4

4

4

3.6

3

4

4

3

4

3.4

3

3

4

3

3

4

3.3

3

3

4

3.1

2

3

4

3.1

2

3

4

3.6

3

4

4

3.6

3

4

4

Students of secondary schools adopt a less favourable stance on the attractiveness of chemistry and chemical
technology than the general public. Tests of the differences in the perception of the attractiveness of chemistry
and chemical technology using Pearson's chi-squared fit test of the empirical distribution of frequencies among
the general public and secondary school students revealed statistically significant differences in the perception
of most aspects of the attractiveness of the study of chemistry. Students expressed the same views as the public
only in relation to the statements that graduates of chemistry and technical chemistry prefer working in a nonchemical field, and that chemistry is mostly studied by those who were not admitted to a more attractive school.
Both groups of respondents rather disagreed with those.
Attractiveness of employment in the chemical industry
In the second part of the research, the attractiveness of employment in the chemical industry was examined.
The attractiveness of employment in the chemical industry was determined using a Likert scale of agreement
and disagreement as in measuring the attractiveness of the study of chemistry and chemical technology (see the
results of the research in Table IV to Table VI).
Table IV
Attractiveness of employment in the chemical industry as perceived by the Czech population aged 15+ and
secondary school students
Secondary School
Public
Statements about the attractiveness of employment in the chemical
Students
industry

The most attractive area of employment in the chemical industry is
science and research.
Work in chemical companies is usually well paid.
Occupation in the chemical industry brings security of earnings.
Chemical companies typically offer a range of social benefits for their
employees.
Work in chemical companies is prestigious.
Employees in chemical companies usually have a rapid career growth.
Work in chemical companies is popular and attractive for most
people.
In recent years, the chemical industry has struggled with a shortage
of skilled labour.
Abroad, work in the chemical industry is perceived as more
prestigious than in the Czech Republic.
Employees of foreign chemical companies have better conditions
than employees of chemical companies in the Czech Republic.
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Percentiles
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Mean

Percentiles
25 50 75

3.8

3
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5

3.8

3

4

5

3.3
3.4

3
3

3
3

4
4

3.3
3.4

3
3

3
3

4
4

3.2

3

3

4

3.2

3

3

4
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3.0

3
3

3
3

4
3
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3
3

3
3

4
3

2.9

2

3

3

2.9

2

3

3

3.3

3

3

4

3.3

3

3

4

3.5
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3.5

3

3

4
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Table V
Demandingness of work in the chemical industry as perceived by the Czech population aged 15+ and secondary
school students
Secondary School
Public
Statements about the demandingness of work in the chemical
Students
industry

The chemical industry is intensive in terms of skilled labour.
Work in chemical companies is usually dangerous.
Work in the chemical industry damages health.
Work in chemical companies is usually dirty.
Work in chemical companies is usually associated with bad
odour.
Work in chemical companies is usually physically demanding.
Working in the chemical industry usually cannot be long-term.
Only those who could not find any job elsewhere work in the
chemical industry.

3.9
3.5
3.4
3.0

Percentiles
25
50
75
3
4
4
3
4
4
3
3
4
2
3
4

3.4

3

3

3.0
2.8

2
2

2.4

2

Mean

3.9
3.5
3.4
3.0

Percentiles
25
50
75
3
4
4
3
4
4
3
3
4
2
3
4

4

3.4

3

3

4

3
3

4
4

3.0
2.8

2
2

3
3

4
4

2

3

2.4

2

2

3

Mean

Both the general public and secondary school students rather agree only with the statement that science and
research are the most attractive area of employment in the chemical industry. Also, they rather agree with the
claim that the chemical industry is intensive in terms of skilled labour. They neither agree nor disagree with the
other statements about attractiveness and demandingness of the work in the chemical industry. They neutrally
evaluate the salary, security of earnings, social benefits for employees, interest in the work, prestige of the work,
possibilities of rapid career growth, negative impact on health, cleanliness of operations, bad odour in
operations, physical demandingness of the work, opportunities for long-term work and attractiveness of work in
comparison with foreign chemical companies. Both groups of respondents rather disagree with the statement
that only those who could not find any job elsewhere work in the chemical industry. In addition, the general
public believes that work in the chemical industry is rather dangerous. The attractiveness of employment in the
chemical industry for both the general public and secondary school students with GCSE is therefore medium
high.
Tests of the differences in the perception of the attractiveness and the demandingness of the work in the
chemical industry using Pearson's chi-squared fit tests of the empirical distribution of frequencies among the
general public and secondary school students revealed statistically significant differences only in several aspects
of the attractiveness of employment in the chemical industry (see Table VI).
Table VI
Differences in the perception of the attractiveness and the demandingness of the employment in the chemical
industry among the general public and secondary school students
Test statistics
Aspects of attractiveness and demandingness of the
Characteristics
Asymp. Sig.
2
of differences
employment in the chemical industry
χ
df
(2-sided)
In recent years, the chemical industry has been struggling 28.644
4
0.000
The general
with a shortage of skilled labour.
public showed
The chemical industry is demanding for a skilled
36.318
4
0.000
greater
workforce.
agreement with
these
Work in chemical businesses is usually physically
15.867
4
0.003
statements than
demanding.
secondary
Employees in chemical businesses usually have a rapid
10.859
4
0.028
school students.
career growth.
Notes: χ2 = value of test statistics, df = number of degrees of freedom

Conclusion
The reasons for the lack of satisfaction due to the ever-increasing demand for a technically educated workforce
may lie both in the lack of interest in the study of technical disciplines and in the lower attractiveness of work in
a particular sector. This also applies to the chemical industry. The aim of this paper is to partially reveal what is
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the attractiveness of the study of chemistry and chemical technology and what is the attractiveness and
demandingness of the work in this sector.
Research conducted by the team of authors together with students from the University of Pardubice in 2017 and
2018 showed that both the study of chemistry and chemical technology and the attractiveness of work in this
sector is not high. Both secondary school students and the adult population rather agree that the study of
chemistry and chemical technology is challenging but at the same time they rather agree that it is interesting,
practical, prestigious, making it easier to find a job in the labour market as demand for graduates is high, steadily
increasing and graduates can also find employment in sectors other than the chemical industry. Neutral attitudes
were expressed by both groups of the respondents towards extending the scope of chemistry education at
secondary schools, increasing support for chemistry education by the state and by the chemical industry. They
rather disagree that the scope of chemistry education at elementary schools should be increased, that it pays to
study chemistry only in areas where chemical companies are located and that graduates prefer working in nonchemical fields. They strongly disagree that chemistry is only studied by those who were not admitted to a more
attractive school. The stances of secondary school students on the issue of the study of chemistry and chemical
technology are less favourable than those of the entire general public.
Likewise, the general public and secondary school students rather agree with the claim that the work in the
chemical industry is challenging in terms of the qualification of the workforce. Other aspects of the attractiveness
of employment in the chemical industry are perceived neutrally by both groups of respondents, neither agreeing
nor disagreeing with the statements about the attractiveness of employment in the chemical industry. They
neutrally evaluate the salary, security of earnings, social benefits for employees, interest in the work, prestige of
the work, possibilities of rapid career growth, negative impact on health, cleanliness of operations, bad odour in
operations, physical demandingness of the work, opportunities for long-term work and attractiveness of work in
comparison with foreign chemical companies. Both groups of respondents rather disagree with the statement
that only those who could not find any job elsewhere work in the chemical industry. In addition, the general
public believes that work in the chemical industry is rather dangerous. The attractiveness of employment in the
chemical industry for both the general public and secondary school students with GCSE is therefore medium
high. There are usually no statistically significant differences in their opinions on this issue.
The research findings thus revealed a number of aspects that both schools and chemical industry companies
should devote themselves to in order to raise the prestige of the chemist's profession. It is both a change in the
style of chemistry education, especially at elementary and secondary schools, so that pupils and students need
not fear chemistry, and it is better remuneration, more attractive benefits for employees and better working
conditions offered by chemical companies to their employees.

Acknowledgement
This work was supported by grant of University of Pardubice No. SG 370002/20.

References
1.

Fombrun C. J.: Reputation: Realizing Value from the Corporate Image. Harvard Business School Press, Boston
1996.
2. Brown T. J., Dacin P. A., Pratt M. G., Whetten D. A.: J Acad Market Sci. 34.2, 99 (2006).
3. Ambler, T. and Barrow, S. J.: Brand Manag., 4, 185 (1996).
4. Kashive, N., Khanna, V. T.: GLOBAL BUSINESS REVIEW, 18, 3, 172S (2017).
5. Backhaus, K.B. and Tikoo, S. Career Development International, 9, 501 (2004).
6. Barrow S. and Mosley R.: The Employer Brand: Bringing the Best of Brand Management to People at Work.
John Wiley, Chichester 2005.
7. Edwards M.R.: Personnel Review, 39, 5 (2010).
8. Haupt T., Harinarain N.: Acta Structilia, 23, 2, 79 (2016).
9. Kilian J., Tumasjan A., Welpe I. M.: J. Bus. Venturing, 32, 5, 588 (2017).
10. Breitsohl H., Ruhle S. A.: European J. Work and Org. Psychology, 25, 6, 833 (2016).
11. Klimkiewicz K., Oltra V.: Corporate Social Responsibility and Environmental Management, 24, 5, 449
(2017).
12. Theurer C. P., Tumasjan A., Welpe I. M., Lievens F. Int J. Manag. Rev., 20, 1, 155 (2018).

101

ICCT 2018 | PROCEEDINGS

ECONOMY OF CHEMICAL INDUSTRY
MAINTENANCE AND ENVIRONMENTAL SAFETY
Strachotová D., Rančák J., Souček I.
University of Chemistry and Technology Prague, Prague, Czech Republic

Abstract
The present time is characterized by the rapid development of science, technology and production. Its benefits are,
on the one hand, a targeted increase in the standard of living of humanity; on the other hand, it can have a negative
impact on the environment. Industrial production is very often associated with a negative impact on the
environment, especially in the chemical industry1. A way how to prevent this is to provide quality care of the
production equipment. The article deals with the position of maintenance in chemical companies, its functions and
discusses critical success factors for maintenance systems and in the event of a failure its impact on the
environment. Qualitative research was performed for formulation of basic hypotheses and their confirmation.

Introduction
Maintenance requirements result primarily from the necessity to achieve competitive advantage. Additionally,
effective operation of the production equipment minimizes risks associated with ensuring safe and reliable
operation2. These requirements generate pressure on optimal material flow through the production process.
Every production equipment breakdown is the cause of material flow breakdown, leads to an increase in supplies
and thus increases costs and reduces revenues3. It is obvious that these features have an unfavorable impact on
company efficiency, but they can also have an adverse impact on the environment.
Maintenance is a significant sphere necessary for ensuring reliability and safety of operation, increase of
efficiency and cost cutting in manufacturing processes4. The question is whether contemporary companies give
means of production the care it deserves. Maintenance is often a neglected service department that most
managers see as an inevitable source of costs. Such approach is unacceptable for chemical companies where
reliability of manufacturing equipment and safety of operation is essential5, since reliable operation of
equipment brings optimum efficiency, ensures maximum added value and allows manufacturers to respond
flexibly to customers’ demands.

Objectives and methodology
The paper focuses on the position and management of maintenance in chemical companies compared with
another significant branch of the manufacturing industry. The authors based their work on the fact that the
chemical industry is one of the most significant industries in the Czech Republic in terms of GDP (gross domestic
product), employment and creation of added value6,7. This development was enhanced by good economic and
financial situation in the EU caused by the economic boom in most member countries, growth of demand abroad
and lower prices of oil. Another factor was that demand for chemicals grew also in the Czech Republic in some
related manufacturing industries, especially in the automotive industry.
This paper is aspires to formulate and confirm or disprove fundamental hypotheses linked with procedural
management of maintenance and its position in a chemical company. The partial objectives are as follows:
¥ To formulate the position of maintenance, especially in the chemical industry.
¥ To identify the main objectives of maintenance and define the position of achieving environmental
goals.
¥ To specify factors influencing maintenance strategy.
The paper presents results of research based on 47 personal interviews and findings resulting from 96 oral
communications. The research was carried out in 3/2017 – 2/2018 on a sample consisting of workers from
various levels of organizational structure of companies conducting their business in the following areas:
processing of oil, manufacture of chemical and food products, manufacture of rubber and plastic products, while
three companies from the automotive industry were used as a comparator. The distribution of the interviews
conducted and results received from oral communications are presented in Table I. All findings were also
confronted with expert literature available for the given sphere. Subsequently, the following three hypotheses
were formulated:
a) Hypothesis A: The maintenance department in chemical companies is seen as an integral and vital part
of the organizational structure that contributes to meeting the objectives of the companies’
environmental policy.
b) Hypothesis B: Functions and objectives of the maintenance department in a chemical company are in
line with the management of other departments.
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c)

Hypothesis C: Procedural management of the maintenance department in chemical companies and its
strategy sustains the productivity growth.

Table I
Extent of the survey
oil processing
HO
MM
interviews
4
5
oral comm.
10
8
HO … head of maintenance
MM … middle management
TM … top management

TM
3
4

manufacture of
chemical and food
products
HO
MM
TP
3
6
1
9
14
3

manufacture of
rubber and plastic
products
HO
MM
TP
6
6
2
13
9
5

automotive
industry
HO
5
9

MM
4
7

∑
TM
2
5

47
96

Processing the survey results allowed us to formulate findings concerning the hypotheses and give answers to
the predefined partial goals.

Results and discussion
Hypothesis A: The position of maintenance in the chemical industry
Efficient management is vital for company management for the following reasons:
¥ Primarily in order to ensure continuity of material flow.
¥ Maintenance may also be a source of competitive advantage. With respect to the fact that prices of
inputs in manufacturing processes (raw materials, power, human labor) are dictated by the market,
manufacturers in the industry have comparable conditions8. Different efficiency may be given by how
the management cares of its production equipment.
¥ Maintenance ensures reliability and safety of operation and thus mitigates environmental impacts
(especially in the chemical industry).
In the 1970s maintenance of manufacturing machines and equipment in the chemical industry was one of the
most sophisticated systems in the economy and management. The reasons that were at the root of these
activities were as follows:
¥ Significant failures of production equipment in chemical companies resulted in accidents, often with
disastrous consequences.
¥ The chemical industry was once the pioneer in prevention, not only in terms of ensuring occupational
safety, but also in order to minimize impacts on the environment9.
¥ Cost cutting in maintenance was a significant source of saving in the former centrally planned economy.
At the beginning of the 1990s maintenance was marginalized by the “modern management”. Since care of
production equipment was not part of the main manufacturing process and it did not contribute directly to
creation of added value, costs linked with preventive maintenance and repairs were the first to be crossed out
in companies’ budgets10. This period is also distinguished by a new strategic approach to maintenance in the
form of outsourcing. In the second half of the 1990s, particularly with the boom of ISO standards and rigorous
implementation of the JIT philosophy, maintenance in Czech companies regained its importance and became an
integrated part of manufacturing companies’ management. What had immediate impact on maintenance was
the development of new concepts in production planning and management such as TOC, Kanban, Poka yoke, etc.
Preventive maintenance systems such as TPM (Total productive maintenance) and RCM (Reliability-centered
maintenance) started to be implemented on a large scale11. However, the first companies to perform such
activities were rather those fro the automotive industry, not chemical companies. Maintenance at the turn of
the 20th and 21st century was characterized by distinctive development of information technologies. This
influence was manifested by the development of diagnostic and autonomous maintenance. At present,
maintenance departments, especially in chemical companies, have regained the position they once had in the
centrally-planned economy.

Hypothesis B: Functions and objectives of maintenance
Maintenance has far reaching impacts on a company. What it comes down to is not merely an increase in assets
value and performance of manufacturing processes, but it is also linked with a growth in lifetime and reliability,
ensuring functionality, readiness and worthiness of production equipment, decreasing the degree of risk linked
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with manufacturing processes, adherence to regulations concerning occupational safety and the environment
and the like12. It is logical that there is effort to achieve these attributes while expending the minimum costs
possible. Naturally, requirements for maintenance keep evolving (see Fig. 1). The objective met may also boost
the company’s good image, the impression it leaves on customers and as a result increase productivity and added
value.

Fix what’s out of order

Increase equipment’s
readiness
Increase reliability
Increase safety
Guarantee product’s higher
quality
Protect the environment
Increase efficiency of costs
expended
Extend equipment’s
lifetime

Decrease downtime
Decrease costs
Extend equipment’s
lifetime

1930
1940
1960
1970
1980
Figure 1. Changes in maintenance requirements over time (Source: the authors)

2000

2020

A certain stereotype is based on the notion that a failure of production equipment is a pure technical issue.
However, maintenance is not exclusively a technical matter. Failures have various reasons: they may be caused
by a faulty material used in production process, low-quality work or inappropriate design of a device or by
incorrect operation13. Causes of failures may also result from inappropriate maintenance strategy and
organization. Likewise, the outcome of a failure cannot be mere repair of a machine’s technical condition. In
order to see maintenance in its entirety, it is necessary to define boundaries and factors that influence the system
of care of manufacturing equipment. This definition was done by authors in Fig. 2. It should be noted that explicit
monitoring of environmental objectives is lacking.
Maintenance

Business
goals

Organization
organizace

Technique
technika

Production
targets

Maintenanc
e objectives

Business
organizatio
n
Structure
of the
device

data

Logistics

logistika

objectives

Operating
states

influences

Figure 2. Boundaries and factors of influence in maintenance (Source: the authors)

Hypothesis C: Factors influencing the maintenance strategy
¥

104

Manufacturing equipment is part of the complex system: human – machine – environment. If this
system is to be balanced, each of its components has to work, including production equipment. The
basic precondition of achieving such balance in operation machines and devices is the right ratio
between preventive maintenance and maintenance after failures.

ICCT 2018 | PROCEEDINGS

ECONOMY OF CHEMICAL INDUSTRY
¥

¥
¥

¥

The logical outcome of a correctly set maintenance system is reliability of production equipment.
Reliability, alongside with maintenance, is an important part of a quality management system.
According to ČSN IEC 60050-192 reliability is “sustaining of utility features of manufacturing equipment
(or any “object” in general) while it performs certain functions within acceptable limits for a predefined
time and under predefined conditions of use”1. Ensuring reliability of production equipment naturally
results also in ensuring manufacturing quality and environment protection.
The requirement for maintenance is based primarily on the above quoted definition of reliability, other
partial features to be ensured include functionality, safety, trouble-free operation, maintainability,
readiness, etc.1,3
Maintenance is a specific type of a supply chain. These definitions clearly suggest that the basic issues
of logistics include customer service, inventory minimization, ensuring continuity of material flow etc.
Linking logistics with maintenance consists not only in ensuring continuity of production, but also in
searching for areas where losses can be reduced as can be seen in Fig. 3.
Maintenance should not be considered a mere source of costs. Deciding about maintenance taking into
consideration only direct costs whose growth is directly proportional to maintenance intensity is wrong.
Besides such costs there is also a growth in losses caused by lack of maintenance. Unfortunately, some
of these values are difficult to quantify. This concerns losses caused by disruption of material flow, losses
caused by company’s damaged image which is due to the inability to deliver because of equipment
failure as well as losses caused by adverse impacts on the environment which evoke disagreement with
the production.

imperfections
in management
and
administration

low safety level

quality
machine
downtime,
prolonged
adjustment
production problems, imbalanced
use of equipment
not meeting delivery
deadlines

change in orders

decreasing the
inventory

Figure 3. Areas of cutting losses (Source: the authors)
¥
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Maintenance is directly linked with investments. The composition of production equipment directly
influences maintenance costs. The maintenance aspect has to be included in a proposal of every
investment, specifying either how certain spare parts will be procured or what the total operation costs
or costs linked with specific maintenance technology will be. We should bear in mind that costs in the
form of an investment in increasing production capacity are much higher than when the same capacity
is achieved by increasing equipment reliability.
Maintenance department is a strategic supplier of a service that is essential for smooth operation.
Maintenance has to ensure functioning of key technologies and production lines while it has to meet
demands placed on long-term suppliers of the most important inputs14. The more important role
production equipment has for a company the more it matters that it is systematically maintained. It is

ICCT 2018 | PROCEEDINGS

ECONOMY OF CHEMICAL INDUSTRY

¥
¥

¥

the only way how to ensure its long-term stability, efficiency and ability to adapt to the needs linked
with company’s growth.
Maintenance is protection against consequences of failures. Effective choice of a strategic maintenance
system framework needs to be based on knowing what impacts a failure may have on production,
occupational safety and the environment.
Maintenance requires that users are actively involved. The ones who profit from good maintenance is
the management, production managers and operators15. These people are best aware of the
consequences of a failure, they influence the condition of the equipment with what they do and they
know best how different defects manifest and they can be the first ones to reveal it. That is why it has
to be users who define requirements for the function of the equipment.
Nowadays, maintenance includes more disciplines and activities than before. New technologies change
approaches to maintenance. In connection with Fig. 1 we can present Fig. 4 that depicts the evolution
of activities necessary in maintenance.

Fix what’s out of order

1930

1940

1950

System of maintenance
planning
Regular maintenance
Preventive controls

1960

1970

1980

Monitoring the situation in
real time
Diagnostic maintenance
Design aimed at easy
maintenance and more
reliability
Expert systems
Information databases
FMEA
Systems for cause analysis

1990

2000

2020

Figure 4. Changes in activities in maintenance (Source: the authors)

Conclusion
It is evident that all the hypotheses were confirmed by our research. In order to complete the picture of the
situation in maintenance departments and maintenance planning, the authors present further generally valid
conclusions:
¥ Maintenance departments are integral part of organizational structure in chemical companies, but
meeting the environmental objectives is not of primordial importance to them. Unlike in the second half
of the 20th century, the current development suggests that the influence of environmental systems is
increasing. However, the former level is still to be reached in terms of maintenance.
¥ Specified functions and objectives of maintenance departments in chemical companies are in line with
management of other company departments. Nevertheless, the way of ensuring protection of the
environment is usually not explicitly defined.
¥ Among factors influencing procedural management of maintenance we can clearly see the impact of
environmental systems. However, all the gathered information clearly shows that much bigger
emphasis is put on totally different factors, i.e. those that result in increasing productivity.
Our research suggests that the right maintenance strategy has the following impacts:
¥ Ensuring continuity of material flow.
¥ Ensuring “logistics ideal”, which means ensuring a flexible production system that can respond to any
particular order, preferably immediately, and manufacture and deliver goods of required quality while
expending as little costs as possible. From the perspective of production management in practice it
means achieving a situation when:
o the duration of a production cycle (average production time) is as short as possible,
o production equipment can manufacture any volume of goods,
o change of production program is smooth and there are no time losses (minimum or even zero
adjustment time).
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This itemization should be complemented with a requirement to keep production costs as low as possible when,
again, the condition of production equipment and thus the level of maintenance play a substantial role. It is the
necessity to decrease one-time costs linked with production launching to minimum values together, in particular,
with efficient utilization of the production equipment. Monitoring the efficiency of machine utilization is a very
vast sphere and it is impossible to focus only on longest utilization time (trouble-free operation, maintenance
staff’s productivity etc.). In any case, better utilization of machines and equipment leads to a reduction of fixed
costs. In addition to achieving these objectives, it also leads to a sharp decrease in the number of semi-finished
and finished products, decrease in material consumption and – as long as radical changes are made in purchase
strategy – it may also lead to a decrease in stocked material.
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Abstract
A brand is an important element of integrated marketing communication. The importance of the brand for
consumers lies primarily in the easier identification of the product. A brand helps to the better orientation in a
wide offer of products, remembering the product and assessing its quality. The brand also plays a very important
role in consumer decision-making process in connection with the selection and purchase of food. On the Czech
food market there is currently a number of brands that point to different aspects of food quality.
In the following text, the consumer's relationship to food quality in the context of food quality labels is analyzed.
In addition, factors influencing consumer behavior in the food market are identified and summarized. The results
of the research have shown that the Czech consumer is not very well informed about the exact meaning of food
quality labels. The main identified factors of food quality are quality, price and composition. Quality food is for
Czech consumers especially fresh food and food with the absence of added substances. The label "Klasa" is
considered to be the best-known food quality label, on the contrary European brands of food quality seems the
least recognizable.

Introduction
Building of brand and strategic brand management is a demanding, costly and long-term process, at the end of
which (if the process is successful) there are strong and stable brands that give their owners a number of benefits.
The process of building and developing new brands is complex, requires good target market knowledge,
systematic planning, and significant marketing capabilities of the firm1.
According to Kotler2 the brand is defined as "Name, title, emblem, artistic expression or a combination of the
previous elements. Its purpose is to distinguish the goods or services of a single vendor or a group of retailers
from the products or services of competing vendors. "It can be said that the mark refers to the manufacturer or
the seller. It is the vendor's promise to provide the customer with goods with a certain set of features, guaranteed
functions and services. The brand distinguishes a given product from a competitor, making it difficult to imitate
it. Czech legislation defines the brand as a trademark3.
The brand is related to the key product and its functional and emotional values with these values compared to
those of competitors4. The functional aspects expressed by the mark create its complexity. The emotional and
hedonic aspects of the brand are derived from the lifestyle and accepted values of the target audience and form
the background for building relationships with customers. Brand should express the main benefit and
characteristics of the product, and the customer should recognize it in all possible circumstances. In order for a
brand to be successful, it should generate positive emotions and associations5.
The importance of the brand to consumers lies primarily in the easier identification of the product, helping to
better orient the market, remembering the product and assessing its quality. Brand makes it possible to reduce
the risks associated with buying an unknown product and saves the time the consumer would otherwise have to
search for a new product6.
Brand also plays a very important role in consumer decision making in connection with selection and purchase
of food7. This is apparent, for example, from the consumer behavior model for foodstuffs by Steenkamp8, which
distinguishes the purchasing decision process and three sets of factors (food characteristics, personal factors and
environmental factors). Brand names rank among the leading factors influencing perceived food quality. Food
aspects include their sensory properties such as taste, smell, appearance, consistency, physical and chemical
properties, nutritional content such as energy value, fiber content, content of specific components such as sugar,
salt, vitamins, etc. These properties affect consumer behavior based on short-term physiological effects such as
the ability to relieve hunger and long-term functional health effects. From personal factors, the biological,
psychological and socio-demographic features of the consumer are emphasized in the model. Marketing factors
are presented in the model as one of a series of influences that can add value to products9. Branding is considered
to be highly influential tool in relation to marketing communications, packaging and distribution.
Best brands also offer quality guarantees. The notion of quality has many meanings and does not have only one
acceptable definition. Feigenbaum10 states that quality is what the customer thinks of it. The concept of food
quality is very diverse and contains a number of criteria, including technological, environmental, nutritional,
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information and economic aspects11. When assessing food quality, important indicators such as caloric, biological
and energy value are taken into account. Food quality is generally defined by the sum of all complex indicators,
taking into account the degree of importance of each of them. Consumer interest focuses primarily on food
safety, health, food composition, sensory properties and packaging with information on it. Information on food
packaging plays a very important role when purchasing food. For consumers, they are the primary source of
information that helps them to choose from a wide range of products.
Criteria for information mentioned on the packaging are laid down in Act 110/1997 Coll. on Food12. Some data
are important from a health point of view when purchasing (especially the date of use / minimum shelf life,
product name and composition), others relate to the origin of the food (manufacturer data, batch designation).
On the Czech food market there is currently a number of brands that point to different aspects of food quality.
There are several thousands of products labelled with some sort of quality mark on the market right now, many
of which are generously supported by the state (e.g. Classic or Regional Food). Support is primarily intended to
finance marketing activities, support sales in chains, presentation at trade fairs etc.
In addition to state and European certifications, there are a number of brands on the market for companies, nonprofit companies or interest groups. These certificates also vary when it comes to rating systems. For some, the
product must undergo laboratory tests and assessments by an independent commission composed of experts
from universities, research institutes, farmers or representatives of individual regions; other quality marks are
awarded only on the basis of the company's requirements and payment of the relevant administrative fee.
The most well-known brands are closely related to the Czech Republic and are trying to convey to the consumer
a guarantee of Czech quality (e.g. Klasa, Czech Product, Regional Food, etc.). Another group is the Protected
Geographical Indications of the EU (Protected Designation of Origin, Protected Geographical Indication and
Guaranteed Traditional Specialty), which aim to protect products against counterfeiting and at the same time to
promote quality food in third countries, and which is preceded by a lengthy and complicated process. Another
brand can be considered to be related not only to its own recipe or product origin but to guarantee a specific
way of cultivating, breeding, producing or trading the food (e.g. BIO, Fairtrade, Demeter). On the Czech market,
consumer can meet many other brands, for example Certified e-friendly food, I know what I eat or Healthy food.
In order to clarify how the Czech consumer is oriented towards the quality of its brands, how it is related to them
and how they are important in the framework of purchasing decisions, the presented research was carried out
in the spring of this year.

Results and discussion
A quantitative questionnaire survey was conducted among customers in Prague's grocery stores. Questionnaires
were obtained from 350 respondents, of whom 62 % (217) were women and 38 % men (133). The age of
respondents ranged between 18 and 55 years. In order to verify the interest in the information on the food
packaging, respondents were asked whether they read the information on the labels of food products. Only
14 % of the respondents marked off that they read labels, the vast majority of them being women (73 %), only
27 % men. These results correspond to long-term observed trend on the Czech market.
The following are the results that relate directly to food quality labels. Research has shown that quality is the
absolute most important factor influencing consumers when purchasing food, 91 % of respondents said that the
quality of the foods purchased is absolutely important or important for them. In the second place was the price,
which was absolutely or rather important to 75 % of the respondents. The manufacturer's label and the quality
label are absolutely or rather important to 39 % of the respondents according to the survey.
In addition, respondents were asked what exactly they perceived as good food, they could choose more options.
For most of the respondents good food contains no additives (85 %) and is fresh (73 %). 42 % of respondents
associate quality with food being tasty. Surprisingly, the low number of respondents (18 %) said they saw bio
products as good food, despite its growing popularity. (According to research conducted by MEDIAN13 in 2014 a
third of those surveyed was buying food in organic quality at least several times a month, compared to only a
quarter according to the same survey conducted in 2008.) 14 % of respondents see Czech food as quality food
and 7 % of respondents consider a high-quality food to be the more expensive one.
Sufficient food quality is (according to respondents) guaranteed by an independent consumer organization
(45 %), followed by food quality labels (34 %) and state guarantees (25 %). The reputation of the producer (8 %),
the composition (5 %) and his own experience (2 %), on the contrary, are not so authoritative in this regard.
To what extent is a quality label important for specific types of food was the following question, the respondents
could provide more answers here. In line with expectations, it was shown that quality labels are the most
important for dairy (67 %) and meat products (66 %), which can be explained by the fact that in these market
segments, checks often discovered deficiencies related to poor quality raw materials, the amount of chemical
additives exceeding prescribed standards or non-compliance with prescribed manufacturing procedures. 34 % of

109

ICCT 2018 | PROCEEDINGS

ECONOMY OF CHEMICAL INDUSTRY
respondents consider quality label to be important for fruit and vegetables, 22 % for bakery products and 20 %
for beverages. Only 17 % of respondents mentioned that quality labels for candy and chocolate are important to
them.
When questioned whether they look for quality labels on the packaging, 57 % of the respondents answered
positively, but only 42 % of respondents said that the quality label represents an important factor in purchasing
them.
Another question was to identify the causes of the above-mentioned condition, i.e. why not all respondents who
notice the quality marks on the packaging attach importance to them. The most frequently cited reason was that
the respondents did not trust the marks of quality (44 %). It can be assumed that distrust is a result of the fact
that there are many food quality labels on the market and consumers are not aware of the conditions that need
to be met in order for producers to obtain a quality label for their products. 28 % of respondents said they did
not understand and do not know quality labels, which again can be associated with a relatively large number of
quality labels on the market, and relatively small promotion of some of these labels. 18 % of respondents said
they did not know why they did not follow quality labels, 6 % followed their own experience, and only 4 % said
that products with a quality label are expensive.
Another question focused on passive knowledge of particular brands, the respondents completed a task of
selecting from a list the ones they know and circling them, regardless of whether they are purchasing them. The
survey showed that by far the most well-known mark of quality is Klasa, which was selected and marked by
86 % of respondents. The most likely cause of this situation is its long existence on the Czech market (since 2003)
and extraordinary expenses for its promotion. The Klasa mark is awarded by the Ministry of Agriculture of the
Czech Republic, which also invests approximately 100 million crowns annually in marketing campaigns to support
this brand. The second most famous brand of quality is the Czech product (this brand is known by 66 % of the
respondents). This brand was first introduced in 2011 and is guaranteed by the Czech Chamber of Commerce.
Two international brands chosen by respondents are BIO (56 %) and Fairtrade (46 %).
Another chosen brand was I know what I eat (41 %) followed by two brands guaranteeing a certain origin of the
food (Regional Food – 37 % and Protected Designation of Origin – 22 %). The Healthy Food label appeals to 17 %
of respondents, 10 % sees the Protected Geographical Indication as important and 6 % of the respondents circled
the Guaranteed Traditional Specialty and Certified E-Friendly Food labels. See Fig.1.

Figure 1. Knowledge of particular brands
Thus, it is possible to state that most Czech consumers know Czech quality labels guaranteed and supported by
old Czech state institutions (Klasa, Czech Product), followed by quality marks guaranteed by international
organizations with a long tradition (BIO, Fairtrade). EU consumers' brands and brands are not known among
consumers.
In the question of the credibility of the brands (the respondents were asked to write only one brand they
considered the most trusted), Klasa unambiguously won selected by 35 % of them.
The last question focused on the number of quality labels that consumers can meet on the Czech market. The
survey results rather indicate that a larger proportion of consumers are convinced that there are either too much
(32 %) or a reasonable amount (29 %) of brands on the market. 25 % of the respondents have no opinion on the
number of brands and only 14 % of the respondents stated that the number of food quality labels is small on the
Czech market.
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Conclusion
Nowadays, brands represent significant investments and must therefore be objectively evaluated and monitored
primarily in terms of their profitability and market and social acceptance.
Research has shown that although quality marks are definitely not the only criterion according to which the Czech
consumer chooses to buy food, they play a significant role in making decisions. This can partly be explained by
the fact that the perception of quality food is different for different consumers, the term "quality food" usually
represents food without additives and also fresh food.
Czech consumers percieve food quality labelling clearly and positively, they think the labelling is worthwhile, but
they are often ignorant in terms of orientation between brands, and even do not trust some brands. The brand
that has the strongest position in our market is Klasa, this brand is the most remembered and the most trusted.
This corresponds to the fact that the Klasa brand is the oldest brand of food quality on the Czech market and its
considerable amount of money is regularly invested into the brand by its owners.
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Abstract
Operation of the steam network in a common refinery is influenced by a number of factors, some of them being
of seasonal nature, whereas others gain or lose importance along the development of the refinery itself. These
factors are likely to escalate on the low pressure steam level (around 4 to 6 bar pressure typically). Several
reasons for such state exist: Firstly this steam is used for space heating and steam tracking and may even be
exported to a nearby town for residential heating if such possibility exists – all of this leading to extensive
seasonal dependence of its consumption. Secondly a lot of such steam is generated in local steam sources in the
production units themselves and is exhausted from steam drives if present. All this may lead to a state that a
common refinery produces nearly all low pressure steam it consumes in summer, leaving little space left for low
pressure steam saving projects and possibly decreasing their NPV. The same holds true for waste heat utilization
projects for low pressure steam generation. Under such circumstances an efficient integration of a new local low
pressure steam source into existing low pressure steam network and its balance is quite a challenge.
Our contribution deals with preparations undertaken to incorporate a new steam source producing typically 3040 t/h of nearly saturated low pressure steam into low pressure steam balance. Two alternatives for its quality
upgrade were considered in the past, each leading to different impacts on refinery’s steam and electricity
balance. Taking a look back, with the help of design and operational data, the marginal effect of the realized
alternative compared to the other one is evaluated.

Introduction
Steam production in petroleum and refining industry as well as in other energy intense industries contributes a
lot to fuel energy consumption. In the US petroleum and refining industry its corresponding share in the process
end use of energy is between 20 and 30 % 1,2. Optimization of steam production, steam network design and its
end use is continuous subject of many scientific energy studies, implementing pinch analysis and site integration
approach3, load scheduling4 or generally some dedicated mathematical modelling5-8 but also many governmental
reports and other studies9 formulating simple “golden rules” and guidelines to be followed10.
Considering production and consumption of low pressure steam, a solution containing a thermocompressor is
widely applied to recover steam at lower pressure and supply it to higher pressure steam main11. It does not use
any mechanic or electric energy to perform this task, since it uses the motive steam as source of pressure energy.
Its performance thus strongly depends on the pressure ratios between motive, exhaust and suction steam, on
pressure losses related to thermocompressor incorporation in the steam pipeline as well as on actual suction
steam mass flow. In case the low pressure steam is obtained by steam throttling of high pressure steam,
thermocompressor installation does not affect electric balance of the industry. However if a large industry
equipped by cogeneration unit is considered, high pressure steam usage as motive steam for a
thermocompressor to produce low or middle pressure steam results in lowering electric output of this unit.
Therefore the impact of this proven and cheap solution on both fuel and electricity balance of the industry needs
to be examined carefully.
In this study we present the results of incorporation of a new steam source into existing refinery’s steam network
balance with respect to two different options to perform the necessary upgrade the produced nearly saturated
steam before being exported to the grid:
- simultaneous pressure and temperature increase in a thermocompressor
- superheat in a separate heat exchanger
The alternative that has been put into reality exhibits, compared to other one, substantial improvement in
backpressure electric energy production in the central steam and power plant (CSPP) accompanied by overall
steam saving, resulting in fuel saving in the CSPP.
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System description
New plastics production line releases substantial amounts of middle to low potential heat that by its design is
converted to nearly saturated low pressure steam (LPS) in steam generators. Therefore, before being sent to
refinery’s low pressure steam network, its quality needs to be upgraded.
Steam from Central steam and power plant (CSPP) is supplied to the refinery on three pressure levels – as high
pressure steam (HPS, appr. 3.5 MPa), medium pressure steam (MPS, appr. 1.1 MPa) and LPS at around 0.5 MPa.
All three steams are superheated by at least 50 to 100 (LPS) to over 100 (MPS, HPS) °C. Under normal
circumstances steam on all three pressure levels is produced in backpressure or extraction-condensing steam
turbines located in the CSPP from fresh steam (over 8.5 MPa/520 °C) produced in the boilers.

Figure 1. Schematic depiction of the system understudy and possible solutions of steam quality upgrade leading
to different changes in steam export to refinery and internal power production
High and intermediate pressure steam export from CSPP is less dependent on the actual season of the year, it
rather follows the amount of crude processed. On the contrary, LPS supply from the CSPP depends much on the
season; it varies between 10 to 30 t/h in summer to over 140 t/h in winter. Apart from steam quality issues on
high and intermediate pressure level which are not subject of this analysis, there are quality issues with low
pressure steam mainly in summer, due to low steam velocity in main steam pipelines. Many production units in
the refinery are self sufficient regarding the LPS or even export part of it. Thus steam cools down and starts
condensing in several parts of the main LPS pipelines before it is consumed. Wet steam transport causes often
breakdown of condensate traps which leads to steam losses through steam traps bypasses and increases the
expenses for their repair or replacement. Experiences of steam network operators show, that minimum
acceptable LPS export from the CSPP to prevent serious LPS network operational problems is 10 t/h. Operational
states that would lead to lower or even zero LPS export from the CSPP have to be solved by excess steam venting
to the atmosphere. It must be stressed that a lot of work has been done in the past to reduce the LPS excess in
summer preventing such situation to become daily’s routine in summer months.
The above situation defined the frame for decision-making process about the means of LPS produced in the new
production unit upgrade. Concise depiction of the balanced system layout and two selected possible solutions
can be found in Figure 1.
Solution “A” appeared first and has been preferred for some time due to anticipated low investment cost and its
quite wide use in industry11. Two thermocompressors should be installed in “A” case, with different suction
capacities, to cope with changeable LPS production according to production unit load. HPS from CSPP should
serve as motive steam in the thermocompressors, raising the temperature of the LPS by more than 50 °C and
pressure by around 1 bar (at thermocompressor flanges). This means the consumed HPS would become part of
the LPS exported from the thermocompressors to the refinery. Design calculations stated that for 40 t/h of LPS
upgraded, nearly 20 t/h of motive steam should be needed, leading up to 60 t/h LPS export from the
thermocompressors. It became obvious that such amount of LPS cannot be utilized efficiently in the refinery
during summer. Moreover, the associated decrease in backpressure electric energy production in the CSPP would
lead to extra electric energy purchase costs.
Solution “B” appeared firstly as unfeasible, since doubts were expressed if the produced steam temperature
could be raised to sufficient level with condensing HPS (condensing temperature around 240 °C) and if the
pressure losses in the heat exchanger would limit the steam export to the refinery. The fact that such solution
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was novel in the refinery at that time also contributed to this situation. A later successful application of a similar
solution on a smaller scale in another production unit served as good example and the final superheated design
allowed to achieve LPS temperatures over 220 °C with acceptable pressure losses. This solution offers several
advantages compared to the “A” solution. Namely, the HPS consumed in the steam quality upgrade process does
not become part of the LPS, thus the LPS export to the refinery is lower than in the “A” case and the probability
of its complete utilization in the refinery is thus higher. Secondly, HPS consumption is much smaller in this case,
leading to higher backpressure power production in the CSPP compared to the “A” case.
At the time of decision-making other system parts already were installed. As found out the pipeline for LPS export
to the refinery has limited capacity and assuming the upper limit steam flow velocity of 40 m/s (both confirmed
by steam pipeline operators and available literature12) yielded maximum 50 t/h LPS export capacity even for the
“A” case that should produce steam with higher pressure than “B”. Due to its length (appr. 1 km) its replacement
by a bigger one is not to be thought of. This means that even in winter when over 100 t/h LPS are consumed in
the refinery, LPS export capacity is limited by existing pipeline. If case “B” was to be realized, this fact would limit
the thermocompressors operation causing part of the produced nearly saturated steam to be sent to air
condensers (see Figure 1).
All those facts contributed to the final decision to realize the alternative “B” as the preferred solution for existing
situation. The steam superheater has been set into operation in 2017 and positive references about its reliable
operation spread in the whole refinery. Evaluation process required to define proper steam and electricity saving
calculation scheme by which the benefit of the “B” alternative over the “A” one could be estimated from process
data. It is based on:
- measured export of LPS from the steam superheated and from the CSPP
- measured consumption of the HPS in the steam superheater
- verified marginal backpressure electricity production in the CSPP considering steam expansion from HP to LP
level
- thermocompressors operation characteristics (motive steam consumption as the function of exported LPS from
the thermocompressors)
- HPS and LPS balance calculations yielding maximum mass flows of motive and suction steam in the “A” case
with respect to export pipeline capacity (max. 50 t/h) and with respect to limitation of minimum LPS export from
CSPP (10 t/h)

Results and discussion
We selected August 2017 as a representative summer month for analyses. The measured LPS export from both
CSPP and superheater during the selected time period is shown in Figure 2. The LPS export from CSPP varies
between 10 and 50 t/h and shows correlation with LPS export from superheater, especially in the second half of
the month. As the new production unit operates in ON/OFF mode, so does also behave the export from the
preheater. The LPS export from preheater impact on CSPP operation can be in some cases counterbalanced by
steam drives switching to electrodrives in the refinery, as reported in an earlier conference paper13. Most of the
time however we see that the export of LPS from CSPP is low which limits the export from preheater – it has
been confirmed by the plant operators that part of the produced nearly saturated steam is led to air condenser,
meaning that only 20 to 30 t/h steam is exported from preheater compared to typical available LPS amount of
30 to 45 t/h (see a short period between 18.8. and 23.8. when more than 40 t/h LPS has been exported from the
preheater).
Results of calculations shown in Figure 3 rely to the above findings. In case the thermocompressors would be
installed, they would produce typically 30 to 50 t/h LPS, being limited mostly with required minimum LPS export
from CSPP and only rarely by steam pipeline capacity (50 t/h). The difference between thick grey and thin black
data represents steam saving due to realisation of “B” compared to “A”. As can be seen it is typically between 0
and 5 t/h, rarely above. Similar trends can be seen in other summer months. Calculated motive HPS flows during
stable operation vary between 10 and 16 t/h (difference between thick black and thin black data).
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Figure 2. Low pressure steam export from the CSPP and from the steam superheater in selected time period

Figure 3. Visualization of measured LPS export from superheater versus calculated LPS suction to
thermocompressors and export from thermocompressors in selected time period
All these findings allow the cumulative final steam saving and produced backpressure electricity increase
estimation – it amounts to over 1000 ton of steam and over 500 MWh of electricity in August 2017.

Conclusions
Standard refineries are nearly self-sufficient in terms of low pressure steam production and consumption in
summer, which makes the incorporation of a new low pressure steam source under such circumstances difficult.
As demonstrated in our contribution, proper evaluation of underlying alternatives leading to this goal is vital for
sound project economics and success. Traditional solutions may not be the most effective ones and sometimes
a novel approach should be considered and tested. Though the selected and realized solution still does not lead
to full utilization of available steam in summer, it performs better than the traditional solution would and helps
also to produce more backpressure electric energy in the CSPP. Further projects for available low pressure steam
production capacity utilization from the new production unit are in progress in adjacent units with the ambition
to minimize steam losses in summer and to help a stable low pressure steam network operation.
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Abstract
This paper analyses selected data of the Czech corporate sector in the time period 2011-2017. It is focused on
chemistry and other manufacturing branches respecting the structure CZ-NACE. The current time period is
specific because some enterprises are implementing process (lean) innovations but some enterprises would be
already dealing with innovations connected to Industry 4.0. The paper focuses on the identification of
development trends in labour productivity and in the value structure of enterprise inputs. There will be used two
different kinds of the productivity labour indicator. A reason is that explanatory ability is increased when
productivity indicator is also based on price changes. The third indicator is presented by a ratio of the cost of
fixed assets divided by the cost of labour inputs. The cost of fixed assets does not include only consumption (in
this case depreciation and amortization) but also negative economic effect of its usage expressed by the relevant
cost of employed capital. Linear regression and correlation analysis are used to express and compare the
development trends. Results interpretation is complemented by selected characteristics determined by direct
calculations from input data.

Introduction
The emerging innovations of Industry 4.0, which are more closely debated by Mařík (2016), together with the
on-going process innovations discussed by Synek (2011) will obviously lead to significant quantitative and
qualitative structural changes in the enterprises demand for inputs. This paper uses the selected productivity
indicators and the enterprise structure of inputs to reflect and compare the selected development trends in
chemistry and other manufacturing industry branches in the Czech Republic. The analysed time period covers
the years 2011-2017 when the enterprises were before beginning or already in the beginning of the
aforementioned changes.

Experiment
The analysed time period 2011-2017 has been chosen because it is the current time period and it is stable without
any major economic change. Linear regression is used to analyse the development trends.
Linear regression is one of the simplest mathematical and statistical methods. Hindls et al. (2007) consider it the
simplest and the most commonly used kind of a regression function. Line values are approximated using the
smallest squares method. The points of the chart should be estimated by the line whose total distance from
original chart points is minimized. This distance is measured as the sum of the second power distance among the
line and original chart points. The simple linear regression function is defined as (Hindls et al., 2007):
η = β0 + β1 · x,
where
η – dependent (explained) variable,
x – independent (explanatory) variable,
β0, β1 – estimated parameters.
The linear regression can be described as a useful modelling technique and therefore it will be used in this
analysis. The year of observation is used as an explanatory variable (independent variable). The linear trend has
been chosen due to its simplicity and at the same time it is the best for most investigated data. Explained
variables will be following ratios (presented by three linear regression functions):
A. Value of Production (prices of the year 2010) / total employment (number of full time workers);
B. Value of Production (current prices) / Compensation for employees (current prices);
C. Cost of consumption and capital employed of fixed assets (current prices except WACC which is equal to
the year 2016) / Compensation for employees (current prices).
The ratio A is a traditional indicator of labour productivity whose output is not value narrowed and it uses time
fixed prices and labour input expressed in physical volume. The ratio B is the productivity indicator without price
fixation of inputs and outputs as well. Compensation for employees includes wages, social insurance and other
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payments connected with employees' compensation. The ratio C is an indicator of input structure and it is
constructed as a ratio. The nominator of the ratio contains depreciation and amortization of fixed assets and
costs of capital employed expressed as fixed assets * (WACC/(1-t)). WACC is weighted average of cost of capital
and t represents enterprise income tax. The denominator of the ratio consists of compensation for employees
which has been already mentioned.
Industry branches will be displayed in tables in descending order according to the value of parameter β1. Because
of linear regression function β1 represents a slope of the straight line. The positive values of this parameter show
a growing trend and higher the value of this parameter is than the trend is more significant. Conversely, the
negative values of this parameter express the declining trend and lower values mean more significant decreasing
trend.
Tables include also the correlation characteristics according to Hindls et al. (2007). These characteristics are R2
and |R|. The values of R2 (coefficient of determination) are in the interval from 0 to 1. |R| presents the absolute
value of Pearson correlation coefficient and in the case of linear regression it is equal to the square root of the
coefficient of determination. When the value of |R| is detected between 0.1 and 0.3 it presents very low
correlation. Very low correlation is marked by grey colour. When the value of |R| is between 0 and 0.1 there is
none or almost none correlation. This case is marked by black colour.

Result analysis
The following tables (Tables I – VI) include the computed regression and correlation characteristics. Comments
will be mentioned after each table. The chemical industry branches are written in bold letters.
Table I
Industries with the increasing trend of the indicator A (value of production divided by total employment)
CZ-NACE
19 Manufacture of coke and refined petroleum products
31 Manufacture of furniture

β0

β1

R2

|R|

0.9658 0.0504 0.4911 0.7008

29 Manufacture of motor vehicles, trailers and semi-trailers

0.9467 0.0454 0.8271 0.9095
0.9681 0.0426 0.9283 0.9635

32 Other manufacturing
27 Manufacture of electrical equipment

0.9998 0.0416 0.9611 0.9804
1.026 0.0335 0.8556 0.9250

15 Manufacture of leather and related products
16 Manufacture of wood and of products of wood and cork, except
furniture; manufacture of articles of straw and plaiting materials

0.9469 0.0245

26 Manufacture of computer, electronic and optical products
13 Manufacture of textiles
33 Repair and installation of machinery and equipment
17 Manufacture of paper and paper products
25 Manufacture of fabricated metal products, except machinery and
equipment

0.741 0.8608

0.9635 0.024 0.6029 0.7765
0.9424 0.024 0.5702 0.7551
0.9938 0.0217 0.8258 0.9087
1.013 0.0202 0.9473 0.9733
0.9759 0.0191 0.8529 0.9235
0.9812 0.0182 0.7264 0.8523
0.9464 0.0169 0.4355 0.6599
1.0164 0.0168 0.7955 0.8919

14 Manufacture of wearing apparel
28 Manufacture of machinery and equipment n.e.c.
21 Manufacture of basic pharmaceutical products and pharmaceutical
preparations
18 Printing and reproduction of recorded media
23 Manufacture of other non-metallic mineral products
22 Manufacture of rubber and plastic products
10 Manufacture of food products
30 Manufacture of other transport equipment

1.0042
0.945
0.9722
0.9731
0.9737
0.9877

20 Manufacture of chemicals and chemical products

1.0147 0.0007 0.0042 0.0648

0.0154
0.0151
0.0053
0.0037
0.0031
0.0024

0.7721
0.3586
0.1127
0.1066
0.1236
0.0252

0.8787
0.5988
0.3357
0.3265
0.3516
0.1587

The most significant trend in the labour productivity growth has been found for the industry branch CZ-NACE 19
Manufacture of coke and refined petroleum products. The labour productivity in this sector was 47% higher in
2017 compared to 2011 according to used data. The significant growing trend is also observable for industry
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branches as CZ-NACE 31 Manufacture of furniture (total increase by 34%), CZ-NACE 29 Manufacture of
motor vehicles, trailers and semi-trailers (total increase by 30%) and CZ-NACE 32 Other manufacturing (27%). In
the case of chemistry industry labour productivity increased by 12% over the years in CZ-NACE 21 Manufacture
of basic pharmaceutical products and pharmaceutical preparations. CZ-NACE 22 Manufacture of rubber and
plastic products also had decreases in the labour productivity compared to 2011. There was the decrease by 5%
in 2012 and 2013 compared to 2011 but at the end of the monitored period (2017) the labour productivity was
by 3% higher than in 2011. The labour productivity in the branch CZ-NACE 20 Manufacture of chemicals and
chemical products had not fall bellowed the 2011 level in the analysed time period. In 2014 it was even higher
by 7% but in 2016 and 2017 the value was back on the level of 2011.
Table II
Industries with the decreasing trend of the indicator A (value of production divided by total employment)
CZ-NACE

β0

β1

R2

|R|

11 Manufacture of beverages
24 Manufacture of basic metals

1.0181 -0.005 0.6124 0.783
0.9735 -0.013 0.7579 0.871

12 Manufacture of tobacco products

0.9937 -0.089

0.896 0.947

Table II displays industry branches with the decreasing labour productivity. The most significant decrease was
observed in CZ-NACE 12 Manufacture of tobacco products. According to the analysed data it can be specified
that the labour productivity reached in 2015 only 40% of the 2011 level and in the year 2017 it was 46% compared
to 2011.
Table III
Industries with the increasing trend of the indicator B (value of production divided by compensation for
employees)
CZ-NACE
29 Manufacture of motor vehicles, trailers and semi-trailers
33 Repair and installation of machinery and equipment
21 Manufacture of basic pharmaceutical products and pharmaceutical
preparations

β1

R2

|R|

0.9964 0.121 0.3543
1.0262 0.0266 0.8391

0.595
0.916

1.0531 0.0177

0.39

0.624

1.0557 0.0165 0.4518
1.0375 0.0111 0.2147

0.672
0.463

15 Manufacture of leather and related products
31 Manufacture of furniture
32 Other manufacturing

1.0509
1.0179
1.0369
0.9944

0.0107
0.0106
0.0073
0.0044

0.2936
0.1748
0.3205
0.1133

0.542
0.418
0.566
0.337

13 Manufacture of textiles

1.065

0.0002 0.0001

0.01

14 Manufacture of wearing apparel
17 Manufacture of paper and paper products
16 Manufacture of wood and of products of wood and cork, except
furniture; manufacture of articles of straw and plaiting materials
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Table IV
Industries with the decreasing trend of the indicator B (value of production divided by compensation for
employees)
CZ-NACE

β0

β1

R2

|R|

18 Printing and reproduction of recorded media

0.9707 -0.002 0.0074 0.086

27 Manufacture of electrical equipment
25 Manufacture of fabricated metal products, except machinery and
equipment
28 Manufacture of machinery and equipment n.e.c.

1.0158 -0.004 0.1131 0.336

10 Manufacture of food products
23 Manufacture of other non-metallic mineral products
22 Manufacture of rubber and plastic products
30 Manufacture of other transport equipment

1.0775 -0.01 0.1694 0.412
0.9976 -0.012 0.6503 0.806
1.0135 -0.016 0.6498 0.806
1.0169 -0.022 0.5795 0.761

20 Manufacture of chemicals and chemical products
24 Manufacture of basic metals
19 Manufacture of coke and refined petroleum products
12 Manufacture of tobacco products

1.1639 -0.031 0.3256 0.571
1.0262 -0.033 0.888 0.942
1.1955 -0.04 0.2328 0.482
1.0695 -0.065 0.6416 0.801

11 Manufacture of beverages

1.0561 -0.103 0.3246

26 Manufacture of computer, electronic and optical products

0.9248 -0.109 0.1986 0.446

1.0081 -0.008 0.6818 0.826
1.025 -0.008 0.3965 0.63

0.57

Tables III and IV show different results for plenty industries compared to the results included in Tables I and II.
The results displayed in tables III and IV are also influenced by the development of output and input prices, in
this case labour costs, respectively the value of work. It can be seen from the table that for example the industry
branch CZ-NACE 29 Manufacture of motor vehicles, trailers and semi-trailers and also CZ-NACE 21 Manufacture
of basic pharmaceutical products and pharmaceutical preparations were able to maintain the growth trend of
the labour productivity even in the case of the price changes. However, the number of sectors with the
decreasing trend has grown considerably compared to the previous kind of the labour productivity indicator
(indicator A). It is especially valid for the chemistry industry branches as CZ-NACE 22 Manufacture of rubber and
plastic products and CZ-NACE 20 Manufacture of chemicals and chemical products. Again according to the
original data it can be specified that this indicator reached 87% in 2017 compared to 2011 in CZ-NACE 22 and
85% in 2017 compared to 2011 in CZ-NACE 20.
Table V
Industries with the increasing trend of the indicator C (Cost of consumption and capital employed of fixed assets
divided by compensation for employees (current prices)
CZ-NACE
33 Repair and installation of machinery and equipment
26 Manufacture of computer, electronic and optical products
21 Manufacture of basic pharmaceutical products and pharmaceutical
preparations
16 Manufacture of wood and of products of wood and cork, except
furniture; manufacture of articles of straw and plaiting materials
18 Printing and reproduction of recorded media
32 Other manufacturing
19 Manufacture of coke and refined petroleum products
15 Manufacture of leather and related products
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β0

β1

R2

|R|

1.0243 0.0369 0.8407 0.917
0.9684 0.0237 0.4575 0.676
1.0511

0.022 0.0151 0.123

1.0474
1.0641
0.999
0.9036

0.0108 0.217 0.466
0.0077 0.0588 0.242
0.0044 0.245 0.495
0.0031 0.0016 0.04

0.9921

0.002 0.0088 0.094
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Table VI
Industries with the decreasing trend of the indicator C (Cost of consumption and capital employed of fixed assets
divided by compensation for employees (current prices)
CZ-NACE

β0

β1

R2

|R|

30 Manufacture of other transport equipment
28 Manufacture of machinery and equipment n.e.c.
31 Manufacture of furniture
27 Manufacture of electrical equipment
11 Manufacture of beverages
12 Manufacture of tobacco products
17 Manufacture of paper and paper products
25 Manufacture of fabricated metal products, except machinery and
equipment
10 Manufacture of food products
20 Manufacture of chemicals and chemical products
22 Manufacture of rubber and plastic products
29 Manufacture of motor vehicles, trailers and semi-trailers
24 Manufacture of basic metals

0.9357
0.9673
1.0722
0.9605
1.0063
0.8393
1.0342

-0.006
-0.008
-0.008
-0.008
-0.01
-0.013
-0.015

0.1413
0.3585
0.127
0.2753
0.7609
0.0906
0.4722

0.376
0.599
0.356
0.525
0.872
0.301
0.687

0.9668
1.013
1.0179
0.9538
0.9819
0.9363

-0.016
-0.016
-0.025
-0.027
-0.03
-0.034

0.7972
0.8786
0.9474
0.7912
0.8313
0.8614

0.893
0.937
0.973
0.889
0.912
0.928

13 Manufacture of textiles
23 Manufacture of other non-metallic mineral products

0.993 -0.034 0.9758 0.988
0.9763 -0.041 0.9762 0.988

14 Manufacture of wearing apparel

1.0627 -0.042 0.8547 0.924

Table V shows the increasing trend and table VI displays the decreasing trend of the indicator expressing input
structure, specifically consumption and cost of capital of fixed assets divided by cost of labour. The increasing
trend may be a consequence of coming Industry 4.0. These tables as previous show the order and relative
differences among analysed industry branches. The results displayed in the tables could be further specified with
the use of the original data for the industries with the most significant increasing trend of the indicator C. CZNACE 33 Repair and installation of machinery and equipment had the increase by 22% during the analysed
period, CZ-NACE 26 Manufacture of computer, electronic and optical products. Although CZ-NACE Manufacture
of basic pharmaceutical products and pharmaceutical preparations had similar increase by 13% in 2013 the
decreased followed and CZ-NACE 26 reached only 107% and CZ-NACE 21 only 101% in 2017. It should be noted
that the paper uses basic indices (basic year 2010) and not chain indices.

Discussion
Only detailed analyses can answer a question how the gained differences displayed in tables were caused. The
paper's data and used analytical apparatus are not able to answer the raised question. On one hand there are
tables I and II and on the other hand there are tables III and IV. The gained differences between these two groups
of the tables could be caused by the increasing price of labour which was underestimated before, increasing
overestimation of labour or the reason could be an objective increase in the value of labour (eg. by increasing
qualification). It is possible some enterprises or some industry branches have not been able to respond
adequately and they have not used this increased qualification enough productively.
The results from tables V and VI accompanied by the detailed original data do not explain why the increase in
CZ-NACE 26 and CZ-NACE 21 was replaced by deterioration. Further more detailed and complex analysis could
prove if the decrease in growth was caused by the price changes of labour and which causes occurred.

Conclusion
The coming innovation of Industry 4.0 and on-going process innovation have already led and will lead to
substitution between inputs. Such kinds of innovation bring and will bring extensive trade off effects.
The data analysis conducted in this paper which used three different productivity indicators has brought findings
of trends in the manufacturing industry in the Czech Republic. The gained results showed the differences
between industry sectors but also the differences according to the kind of the used indicator.
The paper's analysis has shown some consequences of these effects but it has also shown some limits in the case
of the explanatory power of the labour productivity indicators. These indicators are mainly limited because of
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their partiality. These ratios reflect only a small part of the economic effects. They also allow only a very limited
possibility when the causes of these effects should be studied.
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Abstract
This article deals with the product portfolio optimization in a company with a lot of storage items. Every company
solves lots of problems in today's turbulent competitive world. One of them is reduction of capital in inventory
while maintaining the quality and price of the products and services offered. In order to get the solution the
Microsoft Power BI tool is used that allows or creation of the relational database of all important data including
data model, data analysis and displaying interactive visualization of results. The Business Intelligence (BI) is, in
this case, based on calculations obtained by multi-criteria ABC analysis. Criteria based on company requirements
are incorporated.

Introduction
The use of modern computing tools such as Business Intelligence is one of the options how to reduce stock supply
in a company that has far too many assets in supplies. Each company has many different kinds of supplies, while
not all items are of the same importance. Consumption of some supplies is negligible, while consumption of
others is intense and regular. This study focuses on inventory control in a medium-sized chain store. The output
is a suggestion how to decrease the number of stock items divided in product groups that are controlled by
product managers. Inventory is usually controlled using ABC analysis: in this case it is used to divide items by
importance of determinative criteria in different groups following the Pareto principle.
This paper deals with inventory control, which is one of the most important managerial activities in a modern
company. For our analysis we used the advanced reporting software (hereinafter referred to as the “MS”) Power
BI. This software serves for gathering all data from company databases and common MS Excel files, for their
analysis and calculations. Furthermore, the software enables result visualization and report creation. The article
describes how modern multi-purpose business intelligence software can be used in practice.

Literature review
Supplies account for a considerable part of company assets. According to Lambert et al. (2005) their excessive
volume decreases profitability. Therefore, it may be concluded that supplies influence significantly the operation
of a production company as they retain a large number of finances. The amount of supplies should be as little as
possible with respect to the assets retained, but on the other hand it should be as big as possible with respect to
the ability to supply customers flexibly and satisfy their demands (Horáková and Kubát, 1999). According to
Dömeová and Beránková (2004) having insufficient supplies may result in much bigger losses than stockholding
costs. Another problem is the loss of customers.
Inventory control encompasses a set of activities that consist in prognosticating, analyzing, planning, operative
activities and control operations within the inventory groups and within supplies in general. Modern systems of
inventory control combine modern computer technology and precisely formulated organizational and
managerial relations.
The fundamental approach to inventory control in the conditions of market economy is “optimization approach”
that is based on the mathematics and statistics of theory of inventory. The model that is most frequently used in
practice is EOQ (Economic Order Quantity). When applying optimization methods, the basic criterion is
minimization of total costs linked with purchase and maintenance of inventory, while respecting the requirement
for complete coverage of expectable needs taking into account a certain degree of certainty (risk), deviations in
supplies and when taking supplies from the stock (Gros and Dyntar, 2015).
One of the methods used for inventory analysis is ABC, which helps sort supplies by a predefined criterion into a
group of those that need to be addressed with priority.
ABC analysis means sorting according to value criteria, such as value of supplies or needs of individual material
items into three groups. This method is used in the first phase of development of purchase strategy and as a part
of inventory control system. Its basis is use of the Pareto principle 20:80. From this principle we derive that 20%
of material items represent 80% of material costs of the company, or 80% of material items represent only 20%
of material costs (Kubasakova at al. 2015).
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In recent years there has been little research work that has been done for multi objective optimization problems
(Omkar et al. 2011; Akbari et al. 2012; Pan et al. 2011). Zhang et al. (2013) proposed a hybrid ABC for flow shop
problem and more recently Saif et al. (2014) proposed Pareto based ABC for multi objective optimization of
simple assembly line balancing problem.

Research methodology
The analysis of inventory control was conducted in MS Power BI which allows for gathering data from MS Excel
files, company databases and web interfaces. Subsequently, a data model can be created in the software that
has relations between charts, thus forming its own relational database. The data model can be used, similarly to
the model in MS Excel, using VBA language or available functions of the sheet. However, calculations are made
using its own programming language DAX which is similar to common formulas used in MS Excel, but not
identical. Another step is visualization of results in a clearly arranged and dynamically controlled way
(ExcelTown.com, 2016). The final reports can be shared depending on the user rights granted. Microsoft Power
BI is the successor of Power Pivot, an addition for MS Excel. It is an independent application used for conducting
data analyses and a very readily available functionality of BI used for mining important information from big data
(Datamining).
The very first step of the analysis was the data export from the company’s information system stored on an SQL
server. The data were obtained by connecting MS Power BI to the server with the company’s database and
suitable data were selected using the SQL query language used in relational databases. This stage encompasses
creation of relevant charts containing the desired data and their correct interconnecting. Another way consisted
in gathering data in the .csv/.xls format and their subsequent import in the data model in our own MS Excel
charts. These data included various user data or data that were necessary for the functionality of the entire
model. These data served for the actual creation of the data model, interconnecting the imported data and their
cleansing. MS Power BI is able to create the model, to a rather great extent, itself. It follows principles of SQL
databases and a lot of effort can be saved by designating columns in the charts precisely, since the software goes
on to create intuitively the corresponding relation in the data model. Such relations then need to be checked,
corrected or complemented or primary keys might need to be adjusted.
The analysis necessary for creating reports is based on multi-criteria ABC analysis. On the basis of the important
features of the company’s product portfolio each item gets its own “rating” that is composed of several
attributes.
1. Daily revenues (weight 15 %) – If the product has been sold in the past 12 months, the value of this
criterion was determined using percentile (Figure 1)
IF (PERCENTILE.INC (Product [revenues/No. of days in the portfolio];0,1)>=Product [revenues/No. of days in
the portfolio];1;
IF (PERCENTILE.INC (Product [revenues/No. of days in the portfolio];0,2) >=
Product [revenues/No. of days in the portfolio];2;
….‘part of the compound condition for 10% and 20% percentile of daily revenues
Figure 1. Sample of the source code of criterion 1
2.
3.
4.

124

Margin (weight 15 %) – If the product has been sold in the past 12 months, the value of this criterion
was determined using percentile expressing the profit/revenues ratio.
The turnover rate in the past 12 months (weight 50 %) – If the product has been sold in the past 12
months, the value of this criterion was determined by percentile calculated on the basis of inventory
turnover.
The use rate with respect to the previous year (12/24 month trend, weight 20 %) – This attribute
measures the development of sales of the product in the past 12 months when compared with sales in
the past 24 months. This way, the attribute monitors its lifecycle, the value of the criterion is determined
following percentile calculated from the revenues in the past 12/24 months. If the goods have been sold
in the past 12 or 24 months, it is assigned with logical value “1”, if not, value “0” is assigned and weight
is assigned in further calculations.
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On the basis of these attributes, final rating from 1 to 10 was calculated as a weighted arithmetical average of all
the four criteria. The resulting rating was used as a weight for the ABC analysis and the goods were sorted in 3
categories (Figure 2):
01 Stars (Category A, yellow, rating > 8)
02 Mainstream (Category B, purple, rating < 8)
03 Tail (Category C, red, rating < 5)

Figure 2. Graph of sold products sorted by rating

Results of ABC analysis of inventory control
The company has approximately 291,000 types of products listed, of which some 86,000 types of products are
currently sold. In the past 12 months, only 64,000 types of products have been sold or kept in stock. When
compiling the rating, a set of restrictions was used to identify and remove products that have not been sold in
the past 12 months. These products were assigned the formal rating of 0. Such products are marked as “04 Slow
sellers” and they consist of 10,000 products in stock (Figure 3).

Figure 3. Product categories
The following Table I sums up the important economic characteristics of the categories such as total revenues,
margin and current stock in CZK.
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Table I
Characteristics of the categories
Categories by
No. of products
rating

[pcs]

Revenues

Margin

Current

[CZK]

[%]

inventory
[CZK]

01 Stars

4 800

205 746 800

39

32 021 800

02 Mainstream

35 700

1 622 334 500

24

408 184 600

03 Tail

13 500

26 432 000

8

33 235 500

04 Slow sellers

10 000

0

0

19 700 300

TOTAL

64 000

1 854 513 300

26

493 142 200

The results confirm effective use of the ABC analysis for product division following the defined criteria. The ABC
multi-criteria analysis was used for the given problem as it was necessary to assess products by several
parameters. Therefore, it can be said that this method is suitable for classification of supplies.
Furthermore, it was confirmed that the modern multi-purpose business intelligence software can be used in
practice in companies and it enables effective use of the ABC analysis.

Conclusion
The primary objective was to decrease the assets retained in inventory and provide the company’s
management with information about stocked products. The multi-criteria ABC analysis of validated data
identified 10,000 products (04 Slow sellers) totaling to almost 20 million CZK taking up stock capacity. These
products can be crossed out, stocked out and stock capacity may be freed for other product categories. At the
same time, it is possible to decrease stock supplies of the “03 Tail” Category as its margin is the lowest of all
groups of goods sold. If storage premises were the only concern and regulations concerning goods packaging
were available, the volume of stored goods could be taken into account. However, this task is partly assumed
by the company’s product managers who are in charge of the goods and they are able to take this aspect into
consideration.
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Abstract
Decrease in energy bill of every company or factory can be achieved by more efficient heat recuperation. Paper
industry belongs to industries with high energy demand per unit production, due to energy intense process like
wood chips cooking, pulp and paper drying, cooking chemicals recovery etc. This work deals with the hot water
production during the cooking process in a real batch cooker. We strive to analyze the current situation with
respect to heat recuperation efficiency and produced hot water utilization. It is shown that current fluctuations
in hot water productions can be lessened by implementation of simple measures aimed at a moderate change
in black liquor storage tanks level control. Thereby the regular peak overflow of produced hot water to warm
water tank could be minimized and net heat flux available in hot water would be increased. Further improvement
can be achieved with introduction of cooling water inlet temperature control, aimed at maximization of hot
water production and stabilization of its temperature. The conservative estimate of net heat saving of 1.5 MW
could be translated into fuel savings by utilization of the extra heat for boiler feedwater preheating or in
Bleaching process.

Introduction
Pulp and paper (P&P) industry traditionally belongs to energy-intense industrial branches. An excessive energy
report prepared for the USA Department of Energy (DoE) by several American institutions estimates the 2002
annual energy demand of this industry solely in the USA as nearly 2500 PJ1. Another one prepared by Fraunhofer
Institute for Systems and Innovations Research, dealing with cost effectiveness and electric energy consumption
in industry generally, identifies the P&P industry as the second most energy intense industry in the Europe2. Its
total annual European energy demand amounts to nearly 900 PJ in 2007, contributing with over 6 % to the total
annual industrial one in Europe. We see a comparable situation on our national level as well.
Energy saving possibilities in this and similar types of industry attracted quite a lot attention in the last decades.
Focus has been put on improved use of excess (waste) heat from industrial processes3,4, reducing the fuel
consumption by improved heat recovery5,6 and electric energy consumption by the use of modern technologies7,8
, exploiting the cogeneration potential3,5,9 and recognizing the role of industrial facilities as perspective suppliers
of heat for district heating 6,10. Several recent studies also deal with batch processes, as they still can be found in
many production technologies, aiming at optimization of heat recovery from such processes 11,12. A study on
waste energy usage shows several examples of possible measures, implementing already known and well-proven
procedures and technologies that, if fully exploited, would lead to considerable savings in primary energy
consumption3. Viswanathan et al. state that opportunities for heat recovery from chemical, refining,
petrochemical and wood industry, from drying processes and from metals industry represent roughly 10 to 15 %
of energy consumed in those industries and processes and amount to around 1400 PJ annually solely in the U.S4.
Optimization of heat recovery from batch chemical processes is the main aim of recent publication by de Boer et
al.12. They propose a heat recovery system from a polymerization process operated batchwise in a series of
independent chemical reactors that consists of stratified water tank and mechanical vapour recompression unit
(a heat pump). Resulting payback period depends strongly on the electric energy price used to drive the heat
pump.
P&P industry typically employs continuous processes, however the wood chips digesting (cooking) is traditionally
performed batchwise. Continuous cooking technology exists already but is not yet very widespread13. Cooking
process is exotherm, however it additionally consumes large quantities of middle pressure steam. Heat from
steam plus that from chemical reaction is then cascaded to lower temperatures, partly serving for cooking liquor
and fresh wood chips preheat, part of it is lost to the environment and quite a large portion of it transforms to
heat content of hot water that is produced in this process and exported to other production units 13,14. Due to the
cyclical nature of this process, the amount of heat available for hot water production varies considerably. This in
turn makes the utilization of such hot water a challenge, which traditionally is dealt with by installing large heat
accumulators for hot water production storage and utilization at multiple temperature levels 14. We decided to
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share our findings of an analysis performed on a particular chips cooking process that addressed the difficulties
of heat recovery from such process, with the aims:
- to analyze the existing process in terms of existing heat recovery systems and their efficiency;
- to propose measures for smoothing the peaks in hot water production and minimizing its overflow to water
tank with lower temperature, without the need for new heat storage capacity;
- to test the proposed measured with respect to their impact on level control ability in black liquor tanks and on
increasing and stabilizing heat flux available at hot water level which enables its efficient utilization for steam
saving purposes.

Case study
The object of our study is a part of black liquor storage tank farm coupled with hot water system for heat recovery
located in a paper mill in Slovakia, presented in Figures 1 and 2. Tanks T1 and T2 store excess spent black liquor
from batch digesters. This liquor has to be cooled down from around 100 to 120 °C to around 90 °C in heat
exchangers HE1, 2 which use cooling water to produce hot water. The cooled down black liquor is stored in tank
T3 before being pumped do Evaporation plant. The tank 4 stores washing liquor that has been cooled down in
heat exchanger HX3 by warm water. Due to cyclical nature of batch wood chips digesting, flows of black liquor
to tanks T1,2 vary considerably and so do also the flows of black liquor through HE1, 2. In order to meet the very
changeable cooling duty, cooling water flow to these coolers varies in a very broad interval. Heat exchanger HE3
on the other hand operates without significant heat duty changes. Hot water produced in HE1, 2 represents the
majority of overall hot water inlet to hot water tank A as can be seen in Figure 2. The limited hot water tank
capacity together with quite rigid water level control does not allow for effective dampening of produced hot
water peaks compared with more or less stable hot water consumption; thus hot water excess is periodically
dumped into warm water tank B. There is constant excess of water in tank B, thus a part of it is sent to cooling
towers, where around 7 MW heat are released to atmosphere. Thus it can be stated that warm water dumping
from tank A to tank B worsens this situation further and represents additional heat loss from this heat recovery
system. Flattening out the peaks in hot water production would allow for new stable hot water consumer plug
in into the heat recovery system, leading to water steam saving and thus to marginal fuel (natural gas) saving in
the end.

Figure 1. Schematic depiction of the analyzed part of black liquor tank farm. HE = heat exchanger; T =(storage)
tank.
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Figure 2. Schematic depiction of the existing warm and hot water system. Heat exchangers B, C are identical with
HE1, 2 in Figure 1. A, B, C – most likely reasons for water level fluctuations in Water tank A.
Our efforts thus focused on two main tasks:
- testing possibilities for flattening peaks in black liquor release from storage tanks T1,2 by adopting
improved stepwise level control instead of the current nearly ON/OFF control in very narrow black liquor
level range
- implementing a new 70 and 50 °C water mixing possibility at the inlet of HE1, 2 to ensure less changeable
hot water production and utilizing part of the 70 °C warm water sent to cooling towers, instead of fresh
50 °C cooling water, thus improving heat recuperation in the system
Calculation procedure incorporated:
- estimation of overall heat transfer coefficient dependence on black liquor flow rate
- development and testing of new level control strategies in tanks T1,2, resulting in less changeable black
liquor flows through HE1,2 but avoiding strong fluctuations in black liquor level in T1,2.
- accommodating inlet cooling water temperature to match the adjusted HE1, 2 cooling duties due to
adjusted black liquor flows that led to overall heat transfer coefficients and required heat transfer
driving force adjustment as well
- comparison of cumulative heat surplus in produced hot water in original case and under adjusted
conditions for a 48 hour-lasting testing period

Results and discussion
Material and energy balances of the system understudy yielded trends depicted in Figures 3 and 4. Figure 3
illustrates the dependence of water level in tank A evolution and hot water production – In the initial phase of
the depicted time period the elevated hot water production in HE1 and HE2 led to increased hot water level
values in tank A. This however decreases gradually, not only because of somewhat decreased hot water
production but also due to water dumping from tank A to tank B. The second half of the depicted period
corroborates this as both water production and its level in tank A stabilized at lower values than at the beginning
of the period. Repeated water dumping can though still be observed. After proposed changes implementation,
one sees that hot water production increased generally and also fluctuates less than in the original case. This
creates space for surplus hot water utilization in adjacent units: either in Washing and Bleaching units or as heat
carrier for enhanced boiler feedwater preheat in the boiler house. In all cases this will lead to low pressure steam
saving.
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Figure 3. Trends of hot water production in HE1 + HE2 in original case and after implementing proposed changes;
water level in tank A in original case – part of the testing 48 h period.
Plant operators were concerned about black liquor level fluctuations in case of proposed changes
implementation. Material balance evolution of black liquor tanks has therefore been simulated to test the
robustness of proposed level control changes against very high or very low black liquor levels. The comparison
of those process parameters in original case and in the case after level control adjustment is shown in Figure 4.
It can be seen that the levels in both tanks follow very similar trends in both cases with no significant increase in
their fluctuations over time. Both existing and proposed level regulation strives to push them towards 50 %,
which provides both regulation comfort for plant operators as well as sufficient black liquor buffer for unforeseen
accidents.

Figure 4. Black liquor level evolution in tanks T1, 2 during a part of the testing 48 h period – original trends and
trends calculated from tank material balance after proposed level regulation changes implementation.
Combined material and heat balance of the system allowed for benefit estimation of proposed system control
and layout changes. Calculations confirmed that with adjusted system the cumulative 48 hour heat duty of both
heat exchangers has been by 15 MWh higher than in the original case. Benefit estimation reflects the fact that
heat duty of HE1 , 2, serving to raise the temperature of cooling water to that in tank B is considered “lost”
because of continuous water excess in that tank. Thus only the valuable heat duty raising the water temperature
above that in tank B has been summed up and compared for original case and case after system adjustment – it
represents roughly 40 to 50 % of the total cumulated heat exchangers duty. Total cumulated valuable heat duty
during the testing period was 267 MWh for original case while for the case after system adjustment it increased
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to 346 MWh (= +20 %). Taking into account the testing period length and the difference in cumulative 48 hour
heat duty we finally could arrive at the resulting average benefit of 1.5 MW. Considering heat price between 3
and 10 euro/GJ this corresponds to saving potential of 140 to 450 ths. euro/year. This value can be further
increased when considering the resulting reduction of hot water dumping from tank A to tank B as well as
reduction of water surplus in tank B that is sent to cooling towers. Estimation of this contribution to the total
benefit is however out of the scope of this paper.

Conclusions
Efficient heat recuperation from cyclical and batch processes puts additional strain on process control compared
to continuous processes. Too rigid level control in the capacity items (tanks) that are inevitably present in such
systems can lead to propagation of heat carriers flow changeability downstream and thus to troubles in heat
recuperation from hot to cold media. Our study has confirmed that a slight ease in level regulation strategy of
hot medium storage tanks coupled with addition of cold medium temperature control can lead to significant heat
recuperation to hot water potential exploitation increase. The extra produced heat in hot water can further be
utilized in other part of pulp and paper production process to replace process stream heating with steam or for
boiler feedwater preheating to decrease steam consumption in deaerators.
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Abstract
The development of relationships with suppliers can take place through collaboration in different areas, with
collaboration in the manufacturing process being of great importance. The most effective is to deploy such tools
for developing collaboration that both partners consider important and are willing to implement to improve
supply chain performance. Therefore, primary research has been carried out to help reveal these tools. The
research was conducted in two successive stages. In the first stage, quantitative research was carried out among
the main suppliers of the nonwoven fabric manufacturer. The aim of this part of the research was to find out
which tools for developing collaboration in the production are the most important from the suppliers'
perspective. In the second stage of the research, the suitability of individual tools was determined from the point
of view of the purchasing enterprise. On the basis of the confrontation of both opinions, the most suitable tools
for the development of collaboration in the area of production in the given part of the supply chain were selected.
The paper publishes the results of these two surveys. It contributes to the development of scientific knowledge
by identifying appropriate tools for developing supplier-customer collaboration in manufacturing processes.

Introduction
Supplier relationship management is a means of increasing the performance of both suppliers and customers. It
helps to strengthen the relationship and enables other customers to increase their benefits in the chain.
Therefore, it should be promoted by managers and implemented into the way activities in the enterprise are
performed1. A supplier that binds its customer, thereby protecting its own investments in the relationship already
made, is usually more interested in strengthening the relationship2. It is especially a customer whose cooperation
with the supplier allows it to improve services for its clients that has a prime interest in increasing the benefit of
other customers. That is why customers encourage their suppliers to perform well and often help them increase
performance through supplier development programmes3.
Supplier-customer collaboration usually starts at a tactical-operational level, by synchronizing supplies with the
customer needs. It allows improving on-time delivery1. Continued efforts to increase synchronization of supplies
are often the basis for developing collaboration in other areas such as just-in-time use, exchange of strategic
information, sharing of the costs of collaborative actions, but also in the development of products4. Often
involves some degree of collaborative planning5.
Collaboration in the field of strategic and tactical management of production processes is a natural
developmental tendency. If a supplier's business is to be fully supportive of the customer's production system, it
forces the supplier to adapt production planning to customer needs. Subsequent synchronization of production
and consumption of the products delivered thus becomes a means of efficient managing the material flow in a
part of or even the entire supply chain.
Tactical-operational alignment of supply and consumption may be impaired if the customer performs a
technological innovation. It is then necessary to adapt the supplier's production system. In order for a
synchronized change to take place as quickly as possible and for the innovation to be successful on the whole,
businesses in the chain must also work together in the strategic management of their production systems. This
increases the popularity of supplier engagement in customer research teams6. In research and development,
suppliers can contribute by their own knowledge and thus absorb part of the costs that would have to be borne
by the customer7. These costs can be reduced through frequent communication and better coordination in
solving problems associated with the different stages of research and development7. However, for the success
of research activities, there is a need for an organization of the whole research team6, an appropriate
organizational integration of the team, and a proper use of modern communication technologies7.
The development of supplier-customer collaboration in the production can therefore be realized through a wide
range of different tools. However, which tools are most appropriate and how to apply them has not yet been
sufficiently elucidated at the theoretical level as so far few studies have generally been conducted that would
propose applying tools for improvement through the implementation of supply chain cooperation4. Therefore,
it is necessary to address the given area, deepen the knowledge of these tools and specify these tools for the
individual areas of the company, also for the production area.
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The current research is a follow-up to the research team's research conducted in 2015. The research has shown
that, in general, the most beneficial tools are those whose application requires involving both parties. It has also
shown tools in production area that can be used to develop supplier-customer relationships8. The follow-up
research focused on revealing the importance of these tools, both from the point of view of the suppliers of the
company and from the point of view of the company. A primary quantitative research was initially carried out
among a group of main suppliers of the selected company focusing on the preferences for the various tools for
the development of collaboration in production. Subsequently, the same research was carried out, but from the
point of view of the customer's company. Comparison of the views of suppliers and customers has enabled us to
define appropriate tools for developing collaboration between suppliers and customers in production area.

Goals of research and methodology
In the first stage, a quantitative research was carried out among the major suppliers of a company that is a leading
European producer of nonwoven fabrics. The company has approximately 700 suppliers divided into groups
according to their importance. The group of major suppliers consists of 38 suppliers. These are suppliers with a
turnover of CZK 1 million and/or those providing inputs to the production for customers in the automotive
industry.
The aim of this part of the research was to find out which tools for developing collaboration in production area
are the most important from the point of view of the suppliers of the company. All the main suppliers of the
company were sent a questionnaire electronically, which contained the previous research-defined possible tools
for the development of collaboration in the field of production:
¥ Collaboration in creating quality assurance certificates for supplied products;
¥ Joint quality control of inputs (saving the customer's activities);
¥ Collaboration in eliminating technological problems arising from the processing of supplied products;
¥ Collaboration in technological innovation;
¥ Collaboration in product innovations of the supplier, e.g. by testing an innovated product;
¥ Collaboration in area of the lending of production equipment (e.g. in accidents);
¥ Collaboration in dealing with complaints;
¥ Collaboration in waste disposal;
¥ Collaboration in the use of unprocessed products.
Suppliers, as individual respondents, could identify up to 3 of the most important tools for developing
collaboration. There was also the possibility of complementing other tools that they consider important for the
development of collaboration in this area. The research also included the characteristics of the individual
supplying companies, namely: the size of the company according to the number of employees (size), the country
from which the supplier comes (region) and the length of practice of the respondent (practice).
The research involved 32 major suppliers (6 remaining main suppliers had not been approached as they are
internal suppliers). For the purposes of statistical analysis, the suppliers were divided into two groups, namely
small businesses with up to 50 employees and large enterprises with 51+ employees. Depending on the region
from which the suppliers come, they were divided into domestic and foreign. The representation of the suppliers
in the groups according to the two sorting characteristics was essentially uniform (see the structure of the
respondents in Table I).
Table I
Structure of the respondents
Size

Frequency

Percent

Small businesses
Large enterprises

14
12
26

54
46
100

Domestic
Foreign

11
15
26

42
58
100

Total
Region
Total

From the point of view of the length of practice of the respondents, the overwhelming majority (89 percent) of
the respondents were employees with experience longer than 5 years, i.e. experienced enough for qualified
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answers. The answers obtained in the first part of the research were statistically processed using descriptive
analysis methods.
The first part of the research was followed by the second part, in which we identified the company's opinion as
a customer. Finally, a comparison of the views of both parties was made, which allowed us to evaluate the results
of the research and formulate its conclusions.

Discussion and result analysis
The results of the first part of the primary research enabled us to identify the most important tools for developing
the relationship between the supplier and the customer, from the point of view of the company's suppliers.
Table II includes a frequency-based presentation of the monitored tools of collaboration (% of responses) and
the frequency of companies in which the tool of collaboration was identified (% of cases).
Table II
Importance of tools for developing the relationship between the supplier and the customer
Responses
Tool
N
%
Collaboration in eliminating technological problems arising from the processing of
18
23
supplied products
Collaboration in product innovations of the supplier
13
17
Collaboration in technological innovation
13
17
Collaboration in creating quality assurance certificates for supplied products
Collaboration in area of the lending of production equipment
Joint quality control of inputs
Collaboration in dealing with complaints
Collaboration in waste disposal
Collaboration in the use of unprocessed products
Total

11
11
4
4
2
1
77

14
14
5
5
3
1
100

% of
Cases
69
50
50
42
42
15
15
8
4
x

It is clear from Table II that suppliers consider collaboration in eliminating technological problems arising from
the processing of supplied products to be the most important tool for developing the relationship in the field of
manufacturing (reported in almost 70 percent of cases). In a half of the cases, collaboration in innovation, both
concerning products and technology, was identified as important. Research results also show that collaboration
in waste disposal and in the backflows is of little importance for the development of the relationship. The
respondents did not use the option of complementing other tools of cooperation.
A subsequent analysis revealed that respondents' views depend on the size of the company. Small businesses
consider collaboration in eliminating technological problems arising from the processing of supplied products to
be the most important; large companies consider collaboration in technological and product innovations (e.g. by
testing the innovated product) to be more important. The reason for the divergent view may be less innovation
activity by small businesses. If these suppliers address innovation activities with less interest, or purchase only
the final results of research, they naturally regard collaboration with customers in this area as less important.
Comparison of frequencies depending on the size of the company is shown in the graph below (Figure 1).
The differences in views also depend on the region from which the supplier comes (see Figure 2). Domestic
suppliers generally agree with foreign suppliers on the importance of collaboration in eliminating technological
problems arising from the processing of supplied products (both groups of the respondents consider it to be the
most important tool for developing the supplier-customer relationship), but they differ in their views on the
importance of collaboration on technological and product innovations. It is more important for domestic
suppliers to collaborate in product innovations, and it is more important for foreign suppliers to collaborate in
technological innovations. Interestingly, the most pronounced difference in opinion between the two groups of
respondents relates to collaboration in the lending of production equipment (e.g. in accidents). Foreign suppliers
regard this tool as much more important than domestic suppliers (60 percent vs. 18 percent).
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Figure 1. Comparison of the importance of tools depending on the size of the company

Figure 2. Comparison of the importance of tools depending on the region from which the supplier comes
In the second phase of the research, the viewpoint of the customer's company was inquired on the importance
of the individual tools for developing the relationship between the supplier and the customer in the field of
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production. The enterprise in the position of the customer considers the following to be the most important tools
for developing the relationship in the field:
¥ Collaboration in creating quality assurance certificates for supplied products;
¥ Collaboration in eliminating technological problems arising from the processing of supplied products;
¥ Collaboration in product innovations of the supplier, e.g. by testing an innovated product.
In other words, the customer's company is in agreement with its suppliers when considering collaboration in the
areas of product innovation and elimination of technological problems arising from the processing of supplied
products to be the most important. Unlike its suppliers, however, it also included collaboration in creating quality
assurance certificates for supplied products in the group of the three most important tools of collaboration. Still,
suppliers consider this tool also important (42 percent of suppliers rank it among the three most important tools).

Conclusion
Cooperation in a chain is generally considered to be very beneficial in terms of improving the performance of
both businesses, i.e. those of the supplier and the customer within the supply chain. However, it is important to
use tools that both partners consider important. Therefore, the primary research aimed at detecting such tools
was carried out. The authors interviewed both the suppliers of the company and the company in the position of
their customer. The results show that both suppliers and customers are in agreement when considering
collaboration in product innovations and cooperation in eliminating technological problems arising from the
processing of supplied products to be two of the three most important tools of cooperation. Suppliers add
cooperation in technological innovation to the group of the three most important tools. As the third of this group
of tools, the customer mentions cooperation in creating quality assurance certificates, which is, nevertheless,
also important to suppliers. It can thus be stated that collaboration in innovations, elimination of technological
problems in production process and creation of quality assurance certificates are the most important tools for
the development of the supplier-customer relationship in the given supply chain.
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Abstract
Health and Safety Management at work is one of the employer's duties. The aim is to create conditions for safe
work. In the chemical industry, the emphasis is mainly on the working environment, but the role of machinery
and equipment is also important. Properly realized maintenance can not only reduce the cost of failure but also
prevent injuries of employees. The presented contribution analyses the situation in the selected enterprises and
offers some recommendations for its improvement.

Introduction
The chemical industry is often perceived as dangerous for its employees and also for the environment. This
danger is real, and therefore, chemical enterprises, like all other businesses, are trying to minimize it. That is why
Occupational safety and health (OSH) is an inseparable part of managing a successful company. And not only
inseparable, it is very often an integrated component of management systems. The general OSH approach is
complemented in the chemical industry by Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) regulation and good laboratory practice principles.
In the Czech Republic, the number of work injuries increase between 2007 and 2016 in to 44,669 injuries per
year. The number of fatal accidents at work decreased to 104 per year and the average duration of incapacity
for work was 55 days in 20161. Every year, the European Agency for Safety and Health at Work in Bilbao (EUOSHA) announces campaigns targeting specific areas that require targeted surveillance in terms of accidents and
the development of methodologies and tools to ensure a higher level in the Member States areas. In 2010 and
2011 this area was maintenance. This campaign2 declared that "maintenance is the basis for eliminating
workplace hazards and creating a safe working environment". Since then, there has been further development
in this area and therefore it is appropriate to undertake an examination of the current relationship between
health and safety and maintenance. This is also due to the fact that the minimization of the hazards has a
significant effect on seemingly unrelated activities, not just maintenance but also personnel work or logistics.
The aim of this paper is to formulate the relationship between health and safety and maintenance. The partial
aim is to provide a basic overview of work injuries in the Czech Republic, as well as an overview of legislative
requirements, especially in the fields of health and safety at work, machinery, and equipment maintenance. On
the basis of this summary, the authors formulate essential maintenance obligations in relation to OSH and in
particular to ensure prevention and, last but not least, define the role of maintenance with an impact on OSH.

Literature review
The issue of so-called OSH is well-documented in legislation. It is a part of employee care, which is not only moral
but also economically beneficial because work incapacity is negatively reflected in the performance of the
company. Employers should logically make sure that their employees are safe when working, because if they get
hurt, they will not be able to work further, and the employer still have to pay part of their wages. And they will
not fire them3, so if the employer hires someone else in the workplace, they will be a potential problem when
the first employee recovers. It is very false to think that employees will pay attention, even if the conditions will
not be optimal and that any accident will cover liability insurance.
In accordance of Eurostat4 in 2014, there were close to 3.2 million non-fatal accidents that resulted in at least
four calendar days of absence from work and 3 739 fatal accidents in the EU-28. Every day, people die as a result
of occupational accidents or work-related diseases – worldwide it is more than 2.78 million deaths per year2.
Additionally, there are some 374 million non-fatal work-related injuries and illnesses each year, many of these
resulting in extended absences from work5.
Within the scope of OSH, it is not only about safe work with machines6 but also about psychological aspects and
informing employees about possible risks7. So entrepreneurs must not only produce and sell, but also find out
potentially danger situations, places, and processes, and eliminate or minimize causes of these risks. Sometimes
it is enough to place a notice "Decreased Suspended Wall" or to paint yellow lines on the stairs, otherwise it is a
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"Wet Floor, Dangers of Slip" notice, but employers also have to inform about dangerous radiation or poisons. In
job descriptions are written also the levels of workload.
Occupational safety and health solves only risks within the company. In the Czech Republic there are also laws
Law on Prevention of Environmental Damage8 and Law on the prevention of major accidents caused by selected
hazardous chemicals or chemical mixtures9. They solve the environmental risks. The OSH issue is primarily taken
into account in the Labor Code7. Which has been harmonized with the European Directive 89/391 / EEC-OSH of
12th of June, 1989 and is covered by OHSAS 18001 (published in the Czech Republic as ČSN OHSAS 18001: 2008).
In the chemical industry, it is also important to mention the REACH (Registration, Evaluation, Authorization and
Restriction of Chemicals) regulation that was created in 2006 and the deadline for the termination of the
registration of producers and processors of chemicals is 31.5.201810. This is the deadline for the registration of
all substances manufactured or imported into the EU in quantities of 1-100 t /year per manufacturer or importer.
Registered substances can circulate freely within the EU. A chemical safety report is also part of the registration
process. This document can be considered as a link between REACH and the newly created ISO system 45001.

ISO 45001 Management Systems Occupational Health and Safety
The new international standard on OSH management was published on March 12th, 201811. The certification
applies to an integrated system: quality-environment-safety. ISO 45001 requires the incorporation of health and
safety aspects into the overall management system of the organization. They also need to pay attention to how
these aspects are blamed by suppliers and contractors. Implementation this new standard involves in particular9:
¥ Establishing clear objectives in field of safety and health at work.
¥ Development of prevention programs.
¥ Enterprise risk assessment.
¥ Designing monitoring system.
The new system should bring also some benefits. Researchers think12 that potential benefits from use of this
standard are:
¥
¥
¥
¥
¥
¥
¥
¥
¥

Reduction of workplace incidents
Reduced absenteeism and staff turnover, leading to increased productivity
Reduced cost of insurance premiums
Creation of a health and safety culture, whereby employees are encouraged to take an active role in
their own OH&S
Reinforced leadership commitment to proactively improve OH&S performance
Ability to meet legal and regulatory requirements
Enhanced reputation
Improved staff morale
Reducing costs of fines and social security

Maintenance a work injuries
The priority of maintenance is efficient production. It focuses on reactive or proactive care of the production
equipment and seeks to minimize the times when devices cannot be used due to a fault or when they are used
in a non-efficient way. Ineffective production leads to many negative results, such as waste, increased
exhalations, overtime, failures13. Fatal maintenance problems can lead to disasters and injuries. Unfortunately,
literature focuses on maintenance in the chemical industry only marginally. On the other hand Branská et al.14
state that maintenance is used in chemical plants. Typically, this is a traditional approach, it is focusing on
prevention and planning of maintenance activities in fixed periodic intervals. The current requirement to
introduce a new ISO 45001 system, which is important to require large customers and government, is an
opportunity to implement strategic goals for maintenance.

Research methodology
The article is based on a literary research that was realized in the spring of 2018, using the electronic databases
Web of Science and Proquest. Sources were searched for by a combination of the keywords: maintenance,
Health and Safety Management, OHSAS, ISO 45001, injuries and Czech Republic. Furthermore, the Czech
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legislation in OSH, organization of work and maintenance was searched. Discussion compares published
outputs with current legislation and points to problem spots to create so-called "maintenance minima".

Results and discussion
In order to define the relationship between OSH and maintenance, it was necessary to prepare an overview of
the relevant legislation. The European Directive 89/391 / EEC-OSH is aimed at implementing measures to
promote improvements in the safety and health of workers at work. Under this Directive, the aim is to improve
the safety, hygiene and health protection of workers at work, which should not be subject to purely economic
considerations15. This Directive is implemented in the Czech legal system and the following overview
demonstrates in detail the state of the relevant Czech legislation:
¥ Basic – Labour code 262/2006 Sb.
o §101, (1) - the employer shall ensure occupational safety and health protection of employees at work
with regard to risks which might endanger his employees´ life and health during work performance.
o §102 - defines in detail the requirements for the process of assessment and risk management and
its documentation.
¥ Other important laws:
o Act No. 309/2006 Sb. on providing other health and safety conditions as amended by Act 362/2007
Sb.
o Act No. 251/2006 Sb. on work inspection.
o Act No. 59/2006 Sb. on prevention of major accidents caused by selected hazardous chemicals.
o Act No. 258/2000 Sb. on public health protection.
o GOVERNMENT REGULATION (GR) No. 176/2008 Sb. on technical requirements for machinery.
o GR No. 201/2010 Sb. on the way of recording accidents, reporting and sending an alert record.
o GR No. 101/2005 Sb. on more detailed requirements for workplace and work conditions.
o GR No. 11/2002 Sb. on the appearance and location of security signs and the introduction of signals.
o GR No. 168/2002 Sb. which determine approach of work organization and working procedures,
which the employer is obliged to ensure in the transportation by means of transport.
o GR No. 361/2007 Sb. laying down conditions for the protection of OHS.
o GR No. 378/2007 Sb. laying down more detailed requirements for the safe operation and use of
machinery, equipment, appliances and tools.
o GR No. 495/2001 Sb. laying down the scope and details of the provision of personal protective
equipment, washing, cleansing and disinfectants.
o GR No. 362/2005 Sb. on more detailed OSH requirements in workplaces with the danger of falling
from a height or depth.
o GR No. 406/2004 Sb. on more detailed requirements for the provision of health and safety at work
in potentially explosive atmospheres.
It can be said that there are two main sets of obligations in OSH. The first one is focused on employees. It is
necessary to protect their lives and health through a whole set of measures16. The second set of rules is focused
on employers and deals with the measures, tools and processes, what they have to accept, and also a necessity
to keep the documentation is included.
The fact that this is an important issue is also confirmed by the survey of work injuries in the Czech Republic in
the year 2016. In the case of accidents with incapacity for work longer than 3 days (Figure 1), the most important
factors are in two categories - Buildings and Constructions, and Materials. While in the first category it is mainly
falling from a height, in category of Material could be more influenced by maintenance. Maintenance can also
affected injuries caused by Machinery and Equipment (8.9 %). Interestingly, category Dangerous Substances
represents only marginal accident rates (2.9 %).
The significance of Dangerous Substances category, as a cause of injury, grew slightly (4.9%) in the category of
Serious Work Injuries (Figure 2). Even in this category, however, the most important causes are in categories of
Buildings and Constructions, and of Materials. Significantly strengthen the category Land Vehicles (14.8 %), it
means collisions with them. Maintenance can play a positive role in reducing relatively important categories of
Machines (9.7 %) and Material.
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Figure 2. Share of significant Work Accidents
The third graph (Figure 3) represents the situation of fatal occupational injuries. Category of Land vehicles
account for almost half of the recorded cases (45.2 %), Buildings and Constructions are still very important (21.2
%), while the share of Material (7.7 %) has fallen again. Machinery and Equipment (5.8 %) and hazardous
substances (4.8 %) remain relatively small causes.
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Figure 3. Share of lethal Work Accidents
Analyzed laws and regulations have shown that maintenance and OSH are very interlinked. It can be stated that
the most basic maintenance duties ("maintenance minima") in relation to OSH are:
¥ Know, what knowledge and skill are important for worker's eligibility for the job (qualification, health,
mental, and physical point of view).
¥ Ensure a clear idea of the worker about their work, risks of work and the workplace.
¥ Manage all workers to have information about themselves and know about potential threats.
¥ Systematically search for risks and manage them.
¥ In case of accident, fire, breakdown etc. ensure workers to know what to do.
¥ Communicate the category of risk factors of working conditions (dust, noise, vibrations, etc.) to
employees.
¥ Participate in an accident or disaster investigation.
¥ To take OSH as an integral part of the managerial work and to decide in accordance of it.
¥ Educate subordinates from local OSH regulations.
¥ Ensure compliance and smart response to violations.
¥ Create local OSH regulations (in cooperation with a professionally qualified person).
¥ Ensure submission of prescribed tests and medical examinations.
¥ Require reporting of deficiencies and defects, dangerous behavior to avoid risks.
¥ Respect the worker's right to refuse work if the risk is unacceptable to them.
¥ Keep detailed documentation.
The basic hypotheses of prevention and solving consequences in OSH area are:
¥ Maintenance is a comprehensive, interdisciplinary, whole-business process to ensure optimal
production facilities ready for a safe and healthy non-threatening process.
¥ Ensuring OHS is primarily the task of management.
¥ Investment to OSH is worthwhile.
¥ Any health impairing can be avoidedThe role of maintenance with consequences into OSH is in areas:
¥
¥
¥
¥

142

Detection of Causes of injuries.
Active management engagement.
Motivation and support of workers.
Risk management.

ICCT 2018 | PROCEEDINGS

CHEMICAL PROCESSES AND DEVICES
Conclusion
In the paper was shown relatively close relation between health and safety (OSH) and maintenance. Both of them
are liable to many regulations and laws. In some causes one regulation include requirements to both two areas.
The overview of legislative requirements is included in the article.
The number of work injuries in the Czech Republic seems to be not too high, particularly if we are focused on
fatal injuries. The real number of injuries could be higher, because not all injuries are recorded and particularly
occupational diseases can be caused by more reasons. It is important to minimize also this relatively acceptable
number of injuries. The formulated hypotheses and areas in focus offered in article could be used to better
usage of maintenance to improve OSH in companies.
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Abstract
Pervaporation is a relatively new separation method, which is mainly focused on the separation of water from
azeotropic mixtures. Other applications are related to dehydration of organic compounds, dehydration of
products in esterification reactions and separation of organic compounds. Pervaporation replaces the
traditionally used distillation, eventually adding distillation to create a hybrid distillation-pervaporation system.
To dehydration of MEG by pervaporation was used hydrophilic ceramic module HybSi® by Pervatech company.
Its advantage is high chemical and temperature resistance and very good selectivity. Preferred pervaporation
prior to distillation is in this case due to the small processed volume of MEG (up to 1 m3/day), the simplicity of
the pervaporating device and the assumed lower energy consumption compared to distillation. Pervaporation
tests were performed with solutions containing 15 – 90 % MEG at temperature 80 °C and 95 °C. The results of
tests confirmed the high selectivity of water separation, the required membrane area and energy consumption
of the pervaporation process was determined.

Introduction
The aim of the pervaporation was to concentrate the solution of the recycled antifreeze fluid, ie water removal
and increase content of 1,2-ethanediol (monoethylene glycol, MEG). Recycling technology for anti-freeze
mixtures consists from several pre-treatment and electrodialysis steps to remove dissolved inorganic and
organic ions. The obtained solution has a concentration of 15 % by weight of glycol and the task of
pervaporation is to increase this concentration to 50 % by weight. Advantages of using pervaporation are small
built-up area and lower energy consumption. At the beginning, pervaporation tests were carried out to remove
water from concentrations of MEG in the range of 15-50 % at temperature 80 °C. The MEG solution was chosen
to simulate a glycol solution from the Recyclation unit, that contains MEG in the majority, but also another
glycol such as MPG (monopropylene glycol) and glycerol. It is assumed that these admixtures in the recyclate
will have similar properties to MEG, or rather better with an even higher selectivity of separation. Tests carried
out at 80 °C confirmed the high selectivity of the process, where the separated water contained only 0.55 % by
weight of MEG. In the next phase of the tests, the temperature of the tested MEG was increased to 95 °C in
order to intensify the process and thereby reduce the required membrane surface of the pervaporation. At this
temperature, the pervaporation flux Jpv was almost six times higher. Selectivity decreased slightly, but still
maintained high values and the isolated pervaporate contained only 0.8 % MEG. Based on the tests, the
required membrane surface of the membrane was determined. The obtained results give good prerequisites
for the design of the industry pervaporation unit to separate the water from the antifreeze mixtures.

Experiments
Description of used membranes
The hybrid ceramic hydrophilic membranes from PERVATECH have been used for the tests. They are suitable
for removing water from organic substances, Active surface of the membrane was 100 cm2. Module was
located in the housing type PVM 050.
Testing equipment
The tests were performed on a laboratory equipment (see Figure 1), which consisted of a 10-liter glass working
vessel. At the top, the vessel was attached to a glass cylinder to compensate any overpressure in the vessel
caused by heating and evaporating the mixture in the vessel. The glass cylinder was equipped with a cooling
coil and a deaeration, which ended in a small absorber with sodium carbonate solution. A cryostat was
connected to the cooling coil, which kept the temperature of circulation water 3 °C. The vessel was heated by a
temperature control heating mantle (HM). The batch of the test mixture is pumped through the diaphragm
pump (DP) through the valve V-6 into the vessel. After the heating has been switched on, the mixture is
circulated via the bypass back into the vessel. Upon reaching the temperature of 80 °C, the vacuum pump (VP)
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is turned on to create a vacuum on the permeate side of the module. Immediately afterwards the bypass is
closed and the module input is opened. The evaporated vapours are condensed in a condenser located in a
Dewar flask with liquid nitrogen. The whole apparatus is located in the catching tub (CT).
PI

FI

F-1

PVM-050

P-1

V-5

V-4

TI

T-1

V-3

Tank 10 ltr
PI

P-2

HM 1,8 kW

V-2

VP

Abbrev.
HM
DP

V-6

V-7

DF

CT

Diaphragm pump

VP

Vacuum pump

DF

Dewar flask

PVM

DP

Name
Heating mantle

Hous ing

Sample 1

Feed, Retentate

Sample 2

Permeate

CT

Catching tub

Figure 1. Device schema
Description of the tests
Tests were performed on four model mixtures with a concentration of MEG 15, 30, 50 and 90 wt.% at 80 °C and
three MEG mixtures 15,30 and 50 wt.% at 90 °C. The total test batch was around 5,000 g, the average vacuum
was 15 mbar, the circulating circuit pressure was 0.5 – 0.75 bar(g) and the average flow was 240 - 400 liters/hr.
At least 4 samples of pervaporate were collected at time intervals of 1-1.5 hours from each test. Feed and
permeate samples were analyzed on the water content in the analytical laboratory of company Classic Oil using
refractometer Anton Paar company, type Abbemat 350. In Table I are listed of overwiev of test parameters.
Table I
Test overview
Tests numb.
1
2
3
4
5
6
7
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Module type Hybrid Silica AR, numb.11727
Medium
Flow
Pressure
t (°C)
(w/w %)
(liters/hr)
(barg)
MEG 50
80
370 - 400
0.5 – 0.75
MEG 30
80
410
0.5 – 0.75
MEG 15
80
405
0.5 – 0.75
MEG 90
80
420
0.5 – 0.75
MEG 50
95
240 - 180
0
MEG 30
95
300 - 265
0.5
MEG 15
95
240 - 150
0.5 – 0.75

Vacuum
(mbar)
12
12
14
9
7.5
4
3
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Discussion and result analysis
For evaluation of pervaporation process is used flux (Jpv) and separation factor (αij).
Pervaporation flux is defined:
J = m/A.t
m is mass of permeate passed through the area of membrane A during time t.
Separation factor (αij ) is defined:
αij = (ciperm. / cjperm.) / (cifeed / cjfeed)
cij are mass fraction of component i (water), j (MEG) in permeate, resp. feed.
In following Table II are values calculated on the base of the above mentioned equations.
Table II
Calculated values of pervaporation flux (Jpv) and separation factor (αij)
Medium
Jsum.
JH2O
t (°C)
αij
Tests numb.
(w/w %)
(kg/m2.h)
(kg/m2.h)
1
MEG 15
80
5.24
5.22
56
2
MEG 30
80
3.21
3.19
77
3
MEG 50
80
2.32
2.30
118
4
MEG 90
80
0.113
0.1129
2154
5
MEG 15
95
25.53
25.35
42.7
6
MEG 30
95
20.00
19.86
72.1
7
MEG 50
95
16.53
16.34
93.0
Comment on the Table II:
The reduction of pervaporation flow is due to the decreasing of the water content in the MEG solution.
The high increasing of the MEG 90 separation factor is mainly given to the small value of the denominator in the
factor calculation. Following Table III is important for practice, in which is calculated required membrane area
for the given process 80 °C.
Table III
The required membrane area for processing 1 m3 MEG, at t = 80°C
Density of
Final
Dehydr.
Medium (w/w %)
MEG
concentr.
time
(kg/m3)
(w/w %)
(hour)
MEG 15
1.0187
50
4
MEG 20
1.025
50
4
MEG 30
1.039
50
4

Membrane
area
(m2)
49.9
43.1
29.1

Dehydr.
time
(hour)
6
6
6

Membr.
area
(m2)
33.3
28.7
19.4

Table IV is the same like previous Table III, difference is higher temperature, in table IV is 90 °C.
Table IV
The required membrane area for processing 1 m3 MEG, at t = 95 °C
Density of
Final
Dehydr.
Medium (w/w %)
MEG
concentr.
time
(kg/m3)
(w/w %)
(hour)
MEG 15
1.0187
50
4
MEG 20
1.025
50
4
MEG 30
1.039
50
4

Membrane
area
(m2)
8.7
7.5
5.0

Dehydr.
time
(hour)
6
6
6

Membr.
area
(m2)
5.8
5.0
3.4

Conclusion
For MEG concentrations of 15-50 wt. % and pervaporation temperature of 80 °C, the average total pervaporation
flux is 3.59 kg/ m2.hour. There is a high content of water in pervaporate, in average 99.45 % (w/w). Pervaporation
flux only for water is 3.57 kg/ m2.hour.
Using the obtained values, it is possible to determine the membrane pervaporation area required for
pervaporation performance: e.g. an increase in MEG concentration from 15 % to 50 % during 4 hours, with an
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initial volume of 1 m3, a membrane area of 49.9 m2 will be required. During the process, 713 kg of H2O is
separated and the final product volume will be 0.287 m3.
At pervaporation temperature 95 °C was increased pervaporation flux 5.7x on value 20.6 kg/ m2.hour,
pervaporation flux only for water was 20.5 kg/ m2.hod, average concentration of water was 99.2 %.
Upon raising the temperature by 15 °C, the required membrane area for processing 1 m3 of MEG solution from
15 wt.% to 50 wt.% is reduced 5.7x to 5.8m2 for a 6 hour process, and this value gives very good assumptions to
the economic use of pervaporation for this type of medium.
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INCREASING OF COFFEE EXTRACT pH USING ELECTRODIALYSIS WITH BIPOLAR MEMBRANES
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Abstract
Based on the interest of industry we investigate the possibility of coffee extract pH increasing using EDBM. The
reason was that when different coffee plant species are used for coffee extract production the pH of the product
is variable and is lower than optimal according to sensory evaluation.
The goal was to obtain samples for sensory evaluation and basic process data.
On the electrodialysis stack BAA (bipolar membrane – anion exchange membrane – anion exchange membrane)
we provide experiments from which we obtained the samples of extract with pH adjusted to 5.28, 5.50, 5.79 and
5.99 respectively (original pH was 5.08).
The approximately feed capacities and electric energy consumption were calculated for each degree of pH
change.
In the sensory evaluation the sample with pH 5.5 was chosen as the best, second was the sample with pH 5.28.
Samples with pH 5.79 and 5.99 were not accepted by testing panel.
The two satisfactory samples were further tested in storage experiment (in 47 °C and room temperature) but
neither one has maintain its pH and it has decrease after 3 weeks of storage.

Abbreviations and symbols
A
AEM-PP
B
BM
EDBM
EDR-Z
F
RCOO-

anion exchange membrane
polypropylene anion exchange membrane
bipolar membrane
bipolar membrane
elektrodialysis with bipolar membranes
laboratory elektrodialysis unit (product of Mega group)
feed (in index)
anion of organic acid

Introduction
Based on the interest of industry we investigate the possibility of coffee extract pH increasing using
elektrodialysis with bipolar membranes. The reason was that when different coffee plant species are used for
coffee extract production the pH of the product is variable and is lower than optimal according to sensory
evaluation.
According to literature sources1 and our previous experiences2, 3 we used electrodialysis with bipolar membranes
in configuration BAAB.
The goal was to obtain samples of coffee extract with increased pH for sensory evaluation and basic process data.

Experiment
The original extract pH was 5.08 and it should be increased to 5.25, 5.5, 5.75 and 6. The samples of 0.5 litre were
taken from two tests, the samples with the same pH were mixed together after the tests.
The tests were carried out on the unit ED-Z (MEGA a. s., Czech Republic) with three loop. It was used the stack
with configuration BAAB and with eight triplets (that means 9 BM a 16 AEM-PP). The stack has the active
membrane area of 0.0512 m2. Schema of deacidification principle is on figure 1. The loop with demi water and
RCOO- we call D, the loop with coffee extract we call C1 and the loop with NaOH we call C2.
The trials run with the voltage of 1.5 V on one membrane triplet, so 12 V was kept on platinum wires on stack
sides.
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Figure 1. Principle of deacidification

Discussion and result analysis
In Table I there are written parameters of original and adjusted samples and calculated indicative capacity of
treated extract per membrane area per time for each degree of adjustment. Inserting the voltage it is possible
to increase the capacity.
Table I
Basic parameters of samples and process values
sample

pH

conductivity

turbidity

refractometric dry
matter

feed capacity

electricity
consumption*

[mS/cm]
[NTU]
[°Bx]
[KgF/m2/h]
[Wh/kg]
original
5.08
4.59
402.6
3.1
1. level
5.28
4.27
371.8
3.2
189
0.16
2. level
5.50
4.21
363.4
3.1
86
0.32
3. level
5.79
4.16
359.4
3.1
61
0.45
4. level
5.99
4.11
352.5
3.1
48
0.55
* Specific electric energy consumption for water splitting and ion transfer. The losses on the electrodes and
pumping energy are not included.
While new membrane running-in it takes always approximately 10 minutes till they get to work state. Therefore
the values from the second test were used for calculation capacity and electric energy. This shift we can see on
the chart on figure 2, where the curve of pH C1 in 1st test decrease for the first 5 minutes and it takes next 5
minutes, till it reach the initial value.
Neither chemical cleaning nor water rinsing was carried out before the second test, just working solutions C1
and D were exchanged. The conductivity and pH of base in loop C2 were not significantly changed (in the
beginning of 1st test 15.12 mS/cm and pH 12.76, in the end 15.31 mS/cm and pH 12.74), therefore the same
solution was left in the loop (in the beginning of 2nd test 14.95 mS/cm and pH 12.74, in the end 15.1 mS/cm and
pH 12.73). On the charts in figure 2 and 3 we can see, that in the beginning of 2nd test there was lower pH and
higher conductivity in the loop D than in the first test. That was caused by the residue of acid solution from the
first test, which remain in in pipes and stack from the first test.
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Figure 2. Course of pH in loop C1 (coffee extract) and D (acid) for first and second test

Figure 3. Course of conductivity in loop C1 (coffee extract) and D (acid) for first and second test
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According to expectations the membranes in contact with coffee extract were coloured (figure 4). The effect of
membrane fouling on deacidification efficiency cannot be estimated due to the limited extent of the
experiments.

Figure 4. Membrsnes after the experiments, from left chamber D (water + org. acid), chamber C1 (coffee
extract), chamber C2 (base)
The indicative sensory evaluation was carried out. The sample with pH 5.5 was chosen as the best, second was
the sample with pH 5.28. Samples with pH 5.79 and 5.99 were not accepted by testing panel.
The two satisfactory samples were further tested in storage experiment (at 47 °C and room temperature) but
neither one has maintain its pH and it has decrease after 3 weeks of storage.

Conclusion
Four samples of coffee extract of pH 5.28, 5.50, 5.79 and 5.99 respectively were prepared in the laboratory tests
(original pH 5.08). The samples are meant for sensory evaluation.
Further, the approximately feed capacities and electric energy consumption were calculated for each degree of
pH changes (Table I).
In the sensory evaluation the sample with pH 5.5 was chosen as the best, second was the sample with pH 5.28.
Samples with pH 5.79 and 5.99 were not accepted by testing panel.
In storage experiment (in 47 °C and room temperature) neither one sample has maintain its pH. It has decrease
after 3 weeks of storage.
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Abstract

This paper is focused on the preparation and characterisation of composite photocatalysts based on TiO2 and
active carbon. Such materials are prepared with the aim to combine high adsorption capability of active carbon
and photocatalytic activity of TiO2. Prepared samples were characterised in terms of textural properties and also
using standard ISO methods in gaseous phase. In the case of ISO 22197-1 (removal of NOx) it was observed that
increasing ratio of active carbon positively influences the rate of photocatalytic removal of NOx. On the other
hand, in the case of removal of acetaldehyde (ISO 22197-2), the presence of active carbon has no positive
influence on photocatalytic activity.

Introduction
Photocatalysis on titanium dioxide represents promising method which can be applied in air treatment (removal
of VOC) and also in liquid phase (removal of dyes, biocides, etc). Composite photocatalysts based on TiO2 and
active carbon combine high specific surface area of active carbon and photocatalytic activity of TiO2 dioxide. The
objective of this work is preparation and characterisation of composite photocatalysts containing two samples
of active carbon differing in the preparation procedure. Photocatalytic experiments were focused on the removal
of NOx (according to ISO 22197-1) and on the removal of acetaldehyde (ISO 22197-2).

Experimental
As a photocatalysts was used commercial material AEROXIDE P25 (Evonik), which consists of 73% of anatase and
27% of rutile with crystal size of anatase 22 nm (XRD) and specific surface area about 45 m2/g (BET). This material
is produced by flame hydrolysis of TiCl41 thus it contains residual amount of chlorides (0.17 hm% (XRF)).
Two types of active carbon which differ in the way of preparation were used. The first material, AC1, was
obtained by Czech supplier Penta and is produced by pyrolysis of coconuts husk. The second material AC2, was
obtained by China manufacture and is produced from coke processes.
The textural properties were measured using 3 Flex surface characterisation analyser (Micromeritics). The phase
composition was done by X'pert Philips MPD with a Panalytical X'celerator detector using graphite
monochromatized Cu-Kα radiation (wavelength 1.54056 Å)), field emission scanning electron microscopy (FESEM, Hitachi SEM FE 4800).
Photocatalytic experiments were performed in trough flow reactor according to standard ISO 221972,3 which is
schematically express in Fig. 1

Figure 1. Photocatalytic system according to ISO 22197
In the case of NOx removal, the concentration of NO, NO2 and total amount of NOx was determined using
chemiluminiscence analyser AC32M (Enviromental SA). In the case of acetaldehyde removal the concentration
was determined using GC-FID 78090 B (Agilent). Composite photocatalysts of various ratios AC/TiO2 were
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prepared in powder form by mixing method described in [4]. Immobilisation of produced powders was then
performed using drop-casting method and all the layers contained the same amount of the TiO2 (0.5 mg/cm2).

Results and discussion
Texture properties of two types of active carbon and of TiO2 P25 are expressed in table I. From the shape of
adsorption isoterm (type Ib and IVa ) it can be concluded that both samples of active carbon contain the mixture
of micropores and mesopores but their ratio is in both samples different. Sample AC2 produced from the coke
process contains higher ratio of micropores (around 55 %) compared to AC1 (around 21 %). On the other side
photocatalyst TiO2 AEROXIDE P25 is mesoporous, amount of micropores is negligible and the surface area
obtained from the t- plot is practical the same to value calculated from BET isotherm.
Table I
Specific surface area and the ratio of micropores
Sample name
S BET (m2/g)
t-plot external
surface area
(m2/g)
AC1
AC2
TiO2 P25

1700
891
46

1 0101
296
44

total pore
volume (cm3/g)

t-plot
micropore
volume (cm3/g)

1.37
0.44
0.078

0.29
0.24
0

ratio of
micropore
volume to total
pore volume
(%)
21
55
0

An example of morphology of prepared composite photocatalyst is shown in Fig 1. The pure active carbon AC1
formed big particles in the range of 5-20 μm. After application of TiO2 (e. g. for ratio of AC/TiO2 = 0.37) almost
whole surface of active carbon is covered with small particles of TiO2 (50-100 nm).
The presence of active carbon in the composite has no influence on phase composition and crystal size of original
TiO2 P25.

Figure 1. Pure active carbon (on the left) and composite photo catalyst with ratio of AC1/TiO2 0.37 (on the right)
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In the Figures 2 and 3, there is shown the photocatalytic experiment of NOx removal for pure TiO2 photocatalyst
and for composite photocatalyst with ratio AC/TiO2=0.7.

Figure 2. Dependence of concentration of NO, NO2
and NOx during photocatalytic experiment on pure
TiO2 photocatalyst (P25)

Figure 3. Dependence of concentration of NO, NO2
and NOx during photocatalytic experiment on
composite photocatalyst with ratio AC/TiO2 = 0.7

In the case of pure TiO2 layer after introducing the test gas into the reactor chamber under dark conditions there
is negligible decrease of concentration caused by adsorption and after few seconds the initial concentration of 1
ppm is reached again. When irradiation starts there is strong decrease in NO concentration but at the same
moment the concentration of NO2 starts to increase. The initial NO is very quickly oxidized, because the redox
potential of photo induced hole is much higher compared to redox potential of NO/NO3-. According to Mills et
al. [5], the oxidation of NO proceeds via following reactions4,5. The potential accumulation of HNO3 on the
photocatalyst surface leads to the production of NO2 according to Eq. 6.
4NO + O2 + 2H2O → 4HNO2
2HNO2 +O2 → 2HNO3
2HNO3+ NO→3NO2+H2O

(eq. 4)
(eq. 5)
(eq. 6)

In Fig 3, there is illustrated the similar situation for composite photocatalyst with ratio of TiO2/AC = 0.7. We can
see that the amount of produced NO2, which is proportional to the integrated area under NO2 line is lower
compared with pure TiO2 photocatalyst. This results in the higher amount of NOx removed by the test piece.
Similar behaviour was observed also for samples containing the second type of active carbon (AC2) which exhibit
even little bit higher activity.
Table II
Results of NOx removal for composite photocatalysts containing AC1
ratio AC1/TiO2
n NO inlet
n NO removed
(μmol)
(μmol)
0
0.07
0.13
0.37
0.5
0.7
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8.0
8.0
8.0
8.0
8.0
8.0

4.6
4.5
4.2
5.0
4.3
4.5

n NO2 formed
(μmol)
2.9
3.0
2.4
2.0
0.73
0.61

n NOx
removed
(μmol)
1.7
1.5
1.8
3.0
3.6
3.9
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Table III
Results of NOx removal for composite photocatalysts containing AC2
ratio AC2/TiO2

n NO inlet
(μmol)

n NO removed
(μmol)

n NO2 formed
(μmol)

0
0.07
0.13
0.37
0.5
0.7

8.0
8.0
8.0
8.0
8.0
8.0

4.6
4.1
4.4
4.5
4.4
4.9

2.9
2.3
2.1
0.9
0.6
0.5

n NOx
removed
(μmol)
1.7
1.8
2.3
3.6
3.8
4.4

From the molar amounts of NO, NO2 and NOx given in Tables II and III, respectively, it can be concluded that with
increasing ratio of active carbon the amount of produced NO2 gradually decreases. This effect was observed for
both active carbon AC1 and AC2. In samples containing of AC1 (AC/TiO2 ≥0.5) the amount of produced NO2 and
removed NO was slightly lower compared to AC2. It can be concluded that the presence of active carbon
suppressed the amount of HNO3 adsorbed on TiO2 resulting in an increase of removed NOx.

6
5
4
3
2
1
0

6

cacetaldehyde (ppm)

c acetaldehyde (ppm)

An example of removal of acetaldehyde on pure TiO2 and on the sample containing ratio AC2/TiO2 = 0.5 is
illustrated in Fig 4 and Fig 5, respectively. We can see that in the case of pure TiO2 the conversion of acetaldehyde
caused by photocatalytic degradation is higher compared to the sample containing AC2/TiO2 = 0.5. Contrary to
NOx experiment in the case acetaldehyde the presence of active carbon has no positive effect on photocatalytic
activity. This is illustrated in Table IV, where is expressed the amount of degraded acetaldehyde for samples
containing AC1 and AC2.

5
4
3
2
1

0

50

100

time (min)
by pass

UV reactor on

UV reactor off

Figure 4. Dependence of acetaldehyde concentration
during photocatalytic experiment on TiO2 P25
photocatalyst
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Figure 5. Dependence of acetaldehyde
concentration during photocatalytic experiment
on composite photocatalyst
(ratio AC/TiO2 = 0.5)
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Table IV
Results of acetaldehyde removal for samples containing AC1 and AC2, respectively
ratio AC1/TiO2
n acetaldehyde
ratio AC2/TiO2
(μmol)
0
10.4
0.07
9.5
0.13
8.4
0.37
8.1
0.5
7.5

n acetaldehyde
(μmol)
10.4
10.7
10.6
9.0
8.0

From Table IV it can be concluded that with increasing ratio of AC the removed amount of acetaldehyde gradually
decreases. This effect was practical the same for both types of active carbon AC1 and AC2, respectively. This
decrease of photocatalytic activity is probably caused by the shielding of photocatalytic active surface of TiO2 by
particles of active carbon resulting in the decrease of photocatalytic activity.

Conclusion
Composite photocatalyst containing various ratio of active carbon were prepared and characterised in terms of
photocatalytic efficiency in gaseous phase. In the case of removal NOx it was found that increasing ratio of
active carbon leads to the higher photocatalytic efficiency of NOx removal. This effect was similar in the case of
AC1 and AC2 even both materials differ in the ratio of micropores.
On the other hand in the case of removal of acetaldehyde, the presence of active carbon has no influence on
photocatalytic activity. With increasing ratio of active carbon, photocatalytic activity decreases. This is probably
due to the shielding of photoactive surface by particles of active carbon, thus the area where the oxidation of
acetaldehyde take places is lower compared to pure TiO2.
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Abstract
This paper is focused on the textural characterization of active carbon and TiO2, which are initial materials for
composite photocatalysts based on TiO2- active carbon (AC). Such materials are prepared with the aim to
combine high adsorption capability of active carbon and photocatalytic activity of TiO2. The samples of active
carbon and TiO2 were characterized using adsorption of nitrogen. The sample of titanium dioxide was AEROXIDE
P25 produced by Evonik. The specific surface area (SBET) was 45 m2 g-1 and the total pore volume of pores was
0.0778 cm³ g-1. All samples of active carbon show adsorption isotherms of type Ib and IVa (IUPAC classification),
so AC samples consist of micropores and mesopores with classical type hysteresis loop H3 and H4 (IUPAC
classification), which corresponds slit pores. All samples of activated carbon contain a mixture of micropores and
mesopores, but the samples differ in the ratio of micropores and mesopores.

Introduction
The use of titanium dioxide for photocatalytic reactions is known for a long time e.g. in air for treatment (removal
of VOC) and in liquid phase (removal of dyes, biocides, etc.). However, titanium dioxide has a specific surface
area of about 50 m2 g-1 and the possibility of increasing this specific surface area is in the use of a mixture of
titanium dioxide and activated carbon. Therefore, several types of activated carbon were selected for which
textural characteristics were found. The nitrogen adsorption is very often used to determine textural
characteristics and results are adsorption isotherms. Types of adsorption isotherms are classified in the IUPAC
Technical Report (1): Isotherm Type I – microporous solid (Ia – microporous solid with a width of less than 0.7
nm, Ib – microporous solid with a width greater than 0.7 nm), Isotherm Type II - non-porous or macroporous
substances, Isotherm Type III same as isotherm Type II, but the adsorbent-adsorbate interactions are relatively
weak, Isotherm Type IV - mesoporous solid (IVa – with hysteresis loop, IVb - without hysteresis loop), Isotherm
Type V - same as Isotherm type IV, but the adsorbent-adsorbate interactions are relatively weak, Isotherm Type
VI - representative of layer-by-layer adsorption on a highly uniform nonporous surface. In IUPAC Technical report
are described six main types of hysteresis loops, too. Each of these six characteristic types is fairly closely related
to particular features of the pore structure. The Type H1 hysteresis loop is found in materials which exhibit a
narrow range of uniform mesopores or ink-bottle pores. Hysteresis loops of Type H2 are given by more complex
pore structures as are many silica gels, some porous glasses (vycor) as well as some ordered mesoporous
materials (SBA-16). In this case, there are two types of hysteresis loops (H2a and H2b).Type H3 - Hysteresis loops
of this type are given by non-rigid aggregates of plate-like particles (certain clays) but also if the pore network
consists of macropores which are not completely filled with pore condensate. The type H4 loops are often found
with aggregated crystals of zeolites, some mesoporous zeolites, and micro-mesoporous carbons. The Type H5
hysteresis loop representing certain pore structures containing both open and partially blocked mesopores. The
texture characteristics of the samples, such us the type and shape of the pores present, can be determined on
the basis measured adsorption isotherms and comparison with types of adsorption isotherm from IUPAC
characterization.

Experiment
As a photo catalysts was used commercial material AEROXIDE P25 (Evonik), which consists of 73% of anatase and
27% of rutile. As active carbon were used eleven types of active carbon from different manufacturers (Table I).
These samples of active carbon and TiO2 were characterized using adsorption of nitrogen. Before the
measurements, samples were degassed at temperature 150° C during 12 hours. Dried samples were subjected
to the nitrogen adsorption/desorption experiments by means of a 3Flex volumetric analyser (Micrometirics). All
the measurements were carried out step-by-step over a relative pressure range from 0 to 0.99 p/p0 at isothermal
conditions of 77 K. The weight of the sample placed in a cylindrical glass tube was approximately 0.2 - 0.3 g. The
tube sealed by a seal frit was placed into a sample holder along with filler rod in order to reduce the void volume
of the system. Before the measurement, the free volume was measured by the helium. The experimentally
obtained adsorption isotherms were fitted according the Brunauer-Emmett-Teller (SBET) method (2) and t-plot
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method (St-plot) (3) for specific surface area, the micropore volume by the t-plot method and the pore-size
distribution by the Barrett-Joyner-Halenda (BJH) method (4). For analysis micropores was measured adsorption
isotherm at low pressure. This adsorption isotherm was fitted according Dubinin-Radushkevich method for
micropore volume (5) and Horvath-Kawazoe method (6) for distribution of micropore volume.
Table I
Active carbon
Sample
AC0
AC1
AC2
AC3
AC4
AC5

Supplier
Penta (Czech Republic)
Silcarbon-CW20 (powder)
Norit Pureflow 1
Chemviron-CAL
Chemviron-CPG-LF
Silcarbon TH90

Sample
AC6
AC7
AC8
AC9
AC10

Supplier
Silcarbon CW20 (granule)
Sigma Aldrich
Roth (powder)
Roth (granule)
China manufacture

Results and Discussion
Activated carbon
All samples of active carbon show adsorption isotherms of type Ib and IVa (IUPAC classification), so AC samples
consist of micropores and mesopores with classical type hysteresis loop H3 and H4 (IUPAC classification), which
corresponds to slit pores. Fig.1 shows the N2 (77 K) adsorption and desorption isotherms (solid and empty
symbols) for the AC2, AC3 and AC10 samples.

Figure 1. Overview of nitrogen (77K) sorption isotherms for the AC2, AC3 and AC10 samples. Solid and empty
symbols correspond to the adsorption and desorption, respectively.
For better knowledge of microporous volume distribution, it was necessary to determine the adsorption
isotherms at low pressures (Fig.2). These adsorption isotherms at low pressures confirm the presence of
micropores in activated carbon samples. If the data from adsorption isotherm at low pressure and classical
adsorption isotherm were combined then we can find good agreement of common points. Table II summarises
the results of the textural analyses of the samples. All samples of activated carbon contain a mixture of
micropores and mesopores, but the samples differ in the ratio of micropores and mesopores. The most
mesoporous sample of activated carbon is sample AC1 (Silcarbon CW20), which has only about 10% micropores
(calculated from the volume of pores). Conversely, the most micro-porous samples of activated carbon are AC3
(Chemviron CAL) and AC10 (China), which have over 50% micropores. The specific surface area (SBET) of samples
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was found in range from 830 m2 g-1 to 1737 m2 g-1, but the specific surface area (St-plot) was in range from 295 m2
g-1 to 1357 m2 g-1. The total pore volume of pores less than 40- nm diameter at p/p° = 0.95 (Vtotal) of samples was
found in the range from 0.437 cm3 g-1 to 1.372 cm3 g-1, but the micropore volume (t-plot method) was in the
range from 0.078 cm3 g-1 to 0.327 cm3 g-1.

Figure 2. Overview of nitrogen (77K) sorption isotherms for the AC3 and AC10 samples. (low pressure)
Table II
Textural characteristic of active carbon
SBET
St-plot
Vtotal
Sample
(m2 g-1)
(m2 g-1)
(cm3 g-1)
AC0
1737.25
1010.59
1.372
AC1
1565.18
1357.40
1.227
AC2
830.58
337.35
0.636
AC3
932.72
322.96
0.588
AC4
985.89
351.01
0.490
AC5
1362.16
921.30
0.853
AC6
1280.12
946.77
1.135
AC7
1126.86
523.00
0.822
AC8
1397.49
801.13
1.115
AC9
933.38
395.28
0.640
AC10
890.82
295.62
0.437
* - t-plot method, ** - Dubinin-Radushkevich method

Vmikro*
(cm3 g-1)
0.292
0.078
0.240
0.327
0.252
0.181
0.138
0.248
0.247
0.223
0.238

Vmikro**
(cm3 g-1)

0.408

0.319

Ratio of micropores
(%)
21.3
6.4
37.7
55.6
51.5
21.3
12.1
30.2
22.1
34.8
54.5

Figure 3 compares the pore size distribution from N2 adsorption for samples AC3 and AC10 using BJH method
(from desorption part of hysteresis loop). On the base of results of the mesopores volume distribution (BJH
method) it can be stated that all samples contain pores at the border between micro and mesopores (about 2
nm). Some samples include only pores with a pore diameter of 2 nm, and other samples also contain small
amount of pores with a diameter of about 10 nm. The peak in the area around the 4 nm pore diameter is an
artefact that is given by the forced closure of the hysteresis loop. Figure 4 compares the micropore size
distribution from N2 adsorption at low pressure for samples AC3 and AC10 using Horvath-Kawazoe method for
model of slit pores. Both samples AC3 and AC10 have micropores in the range of 3 to 4 nm, but the sample AC10
has a narrower distribution of micropore volume.
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Figure 3. Distribution of pore volume of activated carbons – BJH method (solid line – AC3, dashed line – AC10)

Figure 4. Distribution of micropore volume of activated carbons – Horvath-Kawazoe method (solid line – AC3,
dashed line – AC10)
Titanium dioxide
The sample of titanium dioxide was AEROXIDE P25 produced by Evonik. Fig.5 shows the N2 (77 K) adsorption and
desorption isotherms (solid and empty symbols) for titanium dioxide. Sample of titanium dioxide show
adsorption isotherm of type II (IUPAC classification), so TiO2 sample consist of macropores and small amount of
mesopores. The specific surface area (SBET) was 45 m2 g-1 and the total pore volume was 0.0778 cm³ g-1. Figure 6
shows the pore size distribution from N2 adsorption for sample TiO2 using BJH method (from adsorption part
(solid line) and desorption part (dashed line) of hysteresis loop). The sample TiO2 contains a small amount of
pore size of about 2.5 nm.
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Figure 5. Overview of nitrogen (77K) sorption isotherm for the titanium dioxide sample. Solid and empty symbols
correspond to the adsorption and desorption, respectively.

Figure 6. Distribution of pore volume of titanium dioxide – BJH method (solid line – adsorption part, dashed line
– desorption part)

Conclusion
Nitrogen adsorption and desorption experiments at 77 K were performed on active carbon samples differing in
their micropore volume and on titanium dioxide sample. The active carbon (AC) samples show adsorption
isotherms of type Ib and IVa, so AC samples consist of micropores and mesopores with classical type hysteresis
loop, which corresponds to slit pores. The most microporous samples of AC are samples AC3 (Chemviron CAL)
and AC10 (China), which have over 50% micropores. Therefore, the AC10 sample, which is produced from coke
process and AC0 sample which is produced by pyrolysis of coconuts husk, were selected as the AC materials for
the preparation of composite photocatalysts based on TiO2- active carbon.
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Abstract
Capability of the CaCO3 (CC) prepared from the flue gas desulphurisation gypsum (FGDG) to act as a filler for
the granulated ammonium nitrate fertilizer was tested. Differences in textural and crystallographic features are
described. Laboratory granulation followed by a deep investigation of granulate properties (granulometry,
hardness, dustiness, abrasion resistance, heat stress tests) unambiguously confirmed suitability for the
preparation of calcium ammonium nitrate fertilizer (CAN). No negative effects of smaller CC particles in
comparison with commercial ground limestone (33 μm against 44 µm) and difference in crystallographic
structure (presence of vaterite) appeared.

Introduction
Due to huge resources of coal (for more than 400 years, if consumption should be at the level of 2017,
www.worldometers.info ) and in spite of problems with global warming, exploitation of coal mainly for the
production of energy is expected at least for the next 30 years.1,2 Except carbonic components, coal also
contains other species and many of them especially sulphur compounds represent a serious ecological
problem. Therefore, a desulphurisation of flue gases (FGD) is necessary to perform. The FGD with a slurry of
limestone is used most frequently when a source of acceptable limestone quality is available, e.g. in the central
Europe.1 The formed hydrated calcium sulphate (Flue Gas Desulphurisation Gypsum - FGDG) can be treated by
various ways in civil engineering or as a fertilizer component.3,4 One of possibilities is a conversion of gypsum to
calcium carbonate and ammonium sulphate (Eq. 1), the so called Merseburg process.3,4
CaSO4 + (NH4)2CO3 à CaCO3 + (NH4)2SO4

(1)

The process obeying the reaction (1) can be either with a water solution of (NH4)2CO3, or with NH3 and CO2
added to a water slurry of CaSO4.
Ammonium sulphate (AS) is a valuable component for fertilizers and calcium carbonate (CC) can be used as
a filler for nitrogen fertilizers. More than 20 % of the ground limestone and/or ground dolomite are added to
ammonium nitrate (AN) to have a safety – non explosive fertilizer fulfilling the EC directive (28 wt. % at
maximum content of nitrogen; for the safety: 27 % are kept).5 Some European huge producers of AN with CC
(denoted as CAN) and AN with dolomite (DAN) are listed in refrs.6 Preparation of AN granulated fertilizers with
dolomite and/or limestone includes the step of mixing the powder carbonate material with the slurry of
ammonium nitrate at increased temperature – about 100-120 °C. If the carbonate material is sufficiently
reactive (small particles, rough surface), the reaction (2) can proceed.
2 NH4NO3 + CaCO3 à Ca(NO3)2 + CO2 + 2 NH3 + H2O

(2)

Evolution of NH3 is economical (loose of nitrogen) and ecological – impact on human health, problem.
Moreover, the reaction (2) can also take place during the storage of AN fertilizer, what again represents
economical problem and unfriendly working conditions rise from. The reactivity of CC stems from its properties
and wide set of characterisation and testing methods are known.7 However, experimental testing under the
same conditions as a material to be substituted, is the best one for estimation of suitability of CC to be used as
a filler for ammonium nitrate fertilizers.
AN has a rather unpleasant property stemmed from transformation of crystallographic phases.8 Pure AN
transforms from the phase IV to the phase III at 32 °C and this transformation is accompanied by the change in
volume of about 3 %. Thus, changes in temperature, e.g. during storage can significantly contribute to an
increase in powder fraction and application properties of such fertilizer are lowered. Compounds having affinity
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to AN (e.g. KNO3, CaSO4) and/or fillers (e.g. CC, dolomite), usually positively influence the transition
temperature; the best combination can shift the value up to 50 °C.8
Results from laboratory preparation of granulated AN with CC obtained by the conversion of FGDG with NH3
and CO2 obtained in the VUCHT laboratories were a basis for this publication. A special focus is on an effect of
vaterite, what is a lower thermodynamically stable phase in comparison with calcite.9
This contribution is a continuation of our research devoted to the exploitation of the FGDG.10

Experimental
Three types of CC were tested: 1) ground industrial limestone used for the production of CAN; 2,3) CC1 and CC2
prepared from FGDG in laboratories of VUCHT. The content of individual components was determined by the
ICP-OES method using a SPECTROBLUE ICP-OES (Spectro, Germany) spectrometer with a thermally stabilized
optical system and ion exchange chromatography (Compactic IC, Pro-Anion MCS, Pro-Cation). Before the
analysis of metal cations, the sample was decomposed first in a mixture of concentrated sulphuric and nitric
acids, and then in a HNO3/HClO4 (1:2) mixture. Particle size was measured by a CILAS 930 Liquid (Cilas, France)
device in the range of 0.2 - 500 �m with SW SizeExpert V9.08. were recorded on a PW 1830 (Philips, Almelo,
The Netherlands) with a CuKα radiation (λ = 1.5405 Ǻ) source in the scan range of 30 - 50° at 40 kV and 30 mA.
Characterization of individual samples is in Table I, Table II, Figure 1 and Figure 2.
A typical granulation started with about 1 kg of the AN melt (82 %) and 250 g of CC, which was gradually added
to the melt. Vapours from the flask were withdrawn to the acid environment (1M H2SO4) for checking if any
ammonia was released. Subsequently the ammonia was determined by photo spectrometry. Granulation was
carried out in a laboratory batch double paddle granulator. The resulting granulate was put on a plate, let
cooled at ˂40 °C and after that dried at 105 °C. Resulting granulate contained about 0.3 wt. % of water. A
substantial part from the 1st granulation was crushed to particles of about 1 mm. This was used as a recycle. In
the 2nd granulation usually 300 g of AN was used, 60 g of CC was added and 700g of the recycle was added. The
resulting granulate was dried and characterized by techniques described above. Similarly, the 3rd granulation
was performed using the crushed granulate from the 2nd granulation as the recycle.
The granulometry of particles was determined by the sieve method. The hardness was measured using
particles of about 4 mm on the apparatus (UMZ-3K ELECTRONIC). Results from 10 experiments were treated to
obtain a representative value. The caking was measured using a special apparatus consisted from cylinders ( 40
mm diameter) for measured material and pistons pressing the content in cylinders (about 250 kPa). After a
certain time (10 days), the compactness of pressed material was measured by the strength required to
penetrate a probe. A higher value characterizes more caking. Dustiness was measured as a dust captured on
filtration paper during a certain time (usually 4 min) of granulate mixing (usually a product fraction 2-5 mm) by
air. Abrasion resistance was estimated by two methods: i) mixing a weighed amount of production fraction of
fertilizers (usually 50g) with stainless balls (diameter 15 mm, 13.7 g) for 5 min, capturing of the formed dust
and its weighing; ii) the modified method was with a specially prepared mix of 3.15 and 4 mm fractions, in the
weight ratio 1:1, after mixing with stainless steel balls, the treated sample was sieved (usually >1 mm, 0.56-1
mm, <0.56 mm fractions) and individual fractions were weighed. Heat stress test was performed as follows: A
sample of fertilizer (usually a production fraction) was kept in drying plant at 50 °C for 2 h. After that, the
temperature was decreased to 25 °C and kept at this value for 2h. This sequence was usually repeated for 6
times. Then, granulometry and mechanical properties (see above) of fractions of the sample were determined.
Properties of granulates from the 2nd and the 3rd granulation are considered as representatives for evaluation
of components effects and granulation procedures.

Results and discussion
Chemical composition of CC samples was very similar (Table I). Values of CaO content equal to 53.19, 52.47 and
52.76 wt. %, correspond to the content of CC equal to 94.9, 93.6 and 94.1 %, respectively. Thanks to good
working treatment of ash during during/after burning of coal no further impurities were incorporated to the
FGDG and consequently to the CC obtained after transformation of this FGDG. It is worthy to note that
obtained AS also has a very high quality and it is suitable for preparation of sulphate fertilizers.
Figure 1 and Table II illustrate differences in textural and crystallographic properties. The laboratory prepared
CC1 and CC2 exhibited a narrower size distribution and mean particles sizes were smaller (41.4, 33.4 and 34.4
µm for the industrial limestone, CC1 and CC2, respectively). A more significant difference is in crystallinity and
crystallographic phases; diffraction peaks for calcite in industrial ground limestone achieved up to 6000
intensity units and only about 2000 intensity units were exhibited from CC1 and CC2 samples. In addition, the
CC1 contained a large portion of vaterite and a lower crystallinity was demonstrated by the lowest diffraction
peaks in comparison with ground limestone and the CC2 sample
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Table I
Chemical composition of the CC samples
Component

Limestone

CaO
MgO
S

53.19
0.75
0.624

Al
Cd
Co
Cr
Cu
Fe
Mn
Ni
Pb
Zn
Na
As
V

438
<0.1
<0.1
<0.1
8.9
598
12.8
<0.1
<0.1
12
<1
<0.1
<0.1

Sample
CC 1
wt. %
52.47
0.84
0.697
ppm
419
<0.1
<0.1
<0.1
9.2
659
13.7
<0.1
<0.1
9.8
<1
<0.1
<0.1

CC 2
52.76
0.8
0.733
418
<0.1
<0.1
<0.1
12
618
12.4
<0.1
<0.1
24
<1
<0.1
<0.1

Table II
Size and crystallographic characteristics of samples
Parameter/
Component
D10
D50
D90
DMean
Calcite
Vaterite. syn
Dolomite
Quartz alpha

Sample
Limestone
CC1
CC2
Size parameters, µm
3.1
7.5
15.2
27.5
33.4
33.4
100.5
57.6
54.3
41.4
33.4
34.4
Phase content from the XRPD analysis, wt. %
97.1
60.3
93.4
0.0
34.3
0.0
2.0
5.4
4.6
0.9
0.0
2.0

During preparations of the slurry of AN with CaCO3, a generation of NH3 was negligible – lower than 0.03 %
with respect to the content of AN. This value coincides with large scale production of granulated CAN, whereas
the release of NH3 is suppressed by addition of the little amount of H2SO4. This suppression of NH3 generation
was not applied in our experiments because we wanted to compare reactivity of the commercial ground
limestone and CC prepared from FGDG. Effect of the CC features on the granulation procedure is given in Table
III. From practical point of view, the fraction 2-5 mm is important, what is denoted as a production fraction. An
interesting result is for the 1st granulation with the CC1 sample containing vaterite, what probably caused the
lowest production fraction. However, the 2nd and the 3rd granulation provided virtually the same, even a slightly
higher production fraction in the 2nd granulation. Improvement in granulation procedure can be probably
attributed to the conversion of vaterite to calcite observed by XRPD, during preparation of the granulated AN.
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Figure 1. Size distribution industrial milled limestone

Figure 2. XRPD patterns industrial milled limestone

Figure 3. Size distribution CC1 from the FGDG

Figure 4. XRPD patterns CC1 from the FGDG

Figure 5. Size distribution CC2 from the FGDG

Figure 6. XRPD patterns CC2 from the FGDG

Mechanical properties of the prepared CAN fertilizers using CC1 and CC2 are comparable with industrial ground
limestone (Table IV). However, a higher reactivity of the vaterite (CAN_CC1) can be a reason for a bit higher
caking. The granulate CAN_CC2 exhibited the highest mechanical strength, which could be contributed to
smaller particles of CC1 and less reactive surface in comparison of ground limestone.
Tables V and VI contain results from the heat stress tests. It is worthy to note that both splitting of granules
(increase in the powder fraction), as well as caking and generating large granules proceed during these tests.
For abrasion tests, a mix of 3.15 and 4 mm fractions (1:1 weight ratio was used). As shown in Tables V and VI,
besides changes in granulometry, abrasion resistance usually decreases after the heat stress tests (Table VI).
For practical purposes, values in weight % of fractions lower than 1 mm are declared commonly. Similarly to
other properties, CAN prepared from synthetic CC1 and CC2 exhibited fully comparable parameters with CAN
prepared using industrially ground limestone (Table VI). Even it could be hypothesised that presence of
vaterite (the CC1 sample) positively affects mechanical strength of granules; total ˂1 mm, average 2nd and 3rd
gr. (weight %): 18.5, 13.5 and 20.4 for the CAN_L, CAN_CC1 and CAN_CC2, respectively. A higher mechanical
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strength of the CAN_CC1 is also represented by the fraction of granulates larger than 1 mm. Of course, a
positive effect of vaterite on the CAN properties needs justification by further experiments.
Table III
Product granulometry of CAN from individual granulations using various CC (L-ground limestone, CC1 and CC2 –
laboratory prepared)
Fraction / mm / wt. %
Granulate
>5
4-5
3.15-4
2-3.15
1-2
0-1
2-5
st
1 granulation
CAN_L
22.22
12.69
11.30
17.06
14.89
21.84
41.05
CAN _CC1
30.27
12.45
10.53
14.69
13.74
18.32
37.68
CAN_CC2
27.27
14.46
11.52
15.47
15.40
15.89
41.44
nd
2 granulation
CAN_L
22.77
10.54
9.54
15.61
22.48
19.07
35.68
CAN _CC1
25.24
10.40
10.78
21.30
21.61
10.66
42.49
CAN_CC2
16.34
7.58
9.80
21.03
22.54
22.71
38.41
3rd granulation
CAN_L
23.31
9.94
10.28
21.75
22.48
12.23
41.97
CAN _CC1
17.91
9.84
11.02
23.76
24.00
13.47
44.62
CAN_CC2
17.52
8.41
9.86
21.39
25.57
17.24
39.66
Table IV
Mechanical properties of the prepared CAN
Hardness,
Granulate
N
nd
CAN_L, 2 gr.
92.5
CAN_L, 3rd gr.
67.6
CAN_CC1, 2nd gr.
97.8
rd
CAN_CC1, 3 gr.
96.4
CAN_CC2, 2nd gr.
135.1
CAN_CC2, 3rd gr.
156.7

Caking,
N
117.6
133.8
75.6

Dustiness,
wt. %
0.20
0.27
0.78
0.15
0.13
0.18

Abrasion res.
wt. %
3.19
2.32
1.50
2.56
2.32
1.97

Table V
Changes in granulometry after heat stress test (Cycl.: 6 cycles of temperature changes 25 and 50 °C).
CAN_L, 2nd
CAN_L, 3rd CAN_CC1, 2nd CAN_CC1, 3rd CAN_CC2, 2nd CAN_CC2, 3rd
Fract., mm
0 Cycl.
0 Cycl.
0 Cycl.
0 Cycl.
0 Cycl.
0 Cycl.
Fraction content, wt. %
<0.56
0.3
1.8
0.0
1.1
0.0
0.5
0.0
1.2
0.0
1.1
0.0
0.9
0.56-1
0.0
0.3
0.0
0.4
0.0
0.1
0.0
0.7
0.0
0.8
0.0
0.2
1-0.56
0.0
0.6
0.0
1.0
0.0
0.2
0.0
0.6
0.0
1.6
0.0
0.3
2-1
0.4
1.3
0.7
2.2
0.7
0.3
0.7
0.8
0.2
4.2
0.6
0.6
3.15-4
45.3
28.9
47.1
27.6
44.9
26.8
46.2
27.8
55.6
33.0
51.1
30.4
4-5
54.2
48.3
52.2
46.6
54.2
49.3
52.6
50.5
43.7
44.9
47.5
48.3
>5
0.0
18.9
0.5
21.8
0.7
23.2
1.1
20.2
0.7
15.2
1.3
19.9
3.15+4
99.5
77.2
99.3
74.2
99.1
76.0
98.8
78.3
99.3
77.9
98.6
78.6

Conclusions
Calcium carbonate prepared by the conversion of flue gas desulphurisation gypsum exhibited a full capability to
substitute commercially supplied ground limestone. Any negative effects derived from smaller particles or
presence of vaterite have not appeared during preparation and consequence on properties of the granulated
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fertilizer. Obtained results direct a reliable technological route of the conversion of FGDG to CC and utilization
of the obtained CC as a filler for production of CAN.
Table VI
Abrasion resistance.
Fertilizer
Granulation
Weight of sample for abr. resist. test (g)
After abrasion test, fraction (g, %)
>1 mm (g)
>1 mm (%)
0.56-1 mm (g)
0.56-1 mm (%)
˂0,56 mm (g)
˂0,56 mm (%)
Total ˂1 mm (%)
Total ˂1 mm, average 2nd and 3rd gr. (%)

CAN_L
2
50.4

3
50.1

CAN_CC1
2
3rd
50.2
50.4

42.0
83.4
1.3
2.6
7.1
14.1
16.6

39.9
79.6
2.1
4.2
8.1
16.2
20.4

44.0
87.5
0.9
1.8
5.4
10.8
12.5

nd

rd

18.5

nd

43.1
85.6
1.8
3.6
5.5
10.9
14.4
13.5

CAN_CC2
2
3rd
50.4
50.2
38.8
77.0
4.1
8.1
7.5
14.9
23.0

nd

41.3
82.3
1.4
2.8
7.4
14.7
17.7
20.4
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Abstract
The goals of this work are to determine the effect of precipitation conditions (pH, precipitation rate, Ca/P ratio)
on the synthesis of hydroxyapatite and characterization of its properties for anticorrosion intention. This work is
especially focused on the possibility of synthesis of hydroxyapatite by the wet precipitation method. Synthesized
pigments were assessed for crystallite size and morphology, particle size distribution and phase composition. For
their possible anticorrosion application, preliminary corrosion tests were performed, which include:
determination of pH and resistivity of aqueous suspensions of pigments (10 %), gravimetric determination of
weight loss of steel plates and determination of corrosion indicators. Subsequently, accelerated corrosion tests
were performed.

Introduction
In recent years, considerable attention has been paid to the use of hydroxyapatite (calcium hydroxyphosphate)
in the field of orthopedics, where these phosphates have to replace either partially or completely bone
tissue1, 2. The cause of the extension of phosphate pigments nowadays is more stringent environmental and
hygienic limits, which require for the replacement of toxic lead and chromate pigments with nontoxic but very
effective pigments3. The main applications of hydroxyapatite are its use as a coating of metallic prostheses, which
has two important functions: to protect the implant against corrosion and to improve implant’s biocompatibility
with the human body4. Since hydroxyapatite is very suitable and useful for the protection of implants against
corrosion it can be very functional even for steel protection like do other phosphate pigments5. Since this
consideration has not been previously studied, it has become the main theme of this work.

Experimental part
In order to select suitable synthesis conditions for the formation of a pure hydroxyapatite phase, the
thermodynamic stability of the hydroxyapatite Ca10(PO4)6(OH)2 in aqueous solution was analyzed and approved
in laboratory conditions. The selected suitable precipitation conditions (Ca/P=1, 1.67, 3; pH=7, 12) were adjusted
to synthesize pure hydroxyapatite to form Ca10(PO4)6(OH)2. For the synthesis of powders, 1M solutions of starting
compounds (Ca(NO3)2 · 4H2O, (NH4)H2PO4) were prepared. The precise concentrations of these solutions were
determined using analytical methods (titration, gravimetric and photometric analyses). Altogether, 12 samples
were synthesized at different synthesis conditions (Table 1, precipitation rate 2 ml/min). The prepared powders
were aged during 24 hours, filtered and washed with distilled water to neutral pH, then dried at 80 °C for 6 h.
The prepared samples were studied before and after aging in terms of particle size distribution (Mastersizer 2000
MU, Mie approach). Crystallinity and morphology were performed by an optical microscope (MP - 1326 and DinoLite Rack - MS 34 B) directly after precipitation and in 2 and 24 hours of aging. The phase composition of the
prepared powders was analyzed by the X-ray diffraction instrument (Rigaku MiniFlex 600). For their possible
application, preliminary corrosion tests were implemented, including determination of pH and resistivity of
aqueous suspensions of pigments (10 %), gravimetric determination of weight loss of steel plates, determination
of corrosion indicators and determination of corrosion indicators for the steel plates after being dived into
pigment extracts for 2 months and the change of pH and resistivity during this process. The formed corrosion
products were analyzed using optical microscope and their phase composition was determined by XRD analysis.
Next, for accelerated corrosion tests, pigments were distracted in water-based primer paint and applied on steel
plates and tested in corrosion testing chambers (Hydrotherm 519, Erichsen) during 3 weeks. The assessment of
the degradation of the coatings was made with respect to the degree of rusting, cracking, blistering, flaking, and
delamination according to ISO standards. Corrosion defects were also analyzed using an optical microscope. The
commercial pigments ZP-10 (mixture Zn3(PO4)2·2H2O and Zn3(PO4)2·4H2O; Heubach, Germany) and Zp-Bs-M
(mixture Zn3(PO4)2·2H2O and ZnO; France) were tested in parallel with the synthesized samples.
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Table I
Overview of the obtained samples and the synthesis conditions
Precipitation rate
Sample
Ca/P ratio
[ml·min-1]
1
1
5
2
1.67
5
3
3
5
4
1
5
5
1.67
5
6
3
5
7
1
0.5
8
1.67
0.5
9
3
0.5
10
1
0.5
11
1.67
0.5
12
3
0.5

pH
7
7
7
12
12
12
7
7
7
12
12
12

Result and discussion
Effect of synthesis conditions on pure hydroxyapatite formation
All prepared samples were studied by optical microscope after 2 hours and 24 hours maturation. In both cases,
agglomerates of small crystals of different sizes and shapes were visible. According to a result of the SEM analysis
of synthesized samples, hydroxyapatite phase was formed as nanocrystalline whose the size and shape of crystals
depend on the Ca/P ratio (Ca/P = 1 needle-shaped shapes are identified, Ca/P = 1.67 – tabular plates, Ca/P = 3 different needle-like shapes, tabular plates, and bulky formations) and pH (pH = 7 - larger and thinner particles,
pH = 12 - larger and smaller particles) and does not depend on the precipitation rate.
The particle size distribution of the samples was measured after 24 hours aging by the device Mastersizer 2000
MU. The signal evaluation was made using Mie scattering and the distribution curves and d10, d50, d90, and
distribution spans were obtained. Particle size measurements of all samples showed the values of d50 in range
from 1.8 to 16.4 μm. The results provide information on the size of the agglomerates, not the real size of the
crystals. Some dependence between the Ca/P ratio and the mean d50 and span was demonstrated. At the Ca/P
= 1 ratio, agglomerates with the highest span, distribution width and d50 (7.2-19.5 μm) were almost always
obtained. Conversely, at a Ca/P ratio of 1.67, lower d50 values (1.8-7.7 μm) were always obtained.
The phase composition of the samples was determined by XRD analysis. Two distinct structures of hydroxyapatite
have been identified: monoclinic and hexagonal. Figure 1 shows the diffractogram of sample 1 containing the
hydroxyapatite diffraction line Ca10(PO4)6(OH)2 with the following parameters: hexagonal crystalline system;
space group P63/m. Figure 1 also shows a diffractogram of sample 2 containing the hydroxyapatite diffraction
line Ca10(PO4)6(OH)2 with the following parameters: monoclinic crystalline system; space group P21/b. These
structural types of hydroxyapatite were selected based on the lowest value of FOM (figure of merit), i.e., based
on the best match. The crystal size was calculated from the diffractogram based on the diffraction line width
using the Scherrer equation, Williamson-Hall (WH)6 and the Halder-Wagner (HW) method7. Comparison of the
crystal size results obtained from SEM and XRD analysis revealed that the minimum dimensions of SEM analysis
were comparable to the maximum dimensions of XRD analysis. In general, SEM analysis shows a larger crystal
size. This phenomenon can be explained by the fact that for the maximum crystal size analysis the largest
particles that are visible in the SEM images are selected. The contributions of these largest particles to the
average crystal size are small. Further, this phenomenon can be explained by the fact that the largest crystals
visible in the SEM figures are made up of smaller crystals.

171

ICCT 2018 | PROCEEDINGS

INORGANIC TECHNOLOGY

Figure 1. Diffractogram of sample 1 (hexagonal HAP); b) diffractogram of sample 2 (monoclinic HAP)
Effect of pure hydroxyapatite on corrosion efficiency
Measurement of pH and resistivity of aqueous suspensions of pigments is designed to stimulate the working
conditions of pigments. Figure 2 shows the change in pH and conductivity of the pigment suspension during 28
days. From the measured values, hydrolysis of pigment ions prefers the formation of acid species, leading to a
reduction of pH. The conductivity of the samples was very different, but in general, it increased indicating that
the concentration of dissociated ions has increased over time.

Figure 2. Results of preliminary corrosion tests: change of the pH and conductivity of the pigment suspensions
during 28 days of aging
The aqueous suspensions of the pigments were filtered and the pigments extracts were used for the evaluation
of weight loss of steel plates, which were submerged in it during 2 months. During the test, significant color
change of the extracts due to release of corrosion products was observed. At the same time, the district increases
pH also indicated intense corrosive processes. However, for all samples, the conductivity value decreased. This
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means that the dissociated ions from the pigment extract have been involved in the formation of a protective
layer on the steel surface.
Next, corrosion indicators were calculated on basis of corrosion losses of steel plates. On basis of the corrosion
indicators, the samples can be divided into 3 groups according to their anticorrosion efficiency. The first group
includes samples with high corrosion efficiency that prevent corrosion processes. The concentration of
phosphates in these extracts is sufficient to inhibit corrosion and phosphate protective coating, which is related
to the average range of conductivity and Vivianite formation. The second group includes samples that did not
show anticorrosive properties. The concentration of phosphates in these extracts is insufficient for corrosion
efficiency, which is related to the low conductivity value and the formation of FeO(OH) as the major corrosion
product. The third group includes samples that promote corrosion. In these samples, the corrosion processes
were very intensive, which may be explained by the intensive reaction between the leachate and the steel
substrate. Conductivity values were very high, causing expressive surface damage and FeO(OH) formation. For
the accelerated corrosion tests, samples of 1, 2, 3, 5 and ZP-10 were selected. Examples of coating degradation
for the selected samples are shown in Figure 3. The evaluation of the degradation of the coatings after the
accelerated corrosion test showed that the best corrosion properties exhibit sample 5 and the worst is sample
3. The least damaged sample is the sample ZP-10 (commercial pigment). For all tested HAP samples, the
formation of small crystals on the coating surface was observed (Fig. 3). XRD analysis of these crystals identified
only organic compounds in their phase composition, which indicate destruction of the coating in testing corrosion
chamber. Consequently, HAP samples showed poor corrosion properties for coating applications in comparison
to standard pigment (ZP-10). The poor corrosion properties of sample 3 in the accelerated corrosion tests agree
with the results of preliminary corrosion tests.

Figure 3. Appearance of coatings after accelerated corrosion test

Conclusion
The selected synthesis conditions are suitable for the formation of crystalline hydroxyapatite phase.
On basis of preliminary corrosion tests, pigments were divided into 3 groups according to their anticorrosion
effectivity: pigments with high anticorrosion efficiency; pigments without anticorrosion properties; pigments
that promote corrosion. The samples of needle-like crystallites of smallest size show the best anticorrosion
efficiency (sample 1). Preliminary corrosion tests show that some samples of HAP have higher anticorrosive
effectivity then the commercial pigments (ZP-10).
From the accelerated corrosion tests, it is obvious, that HAP samples have deficient corrosion inhibition
properties for coating applications compared with the commercial pigment. The poor corrosion properties of the
pigments in the coating may be related to their low compatibility with the coating, which could be solved by
surface modification of the pigment.
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Abstract
Wet flue gas desulphurisation (FGD) process with ground limestone is the most frequently used technology for
the Flue Gas Desulphurisation (FGD) process. This contribution is devoted to the testing of the reactivity of CaCO3
prepared from FGD gypsum (FGDG) by the reaction with ammonium sulphate. The reactivity of limestone was
evaluated on the basis of the rate of the reaction between 1 M HCl added to the water suspension of precipitated
and/or ground limestone, keeping pH at constant value – approximately 4. It was found that the reactivity of
limestone prepared from FGDG is lower in the beginning of the reaction in comparison with ground limestone
mineral. However, in the whole reaction range, all studied limestone samples showed approximately the same
reactivity. The obtained results suggest that CaCO3 prepared from FGDG is a suitable material for the
desulphurisation process. Consequently, demands for the fresh ground limestone may be minimised. Ammonium
sulphate as a side product from the conversion of FGDG is a valuable fertilizing component.

Introduction
Supply of energy is inevitable condition for the existence and development of life on the Earth. Fossils fuels are
still the main energetic source. However, fossil fuels are also responsible for the production of CO2, important
glass house gas. This is why new approaches to the sustainable development are required. International Energy
Agency (IEA) every year updates historical data and outlook for the decades1. Generally, three scenarios are
considered; (i) current policies, i.e. no changes in the energy policies of individual countries, (ii) new policies, i.e.
assumption of lowering energetic demands and a higher utilization of renewables and the so called „450
scenario“, what means keeping the content of CO2 in the atmosphere at the level lower than 450 ppm. (If the
increase in CO2 content continues linearly the value 450 ppm would be reached in 2040). The „450 scenario“
should ensure only 1.5 °C increase in the temperature at the end of 21st century. Huge fuel firms also analyse the
history and prepare forecasts for the future2,3. Situation in the EU and the outlook for the future is available in
the relevant EU documents4. A rather complex and comprehensible material is available from the British Petrol
(Figure 1).

Figure 1. Primary energy demand according to BP energy outlook (toe, tonne of oil equivalent
= 41 868 000 kJ)2.
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Endeavour for minimising the exploitation of fossil fuels is evident, but the coal remains important at least till
the year 2050. If world resources of coal (available according http://www.worldometers.info/at least for 400
years) are taken into account, utilization of coal as energy and chemical raw material should be expected even
for longer time. Besides other impurities, various sources of coal contain from 0.1 up to 4 % of sulphur. At the
average level, the sulphur content equals to 0.7 wt. % and by burning about 5.6 Gtce (tce, tone coal equivalent
= 29 411 765 kJ) about 70 Mt of SO2 would be generated5. Harmful effects of SO2 on living organisms are generally
known, therefore treatment of flue gases is necessary5. Recently, we have summarized desulphurization
techniques, whereas the wet limestone procedure is one of the most frequently used6. The limestone
desulphurisation process requires a source of good quality (purity) limestone. Usually at least 96 % of CaCO3 is
required. If cheap limestone is not accessible, the conversion of gypsum formed in the desulphurization process
with (NH4)2CO3 to CaCO3 and (NH4)2SO4 might be attractive7,8. In the framework of the project EGYVACHEP (20152018) aimed on the utilization of flue gas desulphurisation gypsum (FGDG) the utilization of the CaCO3 formed
during the conversion of FGDG is one of investigated areas. This contribution is focused on the comparison of
the CaCO3 prepared from FGDG and milled limestone used for desulphurisation. Knowledge of properties of
limestone is very important for the control and successful operation of the Flue Gas Desulphurisation process9.
According to the reaction (Eq. 1) running during desulphurisation process, the most objective testing would be
with SO2 in the air opened water slurry system with CaCO3.
CaCO3(s) + SO2(g) + ½ O2(g) + 2 H2O(l) à CaSO4.2H2O(s) + CO2(g)

(1)

However, the reaction of CaCO3 with diluted inorganic acid, e.g. H2SO4 or HCl (Eq. 2) at virtually constant pH can
also give a good evaluation of limestone reactivity9,10.
CaCO3(s) + 2 HCl(aq) à CaCl2(aq) + CO2(g) + H2O(l)

(2)

Experimental
Six samples of limestone were tested: (i) ground natural mineral sample LietLuc, (ii) precipitated limestone from
paper industry Monkal, (iii)-(vi) laboratory samples V1 - V12, prepared by the conversion of FGDG with NH3 and
CO2 in water solution. Content of CaCO3 in all samples was higher than 90 %. Ground mineral sample consisted
mainly of calcite. Laboratory samples contained mainly aragonite and/or vaterite with the addition of calcite.
Particle size of all the samples was in the range (20-25) µm.
About 1.500 g of the dried powder of limestone sample was added to 200 mL of deionized water and stirred by
magnetic stirrer (500 rpm) for 5 min at laboratory temperature (25 ± 0.5) °C. The suspension was titrated with 1
M HCl at constant value of pH equal to 4. The control of pH was established by the control loop consisting of pH
electrode computer and switcher controlling the peristaltic pump dosing the solution of HCl. Dependence of the
amount of added HCl on time was monitored every second. The maximum length of experiment was 60 min.
Conversion of limestone was calculated with respect to the total weight of the sample.

Results and discussion
Figure 2 illustrates the reactivity of the two samples of ground limestone and four samples of limestone prepared
from FGDG. As can be seen the initial rate of the reaction of ground mineral limestone is higher in comparison
with other samples. However, when 50 % conversion was achieved, the reactivity significantly decreased. All the
laboratory samples exhibited higher reactivity than was the reactivity of ground mineral limestone, which favours
them for exploitation for the FGD process.
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Figure 2. Comparison of the reactivity of various limestone samples.
The effect of particle size on the starting reactivity is demonstrated in Fig. 3. As expected, the reactivity lowers
with the increase in the particle size. Nevertheless, the dependence is not unambiguous. The difference in
reactivity can be attributed to different composition of individual samples, as can be seen in Fig. 4.

Figure 3. The time required to achieve 10 % conversion for various samples of limestones depending on the
average particle size.

Figure 4. The time required to achieve 10 % conversion for limestones V1-V12 depending on the content of
calcite.
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Conclusions
¥ All the laboratory prepared limestone samples reached conversion with 1 M HCl under conditions mentioned
in the paper exceeding 80 %.
¥ Ground mineral limestone exhibited after 60 min conversion lower 70 %.
¥ Reactivity of ground limestone was higher in the beginning of the reaction. However, it significantly decreased
when 50 % conversion was achieved.
¥ The reactivity of the laboratory limestone was slightly lower in the beginning, but it held approximately
constant value during whole reaction interval.
¥ Content of aragonite in the samples of limestone contribute to the increase of its reactivity.
¥ The obtained results allow saying that limestone prepared by the conversion of FGDG with NH3 and CO2 is
suitable material for the desulphurisation process. (NH4)2SO4 formed during the conversion of the FGDG with
NH3 and CO2 can be used as valuable fertilizer.
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Abstract

Proper understanding of moisture and salt transport in porous building materials is crucial for the assessment
of their durability. One of the most important transport process is a diffusion. The rate of transport of ions in
pore system of construction materials is thus of primary importance in service life prediction of building materials
and structures. The transport of Ca2+ in sandstone was studied as model system; two types of experiment were
performed: a) by using of dry sample and b) by using of 24h-prewetted sample of selected sandstone. The
experiment was performed under laboratory conditions in a two-side plexiglass box at ambient temperature 20
± 2 °C for a period of 1,820 hours. Calcium concentrations were analysed chelatometrically. The results indicated
that initial conditions are of importance regarding the transport of ion in porous body.

Introduction
It is generally known that various salts can degrade porous building materials. Most of the studied ions are anions
as chlorides, sulphates or nitrates e.g. 1,2,3. Effects and transport processes of cations have not been studied so far.
Transport of salts can be researched experimentally or theoretically. However, most of building materials has
been tested as dry samples but this state is very artificial in experimental studies. All building materials are
exposed to moisture and other physical-chemical factors in the environment. Moisture is however very
important in physical transport of inorganic salts and degradation of building materials, e.g.4,5,6.

Experiment
Model sandstone was quarried in Podhorní Újezd near Hořice (CZ). It is a sandstone containing 84% of quartz
clasts while the rest of matter is matrix containing mainly kaolinite (Figure 1). The pore size distribution obtained
by Mercury Intrusion Porosimetry (Figure 2) revealed that the pore system of sample Hořice is bimodal due to
presence of clayey matrix. It introduces second pore system of average diameter about 0.2 um. Nevertheless the
capillary pores of size around 40 um are present in Hořice as well. The higher content of clay minerals in rock
Hořice is responsible for its higher specific surface area.
CaCl2 (99% purity) from Lach-Ner Ltd. was used in the experiment. The tested concentration of CaCl2 was 4 g.l–1.
The solution was prepared by mixing of appropriate amounts of powder CaCl2 with distilled water the day before
start of the experiment.

Figure 1. Hořice sandstone – under a light microscope and as the circular sample used in the experimental box
(photos K. Kobetičová)
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Figure 2. Cumulative pore size distribution curves of Hořice sandstone
A box made of transparent plexiglass was used in the experiment (see Fig. 3). Dry or pre-wetted (24 h) sandstone
sample of disks shape (d = 5 cm, h = 1 cm) were sealed with silicone in a circular aperture cut in the plexiglass
panel splitting the box into two chambers. One of the chambers (chamber A) was filled with 500 ml of distilled
water, while the other chamber (chamber B) was filled with calcium solution. The box was closed by a plexiglass
lid. The box was placed on a table at ambient temperature 20 ± 2 °C for a period of 1,820 hours. The amount of
calcium diffused through the sample was measured in chamber A by titration in selected time periods.

Figure 3. A plexiglass box used in the experiment (photo K. Kobetičová)
A 0.05 M solution of chelaton III was used to measure the calcium amount. Namely, 500 µl of a 5 M solution
of KOH was added to a specific amount of the monitored aquatic sample from chamber A and colored by murexid
red indicator7. Then chelaton III was dropping to the sample by an automatic byrette. When the titration was
finished, the solution had violet color. The amount of titration reagent was used for the calculation of the calcium
concentration (cCa) as the ratio VchMchMCa/Vsam, where cCa is the calcium concentration (mg.l–1), Vch is the volume
of used chelaton (ml), Mch = 0.05 is its molarity, MCa = 40 g mol–1 is the calcium molar mass, and Vsam is the volume
of analyzed aquatic sample (ml). The number of moles of calcium was calculated as n = cCaV/MCa, where V is the
volume of chamber A.
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Discussion and result analysis
Results of our experiments showed that amount of calcium (n, mmol) was increased according to the following
formulae in the case of dry sample: y = 0.015x + 0.008 (R² = 1), where y is a cummulative amount of calcium
(mmol) and x is a time of exposition (hours). On the other hand, calcium mass was more than twice lower for
pre-wetted sample in comparison to dry sample and the data are not so linear (see Figure 4). The equation of
the linear curve is in this case y = 0.006x – 0.654 (R² = 0.9291). Calcium started to diffuse through the dry sample
in a shorter time (during 24 hours) than through the previously wet sample (during 144 hours) and its mass was
more than twice higher for dry sample than for previously wet sample (see Figure 4). The effect on the reduction
of the rate of calcium diffusion by a pre-wetted sample has the effect of rapid advection of the sample with water
and its subsequent equilibrium saturation in this study. The calcium ions therefore do not transport the sample
at such a velocity, and their movement is probably influenced by other mechanical and physico-chemical
processes.
Unfortunately, we cannot compare our results with data from literature because the studies have been mostly
focussed on diffusion of anions (chlorides, sulphates, nitrates)1,2,3. One study8 describes only effects of calcium
chloride on concrete but not on its diffusion. The authors determined that the most destroyed effect has the
combined salt solution (MgCl2 + CaCl2) followed by pure CaCl2 after 60 days, which simulates using a synergistic
maintenance and protective strategy for concrete pavements in winter. NaCl destroyed samples only partially
without visible changes after 540 days8 but pure CaCl2 can produce reversible formation of high and low density
reaction products8. The authors used higher concentrations for crystals production under chemical
degradation of hardened concrete exposed to > 3 mol.l-1 but we used much lower calcium concentration and
from this reason we did not observed treated samples under microscope in our study.
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Figure 4. Results from experiments with dry and pre-wetted sample – cumulative calcium amount (mmol)
diffused through sample during the 1,820 h of exposure

Conclusion
The results of our study indicate that pre-wetting of sample has the significant effect on amount of calcium
diffused through the tested sample. It is important to note that the design and planning of the experiment has a
major effect on the resulting values, and it is therefore always advisable to include the wet and dry specimen
variants.
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Abstract
This paper was emphasised on evaluation the effect of heat treatment on microstructure and hardness off
AlSi7CrMnCu2.5 alloy. Gravitationally casted specimens were exposed to heat treatment. This process consists
of homogenization annealing and artificial aging. For purposes of this research, the aging temperature was varied
(150, 170 and 190 °C). The change of alloy microstructure was examined via optical and scanning electron
microscopy (with EDX). The link between changes in microstructure and changes of hardness according to Brinnel
and microhardness according to Vickers was evaluated. The main aim of this research was finding optimal aging
temperature from the point of view of hardness and microhardness of AlSi7CrMnCu2.5 alloy.

Introduction
Since aluminium alloys are ones of the most available alloys within all types of industry, their improvement is
constantly demanded. In order to enhance mechanical properties of the most used material, new chemical
composition of aluminium based alloys are needed to invent. Due to its usage, hardness is the most required
property. This quality can be also reached by artificial age hardening due to structural changes happening during
the aging process1. But the main precondition to harden Al-Si alloys is the presence of hardening elements (such
as Cu). Also presence of Cr increases the hardness of final material when being exposed to thermal stress2. And
finally Mn is added in order to eliminate undesirable effect of ferric impurities present in Al-Si alloys2. Hardening
alloys was always subject of a number of researches. Knowledge of alloying elements is known since the
beginning of 20th century. Copper was found to be a precipitating element within Al-Si based alloys3. Thermal
treatment is also used to enhance hardening process4. Therefore finding the optimal chemical composition in
combination with heat treatment is the aim of this paper.

Experiment
For purposes of this research, unstandardized alloy was casted and its properties were examined. Chemical
composition of invented alloy was based on authors’ former research. Samples were gravitationally casted into
pre-heated metal form. Conditions of conducted experiment are described in Tab. I. The bath was
subsequently purified by refining salt. Casted samples were cylindrically shaped with 210 mm length and 20
mm diameter.
Table I
Conditions of the casting process
Temperature
pre-heated form
melting temperature
casting temperature
homogenization
quenching
artificial aging for sample B
artificial aging for sample C
artificial aging for sample D

[°C]
200
760
720
530
50
150
170
190

Hardening (also known as precipitation curing) represents one of the most used heat treatments of aluminium
alloys. These processes affect many material features and they consist of set of step. First step is homogenization
annealing consisting in heating followed by hold on dissolution temperature, at which alloying elements diffuse
into solid solution. This process is followed by its supercritical cooling in order to transfer solid
solution into unstable state, which creates needed conditions for following aging. Dissolution hold time depends
on thickness of cast and its original structure. Quenching is usually conducted in water at 20-70 °C. Next step is
artificial aging of the quenched cast, performed to dissolve intermetallic phases into solid solution and
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subsequently to harden it. For purposes of this research, the aging temperature was varied (150, 170 and
190 °C) and one sample wasn’t exposed to heat treatment as a blind sample. These samples were marked in
following way (A – not treated, B – treated at 150 °C, C – treated at 170 °C, D – treated at 190 °C).
All produced samples were subjected to chemical composition analysis throughout its length by handheld XRF
elemental analyser Innov-x DELTA. Changes in microstructure were examined via optical microscope OLYMPUS
LEXT OLS3100. Hardness of samples was examined according to ISO 6506-1 (62.5 kgf, 10 s, ball tip ø 2.5 mm) –
by Ernst XT 250. Microhardness was examined according to ISO 6507-1 (0.05 kg, 10 s) – by Shimadzu HMV2.
Change of microstructure within all samples was determinated by Scanning Electron Microscope Tescan VEGA 3
with an energy dispersive X-ray (EDX) detector.

Discussion and result analysis
Results of this paper were pointed to enhance hardness of Al-Si based alloys. Main goal of this research was
finding optimal heat treatment for new alloy according to changes of morphology of silicon particles and
subsequently change of size of intermetallic phases.
Chemical composition of invented alloy was based on authors’ former research and it analysis was conducted
via handheld XRF elemental analyser Innov-x DELTA. Its results are revealed in Table II.
Table II
Chemical composition of AlSi7CrMnCu2.5 alloy [wt. %]
sample
A

B

C

D
ø

#
1

Al

Si

Cr

Mn

Cu

Fe

Ni

89.11

7.05

0.49

0.64

2.50

0.20

0.012

2

88.55

7.32

0.54

0.71

2.65

0.20

0.008

3

88.97

7.32

0.51

0.66

2.36

0.18

0.009

4

89.32

6.73

0.53

0.65

2.54

0.22

0.003

1

88.78

7.46

0.44

0.58

2.21

0.21

0.011

2

88.31

7.77

0.50

0.66

2.54

0.70

0.013

3

88.48

7.42

0.53

0.65

2.7

0.21

0.012

4

88.83

7.47

0.46

0.60

2.47

0.17

0.010

1

88.41

7.53

0.48

0.68

2.68

0.19

0.012

2

88.82

7.51

0.43

0.59

2.46

0.18

0.000

3

88.74

7.53

0.47

0.63

2.45

0.17

0.005

4

88.00

7.84

0.49

0.68

2.79

0.18

0.010

1
2
3
4

89.05
88.37

7.10
7.77

0.47
0.52

0.65
0.58

2.53
2.55

0.20
0.19

0.000
0.008

89.12
88.32
88.68

7.13
7.84
7.46

0.44
0.50
0.48

0.63
0.60
0.63

2.49
2.54
2.52

0.19
0.18
0.23

0.001
0.011
0.01

The structural analysis was provided by optical microscope OLYMPUS LEXT OLS 3100 for all produced samples.
Figures 1-2 show the microstructural changes after heat treatment. Figure 1 shows non-treated sample and its
microstructure contents extensive amount of intermetallic polycomponent phases due to various alloying
elements present within invented alloy. The eutectic silicon is excluded into microstructure with needle-like
shape (see Fig. 1.). The heat treatment provides changes of eutectic silicon morphology into spherical shape
(see Fig. 2.).
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Figure 1. Microstructure of non-treated
AlSi7CrMnCu2.5 alloy (sample A)

Figure 2. Microstructure of AlSi7CrMnCu2.5 alloy
artificially aged at 190 °C (sample D)

SEM analysis was conducted for all produced samples by Tescan VEGA 3 with EDX Bruker X-flash analyser. Its
results correspond to optical microscope analysis. The microstructure of non-treated alloy has dendritic nature
(see Fig. 3), intermetallic phases are excluded by the grain boundaries (see Fig 4.). The intermetallic phase of
CuAl2 is presented in detail in Fig. 5.

Figure 3. SEM analysis of nontreated alloy (sample A)

Figure 4. SEM analysis of nontreated alloy (sample A)

Figure 5. SEM analysis of nontreated alloy (sample A)

Figure 6. SEM analysis of heat
treated alloy (sample D)

Figure 7. SEM analysis of heat
treated alloy (sample D)

Figure 8. SEM analysis of heat
treated alloy (sample D)

Changed morphology of silicon particles is definite from Figure 6. Precipitates are figured as light areas (see
Fig. 7). Figure 8 shows other intermetallic phases that haven’t been dissolved.
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Figure 9. Solid solution of non-treated
sample (sample A)
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Figure 10. EDX analysis record of non-treated sample
(sample A)

Table IV
Quantification results of EDX analysis of non-treated sample (sample A)
Element
Content [wt. %]
Content [at. %]
Aluminium
97.23
97.74
Silicon
2.00
1.94
Copper
0.77
0.33
Total
100.00
100.00
EDX analysis conducted within specific areas (see Fig. 9 - 12) proved dissolving intermetallic phase of AlCu2 into
solid solution after heat treatment (comp. Tab. IV and Tab. V).
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Figure 11. Solid solution of treated sample
(sample D)

-2

0

2

keV

4

6

8

Figure 12. EDX analysis record of treated sample (sample D)

Table V
Quantification results of EDX analysis of treated sample (sample D)
Element
Content [wt. %]
Content [at. %]
Aluminium
95.58
96.73
Silicon
1.90
0.82
Copper
2.52
2.45
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Total
100.00
100.00
Microhardness according to Vickers was evaluated for all produced samples and its results are shown in Table
VI. These results show increasing microhardness for treated samples (B, C and D).
Table VI
Microhardness [HV0.05] of untreated (A) and treated (B, C, D) AlSi7CrMnCu2.5 alloy
#
1
2
3
4
5
6
7
8
9
10
ø
A 74.4 77.1 74.1 73.1 71.0 76.9 78.2 75.1 76.9 78.2
75.5
B 84.3 83.4 84.2 82.2 83.6 82.7 81.4 84.5 87.4 83.6
83.7
C 78.6 82.2 77.9 84.5 81.4 80.4 81.8 78.8 81.4 80.0
80.7
D 81.8 82.8 80.0 84.0 80.4 82.1 79.1 86.8 79.7 82.1
81.9
Hardness according to Brinell was evaluated for all produced samples and its results are shown in Table VII.
Also these results establish increasing hardness for heat treated samples (B, C and D).
Table VII
Hardness [HB10] of untreated (A) and treated (B, C, D) AlSi7CrMnCu2.5 alloy
#
1
2
3
4
5
6
7
8
9
10
A 82
79
84
82
79
80
81
79
80
82
B 82
79
82
79
83
78
84
83
85
86
C 85
85
84
87
85
85
87
89
85
88
D 88
88
14
91
98
96
90
91
95
94

ø
81
82
86
95

Comparison of hardness and microhardness for all samples is presented in Figure 13. According to hardness and
microhardness of AlSi7CrMnCu2.5 alloy optimal heat treatment was found at 190 °C regime.

Hardness and Microhardness of of AlSi7CrMnCu2.5 alloy
95,00

100,00
80,00

75,50

81,00

83,73 82,00

80,70

86,00

81,88

60,00
40,00
20,00
0,00

sample A

sample B
Microhardness [HV]

sample C

sample D

Hardness [HB]

Figure 13. Measured values of Hardness according to Brinell and Microhradness according to Vickers for all
produced samples

Conclusion
This research focused on the evaluation of heat treatment on of AlSi7CrMnCu2.5 alloy according to its
mechanical properties (hardness and microhardness). Gravitationally casted samples were exposed to three
regimes of heat treatment (150, 170 and 190 °C). All produced samples were subjected to chemical
composition analysis throughout its length by handheld XRF elemental analyser. The change in microstructure
after heat treatment was evaluated by optical microscope and scanning electron microscope with EDX
analyser. Structural analysis proved presence of eutectic silicon particles shaped into hexagonal plates. Heat
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treatment process changes their morphology into rounded shapes. Intermetallic phases of AlCu2 excluded by
the grain boundaries were also dissolved into solid solution. These results correspond to EDX analysis, where
amount of copper in solid solution increases in heat treated sample. These structural changes lead to
enhancing mechanical properties, such as hardness and microhardness of AlSi7CrMnCu2.5 alloy. Hardness of all
produces samples was examined according to Brinell and microhardness was evaluated according to Vickers.
All results show increase of hardness and microhardness after heat treatment of AlSi7CrMnCu2.5 alloy.
Comparison of all heat treatment regimes from the point of view of hardness and microhardness found optimal
artificial aging at 190 °C. These parameters of artificial aging caused 8.5 % increase of microhardness and
17.3 % increase of hardness.
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Abstract
Rapidly solidified aluminium alloys with transition metals are known for their good mechanical properties and
thermal stability. Rapid solidification enables presence of metastable quasicrystalline phase and supersaturated
solid solution in the alloy. Metastable quasicrystalline phase and solid solution supersaturated with Mg or Cu can
lead to self-healing properties. Aluminium alloys alloyed by Mg or Cu could also be healed through phase
transformation. The aim of this work was to evaluate of microstructure and mechanical properties during shortterm annealing and based on the obtained results also to choose suitable temperature for sintering. The work
also describes mechanical properties during long-term annealing to find conditions for subsequent heat
treatment. The right sintering temperature has been chosen 400 °C. Base alloy should be heat treated at 400 °C
for 1 h to achieve the maximal microhardness. Alloys alloyed by Mg or Cu should be heat treated for 10 h at
400 °C for the same purpose.

Introduction
Aluminium alloys are known for their good strength-to-weight ratio. For that, they are used in automotive and
aerospace industry. However, their application is limited because of their poor thermal stability, which allows
utilization only to 250 °C. For higher temperatures, it is possible to use more thermally stable aluminium alloys
alloyed by transition metals (TM) e.g. Cr, Fe processed by unconventional powder metallurgy processes such as
rapid solidification. Transition metals are able to stabilize structure and resulting mechanical properties at higher
temperatures due to their low diffusivity and solubility in aluminium matrix 1. However, Al-TM alloys produced
by conventional melting metallurgy processes contain coarse and brittle intermetallic particles, which serve as
sites of crack nucleation and growth2. This problem can be solved by using rapid solidification techniques (RS) e.
g. melt spinning instead, which refine the microstructure.
Rapid solidification also enables presence of metastable quasicrystalline phase and supersaturated solid solution
of alloying elements in aluminium matrix, which could lead to self-healing properties. Self-healing properties
mean the ability of alloy to close crack initiated during materials utilization3. Quasicrystalline phase could close
the crack by its transformation at higher temperatures to more stable and larger crystalline phase4. This selfhealing mechanism has not been proven yet. Self-healing mechanism of supersaturated solution is already
known as dynamical precipitation. The solid solution must be supersaturated by elements such as Mg or Cu5. The
crack is closed by intermetallic particles, which precipitate under applied stress (or heat treatment). The last
possible self-healing mechanism could be high-temperature transformation, which occurs at annealed alloy by
crossing solvus line during cooling. This mechanism was observed at Al-30Ag alloy. The crack has been closed by
Ag2Al particle3.
The aim of this work was to evaluate microstructure and mechanical properties of Al-Cr-Fe(-Mg, Cu) ribbons
during short-term annealing to simulate the influence of temperature during spark plasma sintering (SPS) process
and to choose the sintering temperature. This paper also describes microhardness evolution during long-term
annealing with the aim to find possible conditions for subsequent heat treatment.

Experiment
Ingots of alloys Al-6Cr-4Fe, Al-13Cr-4Fe-6Mg and Al-9Cr-4Fe-2Cu were prepared by vacuum induction melting of
master alloys and pure metals under a protective argon atmosphere. Ingots were remelted and melt-spunned
on a planar flow casting device with the circumferential velocity 40 m.s-1 of the cooling wheel. Annealing was
performed at 400, 450 and 500 °C for 15 min, 1, 10 and 100 h. Microstructure was investigated by Olympus PME3
light microscope. The phase composition was studied by X-ray diffraction using a PANalyticalX’Pert Pro device.
Mechanical properties of ribbons were examined by microhardness measurements with load 0.005 kg (HV 0.005)
on a device FM-700.
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Discussion and result analysis
Microstructure
As-spun ribbon Al-6Cr-4Fe was composed of Al matrix and quasicrystalline phase Al80(Cr,Fe)20 (Fig. 1). Wheel side
of the ribbon, where the cooling is more intensive, was free of the quasicrystalline phase (Fig. 2a). The
microstructure did not change on 15 min annealing up to temperature 450 °C. Annealing at 500 °C led to the
precipitation of small intermetallic particles from the supersaturated solid solution (Fig. 2b). These particles were
proved to be Al13Cr2 by X-Ray diffraction (Fig. 1). Part of Al13Cr2 can also came of decomposition of the
quasicrystalline phase.
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Figure 1. X-ray patterns of Al-6Cr-4Fe ribbon

Figure 2. Microstructure of Al-6Cr-4Fe ribbon: (a) as-spun; (b) annealed at 500 °C/15 min
As-spun ribbon Al-13Cr-4Fe-6Mg contained quasicrystalline phase Al80(Cr,Fe)20 embedded in another
quasicrystalline phase Mg3Cr2Al18 (Fig. 3). The microstructure was very fine (Fig. 4a) and did not change on 15
min annealing up to temperature 450 °C. The microstructure coarsened at 500 °C (Fig. 4b). On annealing at all
temperatures, phase Mg3Cr2Al18 changed its crystallographic arrangement from icosahedral to cubic (Fig. 3). The
change was only partial at 400 °C. Annealing at higher temperatures also led to the decomposition of Al80(Cr,Fe)20,
as the phase Al13Cr2 was detected.
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Figure 3. X-ray patterns of Al-13Cr-4Fe-6Mg ribbon

3
Q
3 31
3
Q

3
q
q

3 31

1
q

100

120

Figure 4. Microstructure of Al-13Cr-4Fe-6Mg ribbon: (a) as-spun; (b) annealed at 500 °C/15min
Ribbon Al-9Cr-4Fe-2Cu was composed of Al matrix and quasicrystalline phase Al80(Cr,Fe)20 (Fig. 5). The
microstructure of as-spun ribbon was very fine (Fig. 6a) and coarsened on annealing at 500 °C (Fig. 6b). After
annealing at 400 °C, cubic phase Mg3Cr2Al18 was detected (Fig. 5). Presence of Mg containing phase points to
some content of Mg. This could be possible, as the alloy was designed as Al-Cr-Fe-Mg-Cu alloy. Previous X-ray
fluorescence analysis showed only small content of Mg, but it could be distributed heterogeneously. Annealing
at 500 °C led to the decomposition of quasicrystalline phase to the phase Al13Cr2 (Fig. 5). Part of Al13Cr2 can came
of precipitation of supersaturated solid solution.

191

ICCT 2018 | PROCEEDINGS

MATERIAL ENGINEERING
30000

1 – α-Al
2 – Al13Cr2
3 – Mg3Cr2Al18 (cubic)
Q – Al80(Cr,Fe)20

25000

3

Intensity

20000

15000

3

3

3

3
3

3 Q

3

3

1
3
1

3 3

Q

0

20

Q

3

1 3

3 Q1
3
Q

3

1 3

3
Q 1
1 3

3

1
Q

40

3

3 31

1

3

1 Q
1
Q

5000

0

1

21
3
2
3
3 3 2
2

33 Q

3

10000

2
3
3

2

annealed (500 °C, 15 min)
annealed (450 °C, 15 min)
annealed (400 °C, 15 min)
as-spun

60
80
2Θ [°]
Figure 5. X-ray patterns of Al-9Cr-4Fe-2Cu ribbon

3
Q

1

3
Q

1

Q

1

1

100

120

Figure 6. Microstructure of Al-9Cr-4Fe-2Cu ribbon: (a) as-spun; (b) annealed at 500 °C/15 min

192

ICCT 2018 | PROCEEDINGS

MATERIAL ENGINEERING
Microhardness
The microhardness of the ribbon Al-9Cr-4Fe was constant on annealing at 400 °C (Fig. 7), except the annealing
for 1 h, when the microhardness increased. Annealing at 450 and 500 °C led to small decrease of microhardness
with local maximum on annealing for 1h.
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Figure 7. Microhardness of Al-6Cr-4Fe ribbon vs annealing time
Annealing of ribbon Al-13Cr-4Fe-6Mg led to the hardening (Fig. 8). Hardening was faster at higher temperatures.
At temperatures 450 and 500 °C, the microhardness achieved maximum for 1h annealing. The ribbon reached
maximal microhardness after annealing at 400 °C for 100 h.
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Figure 8. Microhardness of Al-13Cr-4Fe-6Mg ribbon vs annealing time
The microhardness of ribbon Al-9Cr-4Fe-2Cu increased with annealing time with its maximum after annealing for
10 h at 400 °C (Fig. 9). Ribbon annealed at 450 and 500 °C reached maximal microhardness for annealing time
1 h. Annealing for 100 h led to the decrease of microhardness.
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Conclusion
Short-time annealing showed that the sintering at 450 or 500 °C can lead to a crystallographic arrangement from
icosahedral to cubic of phase Mg3Cr2Al18. Because of that, the ribbons should be sintered at temperature 400 °C.
If the properties of bulk materials remain the same as the one of initial ribbons, the harness of bulk material
would be possible to influence by subsequent thermal treatment. Prepared compacted Al-6Cr-4Fe alloy should
be heat treated at 400 °C for 1 h, as the alloy reaches the maximal microhardness after this annealing. Compacts
of Al-13Cr-4Fe-6Mg and Al-9Cr-4Fe-2Cu alloys should be heat treated at 400 °C for 10 h. Ribbon Al-13Cr-4Fe-6Mg
reached maximal microhardness after 100 h annealing at temperature 400 °C, but the increase was not big.
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Abstract
Graphitic carbon nitride (g-C3N4) was prepared by the thermal polymerization of melamine. The resulting yellow
product (bulk g-C3N4) was further thermally exfoliated and the photocatalytic activity of both bulk and exfoliated
g-C3N4 was evaluated by the photocatalytic degradation of Acid Orange 7 (AO7). The structure of the prepared
samples was studied using X-ray diffraction (XRD), the morphology of particles was observed by scanning (SEM)
and transmission electron microscopy (TEM). Specific surface area (SBET) was measured by BET method and band
gap energy (Eg) was determined using an UV-VIS diffuse reflectance spectrometry (DRS). Valence band (EVB) and
conduction band energies (ECB) were calculated. The characterization methods proved exfoliation process which
was demonstrated by the formation of nanosheets with obviously higher specific surface area. The photocatalytic
activity of exfoliated g-C3N4 was significantly increased in comparison to bulk one.

Introduction
Recently, the photocatalytically active graphitic carbon nitride attracted the attention of research community as
a promising material for many applications in the field of photodegradation of harmful substances occurring in
the environment1,2. Graphitic C3N4 has an excellent thermal stability, high chemical inertness and is considered
as a non-toxic material with superior electrical property3,4. Usually, the reported band gap of this material is 2.7
eV, which corresponds to the wavelength of 450 nm and enables activation of g-C3N4 by solar light. Several
methods of g-C3N4 preparation have been reported but the thermal condensation of melamine, diciandiamide
or urea is the most often used ones.
The particles of g-C3N4 are closely packed and this material is often called bulk g-C3N4. The main characteristic of
bulk g-C3N4 is that the layers are stacked together thanks to Van der Waals forces existing between individual
layers. The layered structure of g-C3N4 can be further exfoliated to obtain the graphene like single g-C3N4
nanosheets. The known methods used for exfoliation of g-C3N4 comprise mainly ultrasonic, chemical and thermal
exfoliation methods. In comparison to bulk g-C3N4, exfoliated g-C3N4 presents larger specific surface area, unique
electronic and optical properties as well as improved photocatalytic activity.
Zhang et al.5 prepared exfoliated g-C3N4 using ultrasonic treatment of bulk g-C3N4 which was synthetized by
thermal polycondensation of melamine. Cheng et al.6 observed increased photocatalytic activity of g-C3N4
prepared by treatment with sulphuric acid. Already mentioned thermal stability of g-C3N4 enables application of
the thermal exfoliation process which is more convenient with respect to other methods. Exfoliated g-C3N4 is
formed directly and there is no necessity for the separation of liquid phase and subsequent drying as in case of
ultrasonic process. Svoboda et al.7 used the thermal exfoliation of bulk g-C3N4 to produce g-C3N4 nanosheets
showing about 10 times higher SBET and 6 times higher photodegradation activity of phenol under VIS irradiation
(416 nm) than bulk g-C3N4.
In the present work, we focused our research on the thermal exfoliation of g-C3N4 prepared by 4h long thermal
treatment of melamine at 550 °C. Different conditions during the exfoliation process were tested and some
effects on optical properties and morphology of resulting g-C3N4 samples were evaluated. Effect of the exfoliation
conditions on the photocatalytic properties was studied by the photocatalytic degradation of a model organic
dye Acid Orange 7.

Experimental details
Materials
Melamine (≥ 99 %) was purchased from Sigma Aldrich, AO7 was obtained from Synthesia a.s. Redistilled water
was used for all the experiments.
Characterization methods
Scanning electron microscopy was performed using a microscope Quanta FEWG 450 equipped with detectors
EDS Apollo X (EDAX), ETD and BSE and with a camera EBSD HIKARI (EDAX). Before the SEM analysis the samples
were sputtered by gold (Polaron Range SC 7640) in argon atmosphere. Transmission electron microscopy was
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performed with a JEOL 2100 microscope with LaB6 electron gun. The accelerating voltage of 200 kV was applied.
Before the TEM analysis the samples were prepared by dispersion in ethanol and then sonicated for 5 minutes.
A Bruker D8 Advance diffractometer (Bruker AXS) equipped with a source of the CuKα radiation (λ = 0.15406 nm)
and a fast position sensitive detector LynxEye was used for the registration of XRD patterns. A Quantachrome
NOVA 4200e multi-station apparatus was used for us to the determination of specific surface area using BET
method at temperature 77 K and N2 was used as an adsorbate.
UV-VIS DRS spectra were measured with a Shimadzu UV-2600 spectrophotometer equipped with a IRS-2600Plus
integrating sphere attachment; the BaSO4 powder was used for a baseline recording.
Photocatalytic tests
A 3 position apparatus consisting of 3 electromagnetic stirrers and a 36 W black light tube emitting UVA light
with a maximum intensity at 368 nm was used for the photocatalytic tests. In a typical experiment, 0.0500 g of
sample was placed in a glass beaker together with 150 ml of redistilled water and 15 ml of the AO7 solution (7 ´
10-4 mol l-1) and stirred in dark for 60 min to achieve adsorption equilibrium. After the adsorption period the
suspensions were irradiated and 2 ml of each suspension was taken out in given time intervals and filtered using
syringe filters. The absorbance of resulting solutions was measured at 480 nm by an UV-VIS spectrometer Helios
Epsilon (ThermoSpectonic).

Results and discussion
The g-C3N4 samples were characterized by several common methods. The SEM images of g-C3N4 before and
after exfoliation are shown in Figure 1.

Figure 1. SEM images of bulk (a) and exfoliated (b) g-C3N4
As evident form Figure 1a, original bulk g-C3N4 exhibited a layered structure but the layers were firmly stacked
together. The morphology of exfoliated g-C3N4 shows a net-like structure originated due to the thermal
exfoliation. A detail view on exfoliated g-C3N4 obtained by TEM is shown in Figure 2. The preparation of the
exfoliated g-C3N4 samples for the TEM observation included the preparation of dilute suspensions with assistance
of ultrasound. Due to this fact the individual particles of g-C3N4 were better disintegrated and appeared as almost
single nanosheets (Fig. 2).
The XRD patterns of the bulk and exfoliated g-C3N4 samples are compared in Figure 3. The position of the 002
diffraction peak corresponding to the interlayer distance of 0.325 nm for bulk g-C3N4 was shifted to 0.322 nm in
the case of exfoliated g-C3N4 and crystallite size values calculated using Scherrer equation for this diffraction line
were 5.6 nm and 4.7 nm for the bulk and exfoliated samples, respectively. SBET showed the significant increase
of value from 14 m2g-1 of bulk g-C3N4 to 151 m2g-1 of exfoliated g-C3N4. The increase of the SBET values of the
exfoliated g-C3N4 by more than factor 10 correlates with the morphology of this sample observed by SEM (Fig. 1b)
and TEM (Fig. 2).
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Figure 2. TEM image of exfoliated g-C3N4

The diffuse reflectance spectra of the studied samples in the region of 300-800 nm are shown in Figure 4. The
relevant Tauc’s plots8 for the indirect bang gap9 are shown in Figure 5. For comparison the band gap energies
were also calculated considering the direct band gap of g-C3N410 because opinions of authors on the type of gC3N4 band gap type are not clear and unified so far (see Table I). The DRS spectrum of exfoliated g-C3N4 was blue
shifted in comparison to the bulk g-C3N4 spectrum. The band gap of the exfoliated g-C3N4 was narrower than that
of bulk one. The energies of valance band edges (EVB) and conduction band (ECB) edges were calculated using
empirical equations (1) and (2) as follows
(1)
(2)

E!" = X − E# + 0.5E$
E%" = E!" − E$

where X represents electronegativity of g-C3N4 (4.64 eV)11 and E0 is the energy of free electrons vs vacuum (4.5
eV). The calculated values are compared in Table I.
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Figure 4. DRS spectra of studied samples
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Comparison of the photocatalytic activity of bulk and exfoliated g-C3N4 for the AO7 degradation during UVA
irradiation is depicted in Figure 6. The photolysis of AO7 is also demonstrated in this figure.
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Table I
Band bap energy, valence band edge and conduction band edge obtained for studied samples
Indirect band gap
Direct band bap
Eg
EVB
ECB
Eg
EVB
ECB
Sample
[eV]
[eV]
[eV]
[eV]
[eV]
[eV]
bulk g-C3N4
2.70
1.49
-1.21
2.88
1.58
-1.30
exfoliated g-C3N4
2.78
1.53
-1.25
3.07
1.68
-1.39
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Figure 6. Photocatalytic performance of bulk and exfoliated g-C3N4
As obvious AO7 did not undergo the photolysis under UVA light and is suitable for the photocatalytic
experiments. The exfoliated g-C3N4 showed nearly 100 % decolouration of its aqueous suspension with AO7 after
210 min of irradiation, while bulk g-C3N4 showed approximately 50 % decolouration after the same time. In
general, the photodegradation process can be caused by the formation of superoxide and hydroxyl radicals due
to the reactions of electrons with dissolved oxygen and holes with water molecules and hydroxide, respectively.
The redox potentials for the radical systems are Eo(OH-/ OH•) = 1.77 or 1.89 V12, and Eo(O2 /O2•-) = -0.33 V13 and
Eo(OH•/H2O) = 2.74 V13. By comparing these magnitudes with the results in Table I it indicates that from the
thermodynamic point of view the only reactions with electrons from the conduction bands forming superoxide
radical and consequently hydrogen peroxide were possible as follows:
e- + O2 → O2•O2•- + H+ → HO2•
2 HO2• → H2O2 + O2
H2O2 + e- → OH• + OH-

(pKa = 4.8)

(3)
(4)
(5)
(6)

Therefore, the higher photocatalytic efficiency of the exfoliated g-C3N4 can be explained by its larger SBET.

Conclusion
Exfoliated g-C3N4 was successfully prepared by the thermal exfoliation process of bulk g-C3N4 prepared by
thermal polymerization of melamine. XRD proved the final product of exfoliation is g-C3N4 having the slightly
smaller crystallite size. SEM revealed fine character of the exfoliated g-C3N4 particles and TEM proved their
nanosheet like structure. The band gap of exfoliated g-C3N4 was blue shifted after the exfoliation process, which
could be attributed to reduction in the particle size. Exfoliated g-C3N4 exhibited 10x higher SBET. The significantly
improved photocatalytic activity of g-C3N4 after exfoliation was observed by the photocatalytic degradation of
AO7. It was attributed to the higher specific surface area of exfoliated g-C3N4. Exfoliated g-C3N4 seems to be the
very efficient photocatalyst for the degradation of not only dyes but also other organic compounds (pollutants)
in the environment. This research will be performed in future.
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HOW C4 HYDROCARBONS CAN BE EXPLOITED IN THE CURRENT CRUDE OIL REFINERY
Kittel H.
University of Chemistry and Technology, Prague, Technická 5, 166 28 Praha 6, Czech Republic

Abstract
Although C4 hydrocarbons (C4s) represent a minor part of a refinery’s material balance, they are of significant
interest due to their conversion potential. The C4 structures used in the formulation of Mogas typically include ibutane, n-butane, i-butene, and 1- and 2-butenes, but in most refineries these are not available in sufficient amounts.
Alternative C4s sources of diverse composition have shown the potential to improve the quality of Mogas, but better
results might be achieved by converting these sources using a wider range of technologies in one refinery. Here, the
potential of these technologies to reformulate Mogas was studied using a typical crude oil conversion refinery
scheme and an MS Excel-based simplified balance model. These tools were used to model seven defined C4s
conversion scenarios. Every scenario improved the proportion of C4s-based structures blended into Mogas, rising
from an original 33 % to around 72 % in the best case. By substituting standard Mogas components with ETBE and
C8 hydrocarbons, the density of Mogas decreased by up to 7.8 kg·m-3, RON increased up to +3.2 units, and MON
increased up to +2.2 units. Thus, despite their low share in the refinery material balance, C4s-based components
clearly have the potential to improve the quality of Mogas. In particular, due to its excellent blending properties and
potential for the simple implementation of bio-ethanol into Mogas, ETBE appears to be the most promising C4sbased structure.

Introduction
There are some specific reasons why to study use of C4 hydrocarbons (C4s) in refineries. They have clear chemical
structure, well defined properties, they can be converted easily mutually, as well as transformed to valuable mogas
blending components. The historically proven, as well as newly developed technologies for C4s are available for this
purpose. Therefore, alternative development and upgrade increasing strategies can be defined as concerns C4s, first
of all to reformulate mogas pool of the refineries.
The role of C4s for a typical conversion refinery was studied.

Analysis of problem
C4s are interested for refineries due to the next reasons:
¥ Lay on the edge between gaseous and liquid products. Therefore, can take part of the both groups.
¥ Consist of well-defined chemical structure with clear physical and chemical properties.
¥ Their refining is easy.
¥ Can be easily mutually converted. First of all, unsaturated C4s are very reactive.
¥ As such or chemically converted to heavier compounds, represent always valuable products of specific
properties.
In sum five C4s chemical structures are interesting for refineries:
¥ i-butane (2-methylpropane, i-C4)
¥ n-butane (n-C4)
¥ I-butene (2-methyl prop-1-ene, i-C4=)
¥ 1-butene (But-1-ene, n-C41=) and 2-butene (but-2-ene, n-C42=).
The main technology sources of C4s represent for refineries:
¥ Atmospheric distillation and subsequent Naphtha hydrotreater, where C4s diluted in crude oil are stripped out
– primarily saturated C4s are produced.
¥ Hydrocracking and Catalytic reforming. To maximize yield of C4s, the Semi-regenerative reformer is preferred.
Production here is based on cracking and de-alkylation reactions – saturated C4s are produced.
¥ Catalytic and thermal conversion technologies - FCC, Visbreaking, and Delayed coking – predominantly
unsaturated C4s are produced.
¥ Steam cracking. External petrochemical source for refineries - unsaturated C4s are produced.
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Production of C4s from FCC units can vary by 50 % on account of FCC gasoline, exploiting special ZSM-5 additive (1).
The FCC technology with high yield of gaseous olefins is called “PetroFCC” (2). The mogas components synthetized
from FCC C4s have namely much better properties than FCC gasoline.
There are two base groups of C4s oriented technologies – the first group modifying the existing C4s structures to more
proper ones and the second group processing available C4s to requested blending components and products.
To the first group of technologies belong:
¥ Isomerization of n-butane to i-butane – “BUTAMER” - UOP (3)
¥ Dehydrogenation of butanes to butenes – “OLEFLEX” - UOP (4)
¥ Conversion of 1-butene to 2-butene – “HYDRISOM” - ConocoPhillips (5), to improve quality of alkylation feed
¥ Isomerization of n-butenes to i-butene – “ISOMPLUS” - Lyondell & CDTech technology (6)
¥ Non-selective hydrogenation of butenes to butanes – for example in a Naphtha hydrotreater
¥ N-butane / i-butane splitter – Deisobutanizer column
To co-process C4s in the Naphtha hydrotreater, improved control of reaction heat is necessary, for example exploiting
liquid quench. Deisobutanizer can be part of the LPG distillation train. Due to close boiling points, about 100 trays
are necessary to split these hydrocarbons effectively.
Technologies available in the 2nd group are:
¥ Ethers synthesis - i-butene reacts with a low molecular alcohol to the appropriate ether. Mandatory blending of
bioethanol and benefits associated with transformation of bioethanol to ETBE have provided new incentives to
develop C4s based technologies. The existing MTBE units are gradually transformed to ETBE ones. Break-through
solution brings here reactive distillation technology (7).
¥ Alkylation - butenes react with i-butane to i-octanes (the direct alkylation). Hydrofluoric acid (“ALKAD” - UOP (8)
and CONOCOPHILLIPS (9) ), sulfuric acid (DuPont&Stratco (10) and ExxonMobil (5)), and solid acid catalyst
technologies (SAC –“ALKYCLEAN” – CB&I (11), “ALKYLENE” – UOP (12), and “FBA” – Haldor Topsoe (6)) are
available and continuously developed. SAC technology represents now the big challenge for licensors.
¥ Dimerization – i-butene to i-octene (“SELECTOPOL” - Axens (13) or “NExOCTANE” – Neste Oil (14)), which can be
consequently hydrogenated to i-octane.
¥ Oligomerization – i-butene with n-butene to polynaphtha (the indirect alkylation; “INALK” – UOP (12),
“POLYNAPHTHA” – Axens (15)). Hydrogenation of i-octenes to i-octanes can follow.
Moreover, exists also possibility to transfer C4s to petrochemical components, for example:
¥ Metathesis – but-2-en reacts with ethene to propene.
¥ Dimerization of n-butenes – to n-octene, used as plasticizer (“DIMERSOL-X” – Axens (13)).
The processes above can be split into a group consuming only one C4s structure (for example the ethers´synthesis
and dimerization) or two different C4s (for example the direct and indirect alkylation). For overview and hierarchy of
all mentioned processes see the figure 1.
Ethylene
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Figure 1. Processes available to convert C4s
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Exploiting more C4s technologies simultaneously, the processes can be properly integrated or cascaded. Consuming
certain chemical structure from a C4s mixture automatically enrich the residual fraction with non-reacting
molecules. Therefore, interesting synergies can be achieved considering a portfolio of C4s technologies. For
example, the raffinate I reach on i-butene represents excellent feed for ethers´ synthesis. The raffinate II, residual
C4s fraction from ethers´ synthesis, is reach on n-butenes and therefore represents very good feed for alkylate
production.
C4s can be exploited as follows:
¥ Direct blending component of mogas, first of all i-butane
¥ Alternative fuel for spark-ignition engines (as part of automotive LPG)
¥ LPG for heating
¥ Carrier gas – the both n- and i-butane
¥ Excellent feed for steam cracker, first of all n-butane.
¥ Solvent (Solvent de-asphalting)
¥ Feed for synthesis of mogas components. These components can effectively substitute aromatics in mogas.
¥ In combination with ethylene to boost production of propene from refinery
¥ Production of various petrochemical compounds
Illustrative blending properties of C4s based components and standard mogas ones are as per Table I.
Table I
Blending properties of C4s based components
Stream
Density (kg·m-3)
RON
MTBE
749
115
ETBE
749
118
Alkylate
699
96
Polynaphtha
700
98
I-octane
690
100
Bio- ethanol
794
107
CCR reformate
833
102
Mogas pool
750
95

MON
100
101
92
85
96
94
90
85

All C4s based components have octane numbers better then mandated for mogas RON 95 in EN 228.
The main threats (-) and opportunities (+) to implement C4s in refineries are:
¥ Phase out ethers from mogas pool in some regions (-)
¥ Increasing implementation of bioethanol as the direct blending component into mogas, which changes the role
of other components – MTBE, alkylate, isomerate, and reformate (-)
¥ Interest in mixing ETBE instead of bioethanol, exceeding the available amount of i-butene (+)
¥ Varying consumption of mogas, however reviving just now (±)
¥ Growing demand on automotive LPG considered as an “alternative motor fuel” (±)
¥ Increasing consumption of propene and other C4s based petrochemicals, which compete to production of C4s
based mogas components
To design optimal scheme of C4s processing represents challenge for refineries.

Methods exploited
The model of typical conversion oil refinery (the virtual refinery) was considered, processing mixture of the light and
heavy crude oils, with the Hydrocracking, FCC, and the Visbreaking as central conversion technologies. The virtual
refinery operates an ETBE unit and produces clean motor fuels with mandatory level of bio-components, bitumen,
heating oils, and feeds for steam cracker. Constant mogas production of 212.4 kt with 10 % volume of bioethanol or
ETBE equivalent from 1 million t of crude oils as the balance base was considered.
The MS Excel short-cut model was developed, calculating the both total C4s and components´ balance and inputs /
outputs of C4s related technologies in the virtual refinery.
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Utilizing Fig. 1, seven scenarios were studied, which can be schematically depicted as follow:
1. Exploit available i-butane and surplusing n-butenes to produce alkylate (new Alkylation). One new unit.
2. i-C4 à i-C4=; new “OLEFLEX”, to produce additional ETBE (new ETBE unit) or dimerate (new “NexOCTANE”) or
polynaphtha (new “POLYNAPHTHA”). Two new units.
3. n-C4 à i-C4; new “BUTAMER”, to produce more alkylate in comparison to the scenario 1 (new Alkylation),
exploiting existing surplus of n-butenes in the virtual refinery. Two new units.
4. n-C4= à i-C4=; new “ISOMPLUS”, to produce more ETBE (new ETBE unit) or dimerate (new “NexOCTANE”). Two
new units.
5. n-C4 à i-C4 à i-C4=; Combination of the scenarios 2 and 3 (new “BUTAMER” and “OLEFLEX”), to increase
production of ETBE (new ETBE unit), or dimerate (new “NexOCTANE”), or polynaphtha (new “POLYNAPHTHA”).
Three new units.
6. n-C4 à i-C4 & n-C4 à n-C4=; “Max. Alkylate” - New “BUTAMER” and “ISOMPLUS”, to balance feed for production
of alkylate (new Alkylation). Three new units.
7. n-C4= à i-C4= & n-C4 à i-C4 à i-C4=; Max. ETBE or dimerate. Combination of the scenarios 4 and 5. New
“ISOMPLUS”, “BUTAMER” and “OLEFLEX” units and new ETBE or “NexOCTANE” unit. Four new units.

Results and discussion
Feeds, products and capacities of the virtual refinery illustrates the Table II.
Tabe II
Feeds, products and capacities of the virtual refinery
Feeds & products
(kt)
Capacity
Crude oils
-1000 Atmospheric distillation
Other feeds
-54.9 Vacuum distillation
LPG
36.3 Naphtha hydrotreating
Mogas
212.4 Catalytic reforming
JET
40.3 Isomerization
Diesel + Gas oil
403.3 ETBE (input of C4s)
Feed for steam cracker
192.2 Kero hydrotreating
Feed to produce hydrogen
44.4 Gas oil hydrotreating
Bitumen
41.6 Hydrocracking
Heating oils
26.8 FCC
Other products
57.4 Visbreaking

(kt)
1000.0
335.7
194.6
105.8
36.9
16.3
89.5
269.2
196.0
168.4
77.9

The other feeds are bio-ethanol, FAME, and raffinate I. The entire capacity of all conversion units corresponds
44.2 wt.% of processed crude oils. Three central products are diesel, mogas, and feed for steam cracker.
C4s diluted in crude oils, produced via hydroskimming / hydrocracking, in the FCC unit and from steam cracker unit
after butadiene extraction (raffinate I) were considered sources of C4s for the virtual refinery. For material balance
and composition of individual streams see the Table III.
Table III
Sources of C4s in the virtual refinery
Streams
Steam cracker - Raffinate I
FCC
Stripped from crude oil
Hydroskimming / hydrocracking origin
Sum

Balance
(kt)
(wt.%)
11.561
22.8
19.340
38.1
12.650
24.9
7.246
14.3
50.797 100.0

Composition (wt.%)
i-C4 n-C4 i-C4= n-C4=
5.2
7.3 43.0 44.5
29.4 9.3 20.0 41.3
31.8 68.2
0
0
56.7 43.3
0
0
-

C4s represent only 5.1 wt.% of the processed crude oils and therefore do not constitute an essential item of the total
refinery material balance. However, considering C4s as a part of mogas only, they represent 23.9 wt.% of the mogas
production, what is significant. As concerns inputs, the main source of C4s represents FCC unit (38,1 wt.%; 11.8 wt.%
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of FCC feed). This yield can be further boosted exploiting ZSM-5 additive. FCC C4s are characterized by low
concentration of i-butene and high concentration of n-butenes, therefore represent proper feed for an Alkylation
technology. In the raffinate I i-butene is present in high concentration, therefore raffinate I is suitable feed to produce
ethers. C4s stripped from crude oils are characterized by high content of n-butane. On the other hand, C4s produced
via hydroskimming / hydrocracking are reach on i-butane.
For the initial balance of individual C4s structures in the virtual refinery and for C4s available for individual scenarios
see the Table IV. Saturated C4s dominate in the beginning. On the contrary, i-butene, valuable structure for ethers´
synthesis, is the least represented one in the initial mixture of C4s. Significant changes of C4s individual structures can
be achieved exploiting the processes as per studied scenarios.
Table IV
Balance of C4 hydrocarbons (kt)
Stream
Initial balance
1. Available balance in line with premises
2. i-C4 à iC4=
3. n-C4 à i-C4
4. n-C4= à i-C4=
5. n-C4 à i-C4 à i-C4=
6. n-C4 à i-C4 & n-C4 à n-C4=
7. n-C4 à i-C4 & à i-C4 & n-C4= à i-C4=

i-C4
14.420
10.170
1.017
19.313
10.170
1.931
16.204
1.931

n-C4
14.405
10.159
10.159
1.016
10.159
1.016
1.016
1.016

i-C4=
8.839
0
8.838
0
11.819
16.783
0
28.602

n-C4=
13.132
13.132
13.132
13.132
1.313
13.132
16.241
1.313

Possible production of individual mogas components from available C4s and share on the mogas pool illustrates the
Table V.
Table V
Possible production of considered components / share on mogas pool (kt / % wt. of mogas pool)
Stream
ETBE
Alkylate
P. naphtha
Dimerate
Based on starting balance
1. Based on available balance
2. i-C4 à iC4=
3. n-C4 à i-C4
4. n-C4= à i-C4=
5. n-C4 à i-C4 à i-C4=
6. n-C4 à i-C4 & n-C4 à n-C4=
7. n-C4 à i-C4 & à i-C4 & n-C4=à i-C4=

15.3 / 7.2

+15.3 /+ 7.2
+20.5 /+ 9.7
+29.1 /+13.7
+49.7 /+23.4

+18.0/+ 8.5
+24.1/+11.3
+28.7/+13.5

Ethanol

14.2 / 6.7

+15.9 /+ 7.5

+8.0 /+ 3.8

7.2 / 3.4

+23.6/+11.1

+10.6 /+ 5.0
+15.1 /+ 7.1

4.9 2.3
1.0 / 0.5

+25.7/+12.1

-8.2 / -3.9

Production in line with individual scenarios has to be considered as incremental to the starting balance. For each
component exists scenario maximizing its production, see underlined numbers. Total production of ETBE would be
possible to increase from current 15.3 kt to 65.2 kt. This corresponds to 30.6 wt.% of mogas. However, the virtual
refinery will be capable to blend max 22 % vol. of ETBE only and the rest has to be sold. The last column shows
consumption and concentration of directly blended bioethanol, to achieve 10 % vol. of bioethanol in the mogas pool
as per premises. The bottom line shows surplus of bioethanol in produced ETBE as per scenario 7. In comparison to
ETBE, volume of C8 components in the mogas pool will not be limited.
Further, impact of the individual scenarios on the mogas pool properties were assessed – density, RON, and MON
were selected as examples, see the Table VI.
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Table VI
Impact of the studied scenarios on mogas pool density / RON / MON
Scenario – reaction scheme
ETBE
Alkylate
1. Based on available balance
-4.6/0.09 /0.63
2. i-C4 à iC4=
-2,6/2.05/1.45
3. n-C4 à i-C4
-6.2/0.12 /0.84
4. n-C4= à i-C4=
-4,3/2.49/1.75
5. n-C4 à i-C4 à i-C4=
-7.3/3.21/2.24
6. n-C4 à i-C4 & n-C4 à n-C4=
-7.4/0.14 /1.00
7. n-C4 à i-C4 & à i-C4 & n-C4= à i-C4= -14.2/4.93/3.41

P. naphtha

Dimerate

-4.0/0.24/0.00

-2.4/0.20 / 0.45

-5.9/0.35/0.00

-2.7/0.27 / 0.60
-4.6/0.38 / 0.85
-7.8/0.65 / 1.43

Impact of all new components on density of the mogas pool will be significant, up to 7.8 kg·m-3 for dimerate. This will
be due to low density of C8 components and due to substitution of bioethanol by ETBE. Interesting impact on RON
(up to3.21 unit) and MON (up to 2.24 unit) of the mogas pool will have ETBE. Similarly, the impact on other properties
of mogas can also be estimated exploiting MS Excel short-cut model.
Starting balance of C4s in the products of the virtual refinery and as per scenario 7 are as per Table VII.
Table VII
Balance C4s in the virtual refinery products
In
Original (kt)
Mogas direct blending
8.496
Ethers (i-butene)
8.397
Ethers sale (i-butene)
0
LPG
20.322
LPG to steam cracker
13.582
Sum
50.797

Share (%)
16.8
16.5
0
40.0
26.7
100.0

Scenario 7 (kt)
8.496
18.694
9.908
13.699
0
50.797

Share (%)
16.8
36.8
19.5
26.9
0.0
100.0

Currently, the major part of C4s is dispatched as a component of LPG. Considering scenario 7, share of C4s as mogas
components will grow significantly, from 33.3 wt.% up to 73.1 wt.%. The major part will constitute ETBE partially sold.

Conclusions
Technologies facilitating conversion of chemical structure of C4 hydrocarbons (C4s) and synthesis of various
components to mogas from C4s allow define a number of scenarios, seven of which were studied considering the
typical conversion refinery. Based on studied scenarios, density of mogas pool can be reduced up to 7.8 kg·m-3, RON
increased up to 3.2 and MON up to 2.2 units. Share of C4s as mogas components can increase from original 33.3 %
wt. to almost 73.1 wt.% ETBE production is the best way how to exploit C4s potential, due to its excellent blending
properties and possibility to easy implement bioethanol into mogas pool. Components synthetized from C4s can be
exploited to further reformulate the mogas pool in the refinery.
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Abstract
The steam network and its mass balance in a refinery evolve along the commissioning of the new and
decommissioning of obsolete production units. The share of steam produced in local steam sources on total
steam consumption in SLOVNAFT refinery steadily increases, both due to improved residual heat utilization and
implemented steam saving measures. As a result, risk of cold spots occurrence in steam mains, leading to
extensive steam condensation in pipelines and the risk of water hammer increased. Other spots in pipelines on
the other hand suffer from high steam velocities, accompanied with increased steam pressure losses. Both
operational states are unwelcome when striving towards stable and efficient steam network operation. The
presented contribution tackles the above problem by means of analysis of current operational state including
that of the individual production units steam balance. The present operational state of the steam network is
depicted, along with the work already performed in the past aimed at its operation stabilization. Troublesome
spots in the network are highlighted and the reasons for their occurrence are elucidated. Steam balance
calculation results on all three steam pressure levels indicate both significant steam losses in the grid as well as
the existence of several unreliable local steam consumption measurements. Proposals for their detailed check
are formulated, striving to improve the quality of available steam network operation process data in the future
that should in turn allow for more reliable prediction of future steam network balance and topology changes on
delivered steam quality and steam network management comfort.

Introduction
Water steam is undeniably one of the most extensively used energetic media ever. Already in the 2006 the share
of energy consumption in the form of water steam represented up to 40 % of all energetic media used in
industry. Especially in oil industry up to 28 % of total energy consumption belongs to water steam production 1.
Instead of many decentralized water steam sources, the system of central steam source is preferred, with steam
transport from single central source to its consumers through complicated pipe networks with total length
reaching up few tens to hundreds kilometers within one plant. While operational state being influenced by large
number of parameters, it is difficult to keep it in stable state and secure desired steam quality under all
conditions. In addition to it, the oil refinery acts like living, dynamic system, whose operational state is constantly
changing and evolving. Steam networks consist of an immense number of structural elements and fittings of
different species and shapes. Inevitable components of each steam network are condensate drains. Their role is
to let off the redundant air during production startup and to drain the condensed steam during ordinary
production state in effort to minimize water steam losses. Practical experiences confirm that condensate drains
are often not working optimally and are responsible for considerable steam losses. In case of improper
condensate drain operation or their improper layout, increased amount of condensate in pipes may appear. At
higher velocities (typically 20 m/s and higher), the effect of water hammer may appear. Proposed work does not
deal with condensate drains, their design and maintenance, however takes a look from the opposite side – how
to improve steam network stability, which may lead to avoiding increased condensation risk.
As in other cases, it is desired to keep steam networks in stable state because of unfavourable effects of often
fluctuations to production units in refinery. Stable and effective operation of steam networks also means
reducing steam losses to environment. Application of mathematical models on different problems within oil
industry or other branches in order to optimize water steam operation is common. A very simple mathematical
model based only on mass and heat balance, which enabled switching between different production loads and
switching between electro- and steam drive, found practical use in oil refinery. It helped to solve problem of
„cold spots“ formation and positive results of tests of changes impact lead to realisation of new projects in steam
network2. Few measures designed based on their results were realised and the steam network in this state with
little adjustments is working to this day. Luo et. al. in his work proposed relatively simple mathematical model
and refer to previous models of other authors. Steam flow velocity in each pipe segment can be more precisely
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determined only by combination hydrodynamical equations and heat balance3. Tian applied laws of mass,
momentum and energy conservation to solve steam flow equations 4. Nonlinear and complex character of
hydraulic-heat model of steam networks causes typically iterative calculations with great extent. Luo et. al.
created a mathematical model solving steam flow velocities calculations in each pipe independently. As each
mathematical model, it adopts certain simplifications, which on the other hand seem to be accomplished at real
operational state. The principle of this mathematical model is based on solving matrixes, whose dimensions
depend on number of pipes and nodes. By analysing the steam pipe network model, one can find the key to the
problem is the unknown intermediate nodes‘ temperature and pressure values, which don’t represent any
steam producer or steam consumer. The method to obtain these values is described in their work precisely.
Comparison of calculated and experimental values showed maximal relative error of no more than 6 %. It is
possible to use this mathematical model for steam network simulation, measured data diagnostics or steam
network design and innovation. However, in case of unbalanced system, alternative solutions need to be found.
More sophisticated mathematical models manage to handle a multiphase flow. Mathematical model predicting
the amount of condensate and considering condensate losses was proposed in the past and allows application
on single pipes or whole steam networks4.5. It consists of differential equations based on mass and energy
conservation laws. Heat losses are divided into latent heat, which causes only temperature drop, and sensible
heat, which is responsible for condensate production. Based on this concept, a proportionality coefficient, which
indicates a part of heat losses belonging to steam condensation, was defined. This seems to be the key
parameter for condensation amount calculation by this mathematical model. Values obtained by this
mathematical model were compared with those obtained by models of other authors as well as experimental
ones. When applied to a single pipe, practically only small differences in the condensate amount were observed.
In case of whole network in a large Chinese steel plant, very good results were obtained. Relative errors for mass
flow, pressure and temperature calculations of 1.99 %, 1.97 % and 2.2 % respectively were calculated under
winter conditions. In summer, mass flow calculation error changed to -4.57 % while the others remained the
same.
The current trend in the field of hydrodynamics is an effort to solve complicated systems by CFD modelling,
which is based on solving the Navier-Stokes equation and is being used by many commercially available
softwares like ANSYS Fluent, SimFlow, etc. This is possible especially thanks to a rapid computational technics
development.

Simulation
The effectivity of steam network operation can be reviewed by carrying out its mass and heat balance. In
SLOVNAFT refinery, water steam in three pressure levels is used. Steam networks of all pressure levels are
connected to each other, which allows the steam of higher pressure to be favourably let down to lower pressure
level (HPS to MPS or LPS, MPS to LPS). However, each pressure level steam network was balanced separately.
Mass and heat balances as well as flow velocity calculations were done by simple balance model in MS Excel.
Current operational state balance is based on measured operational data, but occasional operational unit
shutdowns, measuring failures or missing measuring instruments make it difficult to provide a reliable set of
data. The data preparation itself was not a simple task and required increased attention because of large extent
of data, which should create a base for simulation thus reviewing the steam network operational state. To avoid
results distortion, a maximal effort for accuracy and data completeness should be taken. The input parameters
for this mathematical model were steam mass flows, temperatures and pressures measured on each operational
unit. Calculation schemes were completed on the base of real steam network plans and inspections in SLOVNAFT
refinery with emphasis on topology conservation and part of HPS calculation scheme is shown in Figure 1.
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Figure 1. A segment of HPS simulation scheme for balance model of steam networks
Prior to simulation, obsolete operational units or non-productional units with negligible steam consumption
were sorted out. Dimensions of each pipe segments were the next input parameters for this mathematical
model, which allowed the calculations of steam flow velocities inside the pipes. Simultaneously with Balance
model, another Hydrodynamical model in commercially available software was developed. This tool enables to
choose one of many flow calculation correlations, while the Beggs & Brill correlation, which is a primary
correlation used by this software and provides standard for similar calculations6, was used. The input parameters
for Hydrodynamical model were the same as those for Balance model – steam mass flows, temperatures,
pressures and dimensions of each pipe segments. Unlike simple Balance model, this one is much more complex
and can easily perform hydrodynamical calculations as well as heat loss calculations. Thus, the next input
parameters for this model are thermal insulation thickness and heat conductivity, weather conditions as outside
temperature or wind speed. For hydrodynamical equations, parameters as construction material, length and
diameter or height elevation of each segment, fittings number, sorts and dimensions were important.
Output from the Balance model are differences between total mass of produced and consumed steam and total
heat produced and consumed in the form of steam (Figure 2), respectively, as well as steam flow velocities in
each pipe segment (Figure 3). Output from the Hydrodynamical model are steam flows, temperatures and
pressures at each steam consuming unit. The goal is to, based on results obtained by mathematical models,
review the total operational state of steam network, detect troublesome spots in pipelines and detect different
possibilities for operational stability improvement thus leading to operational costs reduction and some
technological problems elimination. Since the values for output streams in the case of Hydrodynamical model
are calculated, measured and calculated steam mass flows, temperatures and pressures at steam consuming
units can be compared. Simulation by hydrodynamical model was performed with the data recorded on the
22.4.2017 at 6:00. Decision after previous inspection of the steam networks‘ state and consultation with
responsible staff led to simulation with 1 condensate drain and 4 rectangular knees situated once every 100 m.
Heat losses were calculated for standard thermal insulation thickness used in SLOVNAFT refinery (δi =120 mm),
its thermal conductivity λ=0.038 Wm-1 K-1 and ambient temperature set according to hydrometeorological
records at this day.
Mathematical modelling is an excellent tool in case of planned measures, which allows the steam networks
reviewing or potential troublesome spots detecting. Based on these results, one can decide whether the solution
is favourable or not and propose changes to secure the most satisfying operational state. The advantage of both
mathematical models proposed in this work is their simple modifiability and ability to simulate different
variations of calculation schemes with ease. In addition, the Hydrodynamical model offers satisfactory accuracy
of heat losses and pressure drop in pipes calculations.
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Results and discussion
During the period from 1.1.2017 to 31.12.2017 HPS network in SLOVNAFT refinery was analysed. A total of 8760
data sets, each consisting of 78 weighted hour average values of independent measurements of process
variables, were processed. The Balance model showed, that average difference between the amounts of
produced and consumed steam in HPS network is 9.37 t/h, which is 25.32 % of the amount supplied by CHP unit
or 9.87 % of total steam volume distributed in HPS network. Results of mass balance are depicted in Figure 2.
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Figure 2. Results of mass balance of the HPS network
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Figure 3. Results of heat balance of the HPS network
As expected, results of heat balance show similar trend as mass balance and they are shown in Figure 3.
However, few differences can be observed, which may be caused by estimation of specific enthalpy of steam
when data are not available. Average heat losses of 35.93 GJ/h are 26.66 % of the heat imported from CHP unit
or 12.31 % of total heat supply in HPS network. Subtracting the results of heat and mass balance, one gets the
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average value of specific enthalpy of steam. Obtained value of 3.84 MJ/t is inadequate, because the enthalpy of
HPS is typically between 2.8 and 3.1 MJ/t. Since heat flow is directly proportional to mass flow, one can conclude,
that the inconsistency arises due to incorrect temperature, pressure or both measurements.
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Figure 4. HPS flow velocity history at unit S2
Mass and heat balance results attract attention due to occasional negative values, which means higher steam
consumption than its production in HPS network. There raises a question – how is it possible? This effect could
be partially caused by inaccuracy of some measuring instruments, but this would result in a systematic error
during whole period evaluated. Another explanation could be a slow system dynamics. In case of immediate
steam consumption increase at certain production unit, the CHP plant may not provide a reaction fast enough
and slow dynamics causes extended time needed to CHP being able to deliver desired amount of steam.
However, this is not a problem in SLOVNAFT refinery.
In terms of steam flow velocity, pipe segments between individual production units were analysed and flow
velocity was calculated based on steam mass flows, specific volumes and pipe segments diameters. Literature
often deals with maximal steam flow velocities in pipes. Flow velocities in case of saturated steam should not
exceed 30 to 40 m/s, says Spirax Sarco company, the world excellence in steam system engineering7. However,
this information should be taken with care, because individual situations depending on the water steam state,
the number of fittings and the pipe segments lengths may occur. In intentions of proposed work, a limit for flow
velocity of value 30 m/s was considered for the simple reason. On 11.7.2017, operating problems at S2 unit were
reported by its workers. HPS produced at this unit could not be transported into steam network and operational
pressure had to be increased up to the upper limit value. S2 unit is situated at the end of pipeline at least 300 m
away from previous operation unit, which is also acts as a steam producer. What’s worse, the steam produced
at S2 unit is close to its saturation point. Calculations at this certain time confirmed the flow velocity value slightly
over 30 m/s at this pipe segment as can be seen in Figure 4. At these conditions, there is a risk of condensate
formation in the pipeline.
Calculated values of pressure corresponded very well to the experimental ones and average relative error of
only 2.70 %. It must be highlighted, that such accurate results were obtained also thanks to correct estimation
of hydraulic resistances in the form of knees and condensate drains. Visual inspection also proved non-ideal
state of thermal insulation caused by weather conditions and advanced steam networks‘ age. Technical state is
worse and the insulation is deformed or missing. Following simulations were thus performed with higher value
of insulation’s thermal conductivity λ=0.08 Wm-1 K-1 based on manufacturer’s informations8, which led to higher
value of heat losses. After results analysis a conclusion was formulated. Average relative error for temperature
of 9.73 % shows, that the technical state of thermal insulation is most likely much worse. Differences between
calculated and experimental temperature values at certain operation units reached up to 35 °C. Higher
differences on the other hand may be caused by incorrect temperature measurement, which is highly
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frequented phenomenon in practice. Results of simulation were compared with experimental values and are
shown in Table I together with differences and relative errors.
Table I
Comparison of experimental and calculated values of temperature and pressure
Unit
Texp
Tcalc
ΔT
δT
Pexp
Pcalc
[°C]
[°C]
[°C]
[%]
[MPa(g)] [MPa(g)]
CHP
300.67
315.20
-14.53
-4.83
3.16
3.1
C1
331.43
359.00
-27.57
-8.32
3.17
3.20
C2‘
313.40
349.70
-36.30
-11.58
3.20
C2
358.26
362.10
-3.84
-1.07
3.24
3.21
C3
326.98
349.70
-22.72
-6.95
2.88
3.20
C4
251.71
294.10
-42.39
-16.84
3.31
3.13
C5
295.19
303.50
-8.31
-2.82
3.31
3.13
C6
300.74
330.00
-29.26
-9.73
3.24
3.23
C7
335.71
336.20
-0.49
-0.15
3.18
3.12
C8
324.16
328.10
-3.94
-1.22
3.18
3.13
C9
335.71
319.60
16.11
4.80
3.18
3.13
C11
242.33
252.70
-10.37
-4.28
3.11
3.16
C12
272.59
336.00
-63.41
-23.26
3.16
C13
254.02
342.20
-88.18
-34.72
3.11
3.15

ΔPexp
[MPa]
0.06
-0.03
0.03
-0.32
0.18
0.18
0.01
0.06
0.05
0.05
-0.05
-0.04

δP
[%]
1.90
-0.99
0.89
-11.17
5.28
5.28
0.42
2.06
1.81
1.78
-1.76
-1.23

Conclusions
Proposed work deals with analysis of present HPS networks operational state and simulation done by two
mathematical models in order to identify troublesome spots and probably inaccurate operational measuring
instruments in SLOVNAFT refinery. The Balance model provides look at the steam network as a whole and offers
results in the form of difference between the amount of produced and consumed steam in the steam network.
This method can be applied to the analysis and assessment of steam network operational state throughout the
year. This model is capable of steam flow velocity calculations in individual pipe segments, however results need
to be taken with care in the case of unbalanced system. Potential cold spots or bottlenecks (as in the case of unit
S2) can be identified this way.
The Hydrodynamical model offers very accurate pressure drop in pipe calculations in connection with heat losses
amount calculations. Based on results obtained by this model, one can conclude, that pressure measurements
are performed correctly and values correspond very well. In terms of temperatures, conclusions about bad
thermal insulation state at HPS network were made, because of differences between calculated and
experimental values of few tens centigrade. Results of both mathematical models indicate possible problems
with temperature measurement and few suspicious measurement instruments were selected for control. In near
future, the SLOVNAFT refinery plans to check them and replace if necessary.
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Abstract
Modern high-performance regeneration boilers are equipped with certain features, only partly implemented in
older boilers, boosting their steam output and cogenerated power from steam turbines. They include stepwise
combustion air and feedwater preheating by low, middle and high pressure steam as well as flue gas coolers and
HD concentrators. All these design features increase internal boiler steam consumption and some of them
generate or provide middle and low potential heat that has to be utilized to justify them. As the boiler is
incorporated into existing utility system with all its advantages and flaws, its performance is to some extent a
reflection of the utility system state.
In our study we provide a wider view on the boiler performance, encompassing the boiler feedwater preheating
train, condensates collection system and steam turbines into balance borders. Based on design and process data
of a particular application in Slovakia we examine stepwise the individual boiler performance enhancement
components and review their true performance and their impact on the utility system. Some of the resulting
proposals seemingly sacrifice the boiler performance itself but bring benefit if the whole picture is considered.
This may contradict the usual industrial praxis to strive for maximal performance of individual components with
paying less heed to overall system performance.

Introduction
Regeneration boilers (also known as Tomlinson recovery boilers) appeared firstly in late 1930´s as a result of the
efforts undertaken to overcome the inefficient designs of the existing furnaces and smelt pots used in recovery
of cooking chemical in paper mills1. Initial boiler capacities were slightly above 100 tons of dry solids per day and
even 30 years later it still reached only moderate 500 tDS/day with produced steam parameters around 4 MPa
and 400 °C2. The state of the art of black liquor evaporators enabled to fire black liquor with max. 65 % dry solids
content. A jump in produced steam parameters to 8 MPa and 480 °C has been enabled with boilers design
evolution in the late 1980´s accompanied with an increase in fired dry solids content to 75 % wt. and boiler
capacities to 1750 tDS/day. This in turn led to substantial SOx emissions decrease as a result of chemicals
regeneration improvement during black liquor combustion at higher temperatures1,3. Later development led to
further increase in boiler capacity to 3000 tDS/day and in steam parameters attacking 10 MPa and 500 °C. Fired
black liquor dry solids content also rised to 85 % wt.2,4 by high dry solids (HDS) concentrator introduction. Air and
boiler feedwater regenerative heating has been introduced as well. Latest development led to installation of
regeneration boiler with double capacity, steam parameters above 10 MPa and 510 °C and extensive air and
boiler feedwater regenerative heating and with flue gas coolers5. Such steam parameters already approach those
employed in common subcritical fossil fuels fired thermal power plants. All these features enabled the current
paper mills equipped with such high power boilers to approach electric energy self sufficiency and reduce the
amount of fossil fuels used for additional steam generation. One of the regeneration boilers vendors – Valmet –
states that with current high efficiency boilers more than 4.3 ton of steam can be produced per one ton of
combusted dry solids in the boiler6. Similar experiences are reported from operation of a 6000 tDS/day boiler in
China5. In order to be competitive on the market, firing black liquor with at least 70 % dry solids, using no more
than 8 % of produced steam for sootblowing, reducing oxygen content in flue gases to 2 % vol. and reducing final
flue gas temperature to stack below 200 °C is recommended. Future development aims at firing black liquor with
above 90 % wt. dry solids, still increasing boiler capacity and steam pressures and reduced NOx levels in flue gas4.
Andritz company reports on its webpage on HERB design (highly efficient regeneration boiler) that can be scaled
up to 12000 tDS/day7. Even comparably “small” boilers are currently equipped with several above mentioned
features as can be seen in the case of paper mill in Ružomberok, Slovak republic as reported by Andritz8.
As is obvious from the state of the art of the recovery boilers development, it leads to increased own steam
consumption at low, middle and even high pressure level in the steam production process, thereby boosting the
live steam production and consequently the steam turbine power output. Amount of steam condensates
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available at high temperatures thus increased significantly. Utilization of flue gas cooler and HDS concentrator
provides additional heat available at 80 to 150 °C that can be used in the air and boiler feedwater preheating.
Summed up, far more heat stemming from boiler and auxiliaries operation is available than with boilers missing
the high efficiency features. This heat competes in turn with heat available in the paper mill in the temperature
range 50 to 100 (120) °C that can be used either within the paper mill or in delivering hot chemically treated
water and steam condensates from paper mill to regeneration boiler. Thus to be able to efficiently exploit all
modern recovery boilers features that raise power production from black liquor, it is crucial that the paper mill
integrates the modern boiler with existing utilities system respecting its particular features given by its historical
on site evolution– this leads to site-particular integration solutions that cannot be fully standardized.
Due to valid Slovak legislation, producers of electric energy that in turn is consumed in the producers local
electricity distribution system, ergo does physically not leave the locality where it has been produced, have to
pay certain fees which in the end lowers the price of the internally produced electric energy. According to the
Decree of the Regulatory Office for Network Industries No. 18/2017 Z.z., such electricity producers have to pay
the tariff for system services (TSS) and the tariff for system operation (TPS) (both in €/MWh of produced
electricity) and a fix monthly fee for access into national electricity distribution system in €/kW of installed
electric output9. Tariffs and fees valid for the year 2018 according to Decision of the Regulatory Office for
Network Industries No. 0003/2018/E and No.0009/2018/E are as follows: TSS 6.8919 €/MWh;
TPS 26.2011 €/MWh and the access fee on very high voltage level (52 to 110 kV) is 30 % of 2836.5 €/MW/month
= 850.95 €/MW/month10,11. The only fee such electric energy producer is not eligible to pay is the tariff for electric
energy distribution incl. the tariff for electric energy losses that together yields 7.4488 €/MWh11. The price of
electric energy as commodity that can be bought on market for the year 2019 (2019 baseload futures) varied in
central Europe during 2017 between 26 and 38 €/MWh12. The final price (value) of to be internally produced and
consumed electric energy in the year 2019 is thus in the range 34 to 46 €/MWh. This is significantly lower than
the expected industrial end user electricity price that can be estimated in the range 75 to 95 €/MWh (baseload,
without including full fix fee of 2836.5 €/MW/month for access into national electricity distribution system on
the very high voltage level) which is an important fact somewhat discouraging the industry from internal electric
energy production and might thus negatively impact the benefit of high power regeneration boiler installation
as well.
The aim of our case study is to analyze how well this modern, by design very efficient cogeneration system
integrated into existing particular paper mill energy balance with respect to:
- the extent of BAT features exploitation during real boiler operation
- the existing conflict in waste heat sources utilization
- the true benefit of condensing power production with regards to aforementioned Slovak legislation
- the potential for the improvement of present state

Case study
The object of our study is a part of central steam and power plant (CSPP) located in a paper mill in Slovakia. This
part contain a modern 1750 tDS/day regeneration boiler with nominal steam production capacity of 315 t/h
equipped with best available technology features, a 60 MWe condensing steam turbine equipped with three
steam extractions and auxiliary devices8. Its scheme is provided in Figure 1. The BAT features of the regeneration
boiler include:
- a black liquor concentrator (HD concentrator) raising the dry solids content in the black liquor
from 70 to 75 %wt. as received from the evaporator plant up to 85 % wt., thereby increasing the black liquor
heating value8
- a partial condenser serving for water preheat before deaeration that is supplied with vapours from the black
liquor concentrator
- a combustion air preheating train that stepwise uses the low, middle and high pressure steam extracted from
the steam turbine to increase the combustion air temperature up to 210 °C
- a boiler feedwater regenerative heating train raising the water temperature up to 215 °C
- a flue gas cooler lowering the boiler stack losses and utilizing the recuperated heat to preheat water before
deaeration
- very high design steam parameters reaching nearly 10 MPa and 500 °C8 but somewhat lowered in real operation
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Figure 1. Schematic depiction of the system understudy. BL = black liquor; CW = cooling water; DEA = deaerator;
ECO = economizer; FGC = flue gas cooler

Figure 2. Schematic depiction of the existing condensates management and boiler feedwater preparation and
preheating train. CCT = condensates collection tank; CHTW = chemically treated water; A, B, C = potential of
system performance improvement
The steam turbine is equipped with water cooled steam condenser supplied by circulation cooling water that
allows for steam expansion up to 5 kPa (a) thereby increasing power production. All those features lead to
significant steam production increase as well as internal steam consumption increase compared to older boilers
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per ton of fired black liquor. Secondly power production is maximized while maintaining the needed steam export
to the paper mill. The condensing part of the steam turbine has sufficient capacity to cope with its variable
seasonal steam demand. Steam is extracted from the turbine at high pressure (HP, 1.7 to 2.3 MPa), middle
pressure (MP, around 1.1 MPa (g)) and low pressure (LP, around 0.5 MPa (g)) level.
Steam condensates management and fresh chemically treated water preheat system is depicted in Figure 2. It
must be noted that condensates return to boiler feedwater preparation train at high temperatures, often above
100 °C. This limits the exploitation of waste heat sources from paper mill (denoted as A and C in the Figure 2)
that already are partly integrated in this system. Further limitation is represented by the new regeneration boiler
– denoted as B in the figure – as it has plenty of its own low potential heat that is used in further boiler feedwater
preheat (see Figure 1).
Boiler operation during 2016 and 2017, e.g. during the analyzed time period exhibited following features:
- deaerator works at 150 to 153 °C that is by 5 to 8 °C lower temperature than achievable with given LP steam
pressure. Increase of deaeration temperature to 158 °C has been achieved during field test. Deaeration at full
steam pressure that complies with the field test conditions is recommended by literature2.
- steam consumption in the deaerator is around 8 to 14 t/h depending on solids fired in the boiler, water entering
the deaerator has around 20 °C lower temperature than the deaeration temperature which in turn limits the
heat output of the water preheater utilizing heat from flue gas cooler
- flue gas to stack exist at 10 to 20 °C higher than the minimum achievable temperature with full flue gas cooler
operation and represents approximately 1.5 to 3 MW heat lost to stack
- oxygen level in flue gas is around 3 % vol. which is higher than 2 % vol. recommended2
- dry solids in combusted black liquor vary between 80 and 85 %wt. which is somewhat lower than the maximum
achieved value of 86 %wt. Firing BL with lower dry solids content has been recommended by external experts to
reduce the observed beginning corrosion in boiler.
- both feedwater and combustion air are preheated to maximum temperature achievable with given HP steam
pressure which complies with BAT
- steam parameters exiting the boiler have been lowered due to boiler availability issues connected with
observed beginning corrosion in boiler to 8.7 MPa / 475 °C that represents a quite significant negative deviation
from design values. Further 0.4 to 0.6 MPa and around 5 °C are lost due to the friction and heat losses from live
steam pipeline before steam enters the steam turbine. Colder than designed steam entering the turbine coupled
with very deep vacuum achieved in the turbine condenser is likely to yield wetter than designed steam at the
turbine exhaust which might lead to turbine damage in long term.

Results and discussion
Due to limited scope of this contribution, we focus just on two issues: increase in waste heat utilization in the
boiler feedwater preparation and assessment of the value of electric energy produced.
Field test showed the possibility of temperature increase in the deaerator by at least 5 °C which in turn allows
warmer water to enter it. However as resulted from analyses there is just very limited space for warmer inlet
water production for the deaerator: the water preheater works nearly at full capacity which still is much lower
than heat flux obtainable from the flue gas cooler. No other heat exchanger is available for consumption of heat
from flue gas cooler. On the other hand condensates from boiler internal steam consumption that mix with inlet
water have roughly the same temperature as is in the deaerator (see Figure 1) and a decrease in their
temperature would thus be welcome. Combining higher temperature in the deaerator with lower temperature
of boiler condensates creates enough space for full flue gas cooler potential utilization. This requires replacement
of water preheater or installing additional one and requires creation of heat sink for boiler condensates heat
content away from boiler feedwater preparation train. We proposed installation of another flash tank for boiler
steam condensates next to the existing one that would operate at around 80 kPa (g). Condensates from existing
tank would be flashed in the new one, creating a very low pressure flash steam that would be utilized in cold
combustion air preheat before the LP steam preheat. Condensates from the new flash tank would be then
pumped to the deaerator at around 115 °C instead of the current nearly 160 °C. For the full boiler load case when
300 t/h of boiler feedwater have to be produced this creates an opportunity to utilize 3.7 MW extra from flue
gas cooler that results partly in lower LP steam consumption for air preheat and partly in lower MP steam
consumption for boiler feedwater preheat prior to ECO1 (see Figure 1). Thereby the flue gas cooler could be
continuously operated at full load capacity, as documented also in Figure 3. The still missing heat in the water
preheat train could be supplied in the condensates system (see Figure 2, location A) if an investment in water
splitting is considered to maintain the maximum water temperature of 80 °C (see Figure 2, location B).
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Figure 3. Heat flux data obtained from boiler feedwater preparation system heat balancing procedure. A – Heat
flux still available in the flue gas currently not utilized, B – Additional heat flux needed for water preheat before
deaeration by deaeration temperature increase, C – Cumulative additional heat flux needed for water preheat
before deaeration by deaeration temperature increase and boiler condensates flash.
Financial benefit from saving 10 to 17 GJ/h (see Figure 3 line C) low pressure steam would be realised either by
marginal fuel saving (natural gas) lessened by a small decrease in backpressure power production or by increased
condensing power production at unchanged marginal fuel consumption (less feasible option). Net heat efficiency
of steam production in the studied regeneration boiler system would be thereby increased by up to 2 %. Using
the natural gas and electricity prices discussed below the expected saving if considering the fuel saving option is
in the range 45 to 80 €/h, yielding approximately 350 to 650 ths. € per year.
When dealing with electric energy production, one has to realise that even backpressure electricity production
on a steam turbine is associated with certain costs. Even if neglecting auxiliary electricity consumption, due to
the fact that 1 MWh electric energy is produced from appr. 1.05 MWh heat energy in a backpressure steam
turbine (mechanic and electric efficiency), 3.8 GJ energy from steam is needed to produce 1 MWh electric energy.
In the particular case understudy, marginal heat source for steam production are two somewhat obsolete steam
boilers fired with natural gas working with thermal efficiency of around 90 %. Thus, if an 2016 - 2017 average
large consumer natural gas price of 5 $/MMBTU is considered, this yields steam cost of appr. 5 €/GJ including
some margin for gas trader and gas distribution company. In the end we see that the 2016 – 2017 cost of
backpressure electricity production is around 19 €/MWh. As stated in the Introduction part, the value of
internally produced electric energy in Slovak republic is in the range 34 to 46 €/MWh, leaving a somewhat meagre
net benefit from own power production of appr. 20 €/MWh. With current (January 2018) natural gas costs
exceeding 7.5 $/MMBTU13 the net benefit would further shrink to 10 to 15 €/MWh.
Condensing power production requires larger amount of heat in steam than backpressure one, since the turbine
exhaust cannot be used effectively due to its temperature around 35 to 40 °C and has therefore to be wasted in
cooling water. Marginal power production cost in condensing steam turbine is at least 11 GJ per MWh for high
quality live steam entering the turbine. This with respect to above marginal steam price yields 2016 - 2017
condensing power production cost of at least 55 €/MWh and can be near to 60 €/MWh when considering
auxiliary power production (cooling water pumps, cooling tower fans etc.). Since it exceeds the in house power
production value by at least 10 €/MWh, it is infeasible as long as there is any natural gas that could be saved by
lowering steam consumption for condensing power production. On the other hand, for some other paper mill
firing just black liquor and wood residues for steam production, steam is cheap and even condensing power
production could make sense if steam surplus exists (summer conditions).

Conclusions
Modern and efficient regeneration boilers coupled with highly efficient steam turbines are the key for self
sufficiency of paper mills regarding their heat and electricity needs. Our study stresses the fact that those
energetic devices have to be incorporated into existing electricity and heat management systems of individual
paper mills that are likely to have adopted unique features through decades of past development influenced by
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local conditions and legislation. Therefore attention has to be paid in respecting those features when
commissioning and operating new energetic devices, lest a part of their superior design efficiency does not
translate into operational efficiency. Our case study incorporating a modern recovery boiler and existing system
of boiler feedwater preparation and preheating has shown that a part of the available heat from regeneration
boiler cannot be used in the process unless some operational parameters are changed and some investment is
made, not foreseen in the design stage. Proposed system changes have potential to increase the boiler and boiler
feedwater preparation system thermal efficiency by up to 2 % and to translate into financial savings in the order
of 350 to 650 ths. € per year. As a second important message we elucidate the value of in-house produced
electricity that due to valid legislation is just moderately positive in the backpressure electricity case but is
strongly negative for electricity produced in condensing steam turbines. From our point of view is the effort
undertaken by boiler and turbines designers to reach still higher steam parameters produced in regeneration
boilers in order to maximize electricity production from black liquor questionable.
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Abstract
In accordance with the energy directive RED II, EU countries must increase the production of second-generation
biofuels from renewable sources, such as bio-oil. While the undesirable properties of bio-oil (high acidity, oxygen
content) can be eliminated by conventional hydrotreatment using sulphided catalysts, this means that the biooil must be doped with extra sulphur to maintain catalyst activity. However, it also means that the final product
may not then conform to fuel sulphur limits. In this study, we compared the composition and physicochemical
properties of hydrotreated wheat straw bio-oil on sulphided NiMo/Al2O3 and non-sulphided Ni/Al2O3 and
Co/Al2O3 catalysts. A continuous flow reactor with a fixed bed catalyst layer was used for bio-oil upgrading under
the following conditions: 280-320 °C, 4 MPa, WHSV 1 h-1. Simulated distillation was used to analyze the organic
fraction composition and FTIR to determine the functional groups.

Introduction
Fuels from renewable resources are attractive nowadays due to several reasons. One of them is their potential
to reduce carbon dioxide emissions. Biofuels can also partially replace petroleum distillates, can decrease the
dependence of fuel markets on crude oil imports and support local rural economy value chains. By the proposed
European Union directive RED II1 establishing a policy to produce energy from renewable sources, EU countries
should increase the use of advanced biofuels, called 2nd generation, and reduce the use of the 1st generation
biofuels. Hence, advanced biofuels from non-food parts of crops, wood and agriculture waste, mainly
lignocellulose-based, are preferred. The following technologies can be used for the production of advanced
biofuels: torrefication, gasification, hydrothermal liquefaction and pyrolysis of biomass2.
Pyrolysis3 is a flexible technology that can handle different kinds of biomass and is not so sensitive to feedstock
variation. Pyrolysis products can be divided into three following groups: liquid, solid and gaseous. Their yield
depends on the type of pyrolysis (slow, intermediate and fast pyrolysis) which differs primarily in biomass
residence time (RT) in the reactor.
To maximise the yield of the liquid product (up to 75 %, called bio-oil), which is favourable to produce
transportation fuels, a fast pyrolysis is commonly used. The yields of by-products, gaseous and solid are typically
12-13 % each. This is achieved by very high heating rates and short RT (less than 1 s). Different types of fast
pyrolysis reactors make this process flexible with respect to different feedstock. The most commercially used
pyrolysis reactors include fluidized bed, hot-rotating cone, auger and ablative pyrolysis reactor3,4.
Bio-oil consists of oxygenates with different functional groups: aldehydes, ketones, alcohols and carboxylic acids
that are produced by the decomposition of cellulose, hemicellulose and lignin. The chemical composition of biooil is responsible for its instability. The other disadvantage of bio-oil is high water content due to partial
deoxygenation and high polarity of bio-oil5. Due to these unfavourable properties, bio-oil cannot be used directly
as a fuel and has to be upgraded. Main technologies, which provide good quality products, are catalytic
hydrotreatment and catalytic cracking of bio-oil. Nevertheless, hydrotreatment seems to be more favourable
process due to a better deoxygenation level and higher yields of upgraded products9.
Many studies were dedicated to hydrotreatment of lignocellulosic pyrolysis bio-oil to fuels and other valuable
products using different catalysts including metal nitrides, phosphates, carbides and sulphides on various
supports such as C, SiO2, TiO2 and others. Catalytically active metals used for bio-oil upgrading can be divided
into three categories: noble metals, transition metals and sulphided metals10.
Noble metals (Pt, Pd, Rh) showed outstanding results11 in bio-oil upgrading according to many publications, but
their main disadvantage was the quick activity loss by poisoning by sulphur present in bio-oil. Moreover, the cost
of the noble metal catalyst is prohibitively high. Due to this, transition metals (Ni, Co, Mo, Cu) in metallic and
nitridic/phosphidic form were studied to reduce the cost of bio-oil upgrading12. Ardiyanti7 tested a wide range of
NiCu catalysts on different supports (SiO2 and Al2O3) in a batch reactor. The degree of deoxygenation was in a
range from 58 to 70 % for both supports for temperatures 150 and 300 °C respectively. But for NiCu/Al2O3, the
reaction pressure was 10 MPa (not 20 MPa as for NiCu/SiO2), which makes Al2O3 a more favourable support. The
yield of the organic (hydrocarbon-like) product obtained over NiCu catalysts was typically between 35-42 wt. %.
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Transition metals can be also poisoned by sulphur as noble metals, but activity decrease is not so significant as
for noble metals. A sulphided form of transition metals could also be active in hydrotreatment, but less than the
respective metallic form.
To avoid the problem of catalysts poisoning by sulphur, metals in sulphide form, predominantly aluminasupported Ni/Co-Mo can be use directly. These catalysts were well studied13 for bio-oil hydrotreatment under a
wide range of reaction conditions (200-450 °C and 1-29 MPa). In contrast to the previously discussed catalysts,
the sulphur content in bio-oil is too low for maintaining the activity of sulphided catalysts and an external sulphur
source (H2S, dimethyldisulphide etc.) has to be added14.
The aims of this work are to (i) describe the hydrotreatment process over the sulphided NiMo/Al2O3 and
non-sulphided Ni/Al2O3 and Co/Al2O3 catalysts and (ii) determine the composition and physicochemical
properties of the bio-oil and upgraded products.

Experimental
Bio-oil hydrotreatment: For comparison sulphided and non-sulphided catalysts for bio-oil hydrotreatment
wheat-barley (1:1 w/w) bio-oil mixed with 0.5 wt. % dimethyldisulphide (DMDS) has been used as feedstock. Biooil was upgraded in co-current fixed bed reactor under following reaction conditions: 280-320 °C, 4 MPa, WHSV
0.25 and 1 h-1 for non-sulphided and sulphided catalysts, respectively. As a sulphided catalyst, NiMo/Al2O3 was
used, and as non-sulphided catalysts, Ni/Al2O3 and Co/Al2O3 were chosen.
NiMo/Al2O3 catalyst was sulphided from its oxide form in-situ via hydrogenated straight run gas oil containing
3 wt. % DMDS at 345 °C. The catalyst activation was followed by its stabilization with straight-run gas oil
(0.23 wt. % of sulphur). Ni and Co catalysts were reduced from their oxide form to metal in-situ.
Elemental composition (C, H, N, S, O) was determined using a Vario EL Cube analyser (Elementar). A Merck
stearic acid standard and a standard by Elementar Analysensysteme GmbH (C: 67.68 wt%, H: 4.95 wt%,
N: 0.69 wt%, S: 0.81 wt%) were used for the instrument calibration. The oxygen content was calculated by
difference.
The degree of deoxygenation was calculated according to oxygen content from elemental analysis of feedstock
and products organic phase.
Density at 40 °C and a kinematic viscosity at 40 °C were determined by SVM 3000 Stabinger Viscometer
(Anton Paar).
Micro Conradson Residue (MCR) was determined according to the ASTM D4530 standard method, by an NMC
420 device (NORMALAB ANALIS).
Water content was determined by a Karl Fischer volumetric titration according to the ASTM E203 using a
METTLER TOLEDO DL38 device.
Carboxylic acid number (CAN) was determined by a titration method, where tetrabutyl ammonium hydroxide as
a titrant, tetraethyl ammonium bromide as an electrolyte and isopropanol as a solvent were used.
FTIR spectra of feedstock and upgraded products were recorded using an infrared spectrometer IRAffinity-1
(Shimadzu, Japan) with Quest ATR accessory with a diamond crystal (Specac, USA). LabSolution IR software
(Shimadzu, Japan) was used as an interface between the spectrometer and the control computer. The spectra
were recorded in the 4000–650 cm-1 region using the spectral resolution of 4 cm-1 and 128 scans.
Bio-oil and all liquid organic products were characterized also by simulated distillation. Samples were dissolved
in carbon disulphide (1 wt. % solution) and introduced to a TRACE ULTRA gas chromatograph (Thermo Scientific)
equipped with an on-column injector, Agilent J&W CP-SimDist UltiMetal (10 m x 0.53 mm x 0.17 µm) column, a
FID detector and an oven cryogenic cooling system.

Results and discussion
Organic liquid products obtained by bio-oil hydrotreating at different reaction temperatures and using different
catalysts were compared with the feedstock in terms of their C/O and C/H ratio, shown on Figure 1. Low C/O
ratio shows that the feed contains a significant amount of oxygenates (alcohols, carboxylic acids, aldehydes,
phenols and others). With increasing reaction temperature the C/O ratio of all products significantly increased
compared with the feed as a result of deoxygenation. At 280 and 300 °C, Ni and Co showed close C/O ratios, i.e.
similar deoxygenation degree, but at 320 °C Ni showed much better results in terms of deoxygenation than Co
(Figure 1). Nevertheless, NiMo exhibited the highest C/O ratios at all reaction temperatures, i.e. outperforming
the non-sulphided catalysts. The biggest difference in deoxygenation between NiMo and Ni/Co can be seen at
320 °C, where C/O ratio was 7.15 over NiMo, but only 5.44 over Ni.
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Figure 1. C/O and C/H ratio of feed and products. BH-1 Co/Al2O3, BH-2 Ni/Al2O3, BH-3 NiMo/Al2O3
The fractional composition of the upgraded products at 320 °C and the feed was measured by simulated
distillation and the results are shown in Figure 2. The main challenge of bio-oil analysis using this method is the
lower response factor of oxygenates and high water content that affects recovery values at FID detector of the
GC. Nonetheless, products from bio-oil upgrading can be compared among themselves due to lower oxygen
content and their hydrocarbon nature. For clarity, there are shown the final boiling point lines of gasoline (200 °C)
and diesel (400 °C) in Figure 2 to allow a comparison of the recoveries (yields) of products. The highest recovery
of the desired fuel fractions (gasoline and diesel) was obtained for the product from NiMo/Al2O3 bio-oil upgrading
at 320 °C, they were 23 and 42 wt. %, respectively. Gasoline yield over Ni/Al2O3 was close to that over NiMo/Al2O3
product, but the diesel yield was lower, 38 wt. %. Bio-oil upgraded over Co/Al2O3 catalyst had the lowest overall
yield of the desired fuel products. Gasoline and diesel yields were 16 wt. % and 41 wt. %. Consequently, nonsulphidic catalysts upgraded straw bio-oil to a product with a higher amount of high- boiling compounds (>400 °C)
than sulphidic NiMo/Al2O3 catalysts which afforded a higher yield of fuel fractions.
An FTIR method was used for fast screening of the bio-oil upgrading level and for monitoring of changes in oxygen
containing functional groups. Figure 3 depicts FTIR spectra of bio-oil and its upgraded products at 320 °C on
Ni/Al2O3 and NiMo/Al2O3. Wavenumber 3650-3100 cm-1 encompasses bonds that can be attributed to O-H
stretching in phenols, carboxylic acids, alcohols and water. The absorbance in this region was much lower for the
product than for the bio-oil, which is in accordance with the higher C/O ratio of products than that of bio-oil.
Methyl and methylene groups represented by wavenumbers 3100-2800 cm-1 were also more pronounced in
products than in bio-oil. There were not any significant differences in these regions between products obtained
over Ni catalyst and those obtained over NiMo catalyst. An interesting difference in absorbance between Ni and
NiMo catalysts can be seen for wavenumbers 1750-1650 and 1620-1500 cm-1 that correspond to the stretching
of the C=O groups and the stretching of the C=C bonds from aromatics or alkenes, respectively. Carbonyl group
absorbance (reflecting the presence of acids, ketones and aldehydes) was lower for products obtained over NiMo
catalyst, while double bonds absorbance was lower for products obtained over Ni catalyst. This agrees with
elemental analysis and clearly, demonstrate the superior performance of the sulphided catalyst.
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Figure 2. Simulated distillation of bio-oil feed and products from 320 °C

Figure 3. FTIR spectra of bio-oil and products upgraded on Ni/Al2O3 and NiMo/Al2O3 at 320 °C
Physical properties of the feed and products are summarized in Figure 4. The density of all products was lower
than that of the feed and had a decreasing trend with increasing temperature. At 280 °C Ni/Al2O3 upgraded the
bio-oil better than the other catalysts, but at 320 °C densities of the products obtained over Ni and NiMo were
almost the same. The changes in kinematic viscosity with temperature were greater than those in density. The
product obtained over Co catalyst had even a higher viscosity than the feed, plausibly due to the separation of
the aqueous phase from the product. Again, Ni showed better results at lower temperatures, but at 320 °C the
NiMo catalyst ensured the same reduction in viscosity of the products as the Ni catalyst.
Micro Conradson Residue that shows the tendency of the feedstock to form carbonaceous deposits was very
high for the feed (15 wt. %) and was reduced to 4 wt. % over Ni and NiMo catalysts. The water content of the
products obtained over Ni and NiMo catalysts at 320 °C was close to 2.5 wt. % and was significantly reduced in
comparison with the feed bio-oil (22.6 wt. %).
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Figure 4. Properties of feedstock and upgraded products
The CAN of the hydrotreated products obtained over Ni and NiMo was reduced to the half of the feed value
(56 mg KOH/g). However, while the CAN of the NiMo upgraded products had a decreasing trend with increasing
temperature, the CAN of the Ni and Co upgraded products was constant or even showed a slightly increasing
trend with the increasing reaction temperature. This can be attributed to the loss of catalytic activity with the
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increasing time on stream, and even the increased temperature did not compensate the activity loss for Ni/Al2O3
catalyst. The degree of deoxygenation (DOD) of all products obtained over NiMo was higher at all reaction
temperatures than the DOD of products obtained over Ni or Co catalysts.

Conclusions
Straw bio-oil was upgraded in a co-current fixed bed reactor using a sulphided NiMo/Al2O3 and non-sulphided
Ni/Al2O3 and Co/Al2O3 catalysts in the temperature range 280-320 °C and pressure 4 MPa. Bio-oil hydrotreating
performed at higher reaction temperatures resulted in improved properties of the hydrotreated products. The
increase in the C/O ratio of the products was greater over the NiMo/Al2O3 catalyst than over Ni/Al2O3 and
Co/Al2O3 catalysts. FTIR results indicated that the NiMo catalyst possessed a better deoxygenation activity
whereas the Ni catalyst showed a better hydrogenation activity. Physicochemical properties of the hydrotreated
bio-oil products were significantly improved mainly at 320 °C using Ni/Al2O3 and NiMo/Al2O3 catalysts. Kinematic
viscosity and Micro Conradson residue decreased from 140 to 38 mm2/s and from 15 to 4 wt.%, respectively, due
to hydrotreating. The carboxylic acid number was reduced to the half of the feed value. It can be concluded that
sulphided NiMo/Al2O3 afforded products having better properties than Ni or Co catalysts. Also, the loss of
catalytic activity was less pronounced over the NiMo catalysts than over Ni and Co catalysts.
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Abstract
Bio-oils from biomass pyrolysis are promising 2nd generation biofuels and a potential source of valuable oxygencontaining chemicals. A detailed knowledge of bio-oil composition is needed to achieve their more widespread
use. Over the past decade, a petroleomic analysis using high-resolution mass spectrometry (HRMS) has been
widely applied for the pyrolysis bio-oil characterization. In this work, the principles of HRMS characterization of
complex mixtures are presented. In addition, structural information that was obtained using HRMS for pyrolysis
bio-oils is summarized and discussed. The presented results could help us to understand the chemical
composition of bio-oils in more detail and facilitate their further use.

Introduction
Pyrolysis bio-oils are liquids produced by the pyrolysis of biomass. Currently, they are being produced in a
commercial scale in several countries, e.g. Netherlands and Finland, to be used in district heating applications.
Also, bio-oils have promising potential for the further use as biofuels in transportation and as feedstock for the
production of different chemicals.1
High potential of pyrolysis bio-oils can be explained by several reasons. First of all, bio-oils are renewable and
environmentally friendly (considering a CO2 balance) feedstock and have, in comparison with a raw biomass,
about 2–10 times higher energy density per volumetric unit.2 Also, bio-oils, as liquids, are more easily
transportable and storable than a raw biomass. On the contrary, bio-oils typically have high contents of water
and oxygen, which causes some undesirable properties such as poor chemical and thermo-oxidative stability,
substantial corrosion properties, immiscibility with conventional petroleum fuels, etc. To increase bio-oil quality
and yields, more detailed knowledge of bio-oil composition is needed.
In terms of chemical composition, bio-oils are very complex mixtures. They are composed of thousands of
different, mostly oxygen-containing, decomposition products of cellulose, hemicellulose and lignin. These
compounds have a broad distribution of molecular weights and boiling points, they have different chemical origin
and the most of them are present in very low concentrations. Thus, the chemical characterization of bio-oils is
very complicated. Different analytical techniques including GC, GC  GC, HPLC, GPC, NMR, FTIR, etc. have been
used for the bio-oil characterization. 3-5 Over the past decade, a petroleomic analysis has been applied to analyse
bio-oils. Typically, a petroleomic analysis has been performed using high-resolution mass spectrometry (HRMS).
This method has enabled the researchers to obtain structural information about less volatile and non-volatile
bio-oil compounds that cannot be obtained using any other analytical method.6
In this work, the theoretical principles of an HRMS characterization of complex samples are briefly presented.
Also, structural information about the bio-oil composition obtained using HRMS are presented and discussed.

Theoretical principles of HRMS characterization of complex samples
The HRMS characterization of complex samples is based on the ability of powerful mass spectrometers to resolve
signals of thousands of compounds in a complex mixture, e.g. heavy petroleum fractions, biofuels, etc., in a single
analysis. Soft ionization techniques are typically applied in such analyses. For the compounds present, the soft
ionization process typically ensures the formation of molecular and/or pseudomolecular ions and no
fragmentation; i.e. in the mass spectrum, each detected compound is represented by a single molecular peak
and/or a single pseudomolecular peak. For these peaks, exact molecular masses are measured with the accuracy
of units of mDa or even less. Then, these molecular masses are converted to molecular formulas (elemental
compositions), as each elemental composition (e.g. CcHhNnOoSs) has its unique molecular mass. Thus, a list of
thousands of elemental compositions corresponding to the present compounds is obtained. These large data
sets can be visualized in different ways to obtain sample fingerprints.6-10
HRMS measurements require the use of powerful mass spectrometers with sufficiently high mass resolution and
mass accuracy. High resolution is needed to distinguish the signals of the present compounds from each other,
as tens of compounds with the same nominal mass (mass rounded to the integer) can be present in complex
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samples. Likewise, high mass accuracy is needed to ensure reliable assignments of molecular formulas to the
detected peaks.6-9
Typically, HRMS allows for the characterization of less volatile and non-volatile, high-molecular-weight
compounds, most of which are not detectable using conventional GC methods. Besides exact molecular masses
and elemental compositions of the compounds present, HRMS allows for obtaining partial structural information
for each detected compound based on a DBE value that can be calculated according to Eq. 1. A DBE value informs
about the number of rings and/or double bonds and enables one to estimate whether the compound is
saturated, unsaturated, aromatic, polyaromatic, etc.6
DBE (CcHhNnOoSs) = c – (h/2) + (n/2) + 1

(1)

Presentation of petroleomic data
As mentioned in the previous section, thousands of different elemental compositions can be obtained in the
petroleomic characterization of complex samples. Such large data sets cannot be presented simply as lists of the
obtained elemental compositions. There are several ways how to present the petroleomic data and these will be
briefly discussed in this section.
Heteroatom class and DBE distributions and molecular weight distribution
A certain heteroatom class consists of compounds (elemental compositions) with the same type and number of
heteroatoms in their molecule. For instance, an O3 heteroatom class consists of compounds having an oxygen
atom as the only heteroatom in their molecule with the number of oxygen atoms of three. Similarly, a DBE class
consists of compounds with the same DBE. A heteroatom class distribution gives the relative abundances of all
heteroatom classes present. A relative abundance of a certain heteroatom class is obtained as the sum of
intensities of all representatives belonging to this class divided by the total intensity of all elemental compositions
detected. In the same manner, a DBE distribution can be obtained. Typically, heteroatom class and DBE
distributions are presented as bar charts.
In a similar way, molecular weight distributions can be obtained also. The detected elemental compositions are
divided into molecular weight intervals (e.g. 100–200 Da, 200–300 Da, etc.) for which relative abundances are
calculated.11
Kendrick mass plots, carbon number vs. DBE plots and Van Krevelen plots
Unlike heteroatom class and DBE and molecular weight distributions, Kendrick mass plots, Van Krevelen plots
and carbon number vs. DBE plots present the obtained elemental compositions as dots, i.e. each dot presents a
unique elemental composition detected. Also, these presentation forms make it possible to present relative
intensities for the detected elemental compositions using colour-coding or 3D charts.
Kendrick mass plots present Kendrick nominal mass (KNM) vs. Kendrick mass defect (KMD) for each detected
elemental composition. Kendrick mass (KM) is defined according to Eq. 2. As the SI mass of 12CH2 is 14.01565 Da,
from Eq. 2 follows that the KM of 12CH2 is 14.00000 Da. KNM is KM rounded to the next integer and KMD is
obtained as the difference of the KNM and the KM, see Eq. 3. In Kendrick mass plots, the compounds of the same
DBE and heteroatom class but with different carbon atoms (one CH2 group) form a single horizontal series in
which the members differ by 14 KM units and have the same KMD, see Figure 1.6,12 Alternatively, the members
of a single vertical series belong to the same heteroatom class and have the same carbon number but they differ
by DBE of 1 (2 hydrogen atoms, a KMD of 0.013).6,12
KM = SI mass  (14.00000/14.01565)
KMD = KNM – KM
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Figure 1. An illustrative Kendrick mass defect diagram of bio-oil from fast pyrolysis of wood, full (A) and
“extracted”, O4 bio-oil compounds only (B). Adapted with permission from ref6. Copyright 2017 American
Chemical Society.
Carbon number vs. DBE plots give information about the degree of alkylation and unsaturation of the members
of a given heteroatom class, as these plots are typically presented for each detected heteroatom class separately,
see Figure 2. Different horizontal and vertical series of compounds can be observed. Like in Kendrick mass plots,
a certain horizontal series is composed of compounds belonging into the same heteroatom class and with the
same DBE but with different carbon numbers. Between neighbouring horizontal series, there is a difference of
one DBE unit. The members of a certain horizontal series have the same carbon number and belong to the same
heteroatom class but they differ in a DBE value. Between neighbouring vertical series, there is a difference of
one carbon atom (one CH2 group). To each dot presented, a corresponding elemental composition can easily be
assigned according to Eq. 1, as heteroatom class, DBE values and carbon numbers are known.6,12

Figure 2. DBE vs. carbon number plots for O4–O6 bio-oil compounds, the negative-ion ESI-HRMS and negative-ion
APCI-HRMS analysis of the bio-oil from fast pyrolysis of wood. Adapted with permission from ref 13. Copyright
2015 American Chemical Society.
In van Krevelen plots, O/C (or N/C or S/C depending on the heteroatom of interest) ratio is presented for each
detected elemental composition on an x axis and H/C ratio on a y axis. The heteroatom vs. C ratio (O/C or N/C or
S/C, x axis) distinguishes horizontally compounds that differ in the number of the heteroatom of interest (O or N
or S). Alternatively, the H/C ratio distinguishes vertically compounds that differ in DBE. A homologous alkylation
series composed of compounds of the same heteroatom class and DBE but with a different number of CH 2 groups
will show up as diagonals.6,12 Thus, compounds with similar chemical structure tend to cluster in specific
regions.6,12 The regions typically distinguished in bio-oils are presented in Figure 3.
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Figure 3. Van Krevelen diagrams of oily and aqueous phases of a slow pyrolysis bio-oil from pine wood with
highlighted regions of the main bio-oil compounds. Adapted with permission from ref14. Copyright 2015
American Chemical Society.

Petroleomic characterization of pyrolysis bio-oils
HRMS allowed for obtaining much structural information about bio-oils. First of all, HRMS brought first partial
insights into the structure of thousands of less volatile and non-volatile, high-molecular-weight decomposition
products of cellulose, hemicellulose and lignin. Such structural information at the level of individual compounds
is not obtainable using any other method. Typically, the HRMS spectra were dominated by oxygen-containing
compounds, but nitrogen-, sulphur- and even boron-containing compounds were detected also.13-38 In addition,
HRMS measurements allowed for the identification of different saturated and unsaturated fatty and resin acids
in bio-oils.6,14,23,36 Overall, the obtained HRMS data revealed that bio-oils are much less complex in comparison
with heavy petroleum fractions (especially narrower m/z range, lower contents of nitrogen, sulphur and metals,
etc.).6
Considering a molecular weight range of bio-oil compounds, HRMS data indicate that bio-oils are composed of
compounds with molecular weights in the range of about 100–850 Da.6 Typically, the most abundant peaks were
centred at about m/z 200–350 and the most of the detected compounds (85–99 % considering relative
intensities) had molecular weights lower than 500 Da. The absence of bio-oil compounds with the molecular
weights lower than 100 Da can be explained by their complete evaporation during the ionization process, i.e.
HRMS is typically not able to detect such compounds. However, it has to be taken into account that molecular
weight range as well as bio-oil properties and chemical composition in general are strongly dependent upon
pyrolysis feedstock, feedstock pre-treatment, pyrolysis process conditions, etc. Also, HRMS measurement
conditions can influence the obtained results.6
Although some overlap between HRMS and GC data is possible (especially for bio-oil compounds with molecular
weights between about 100–220 Da), it can be concluded that the most of compounds detectable by HRMS
cannot be detected using conventional GC methods. A combination of GC and HRMS revealed that HRMS is able
to detect much more compounds, in comparison with GC, with molecular weights between about 100–220 Da,
i.e. there is still a substantial knowledge gap even considering the structures of less volatile compounds
potentially detectable for GC. 11,17
Bio-oil compounds detected by HRMS mostly had 1–18 oxygen atoms per molecule, a DBE of about 0–30 and
carbon numbers of about 3–55.6 As stated above, the obtained results strongly depended upon pyrolysis
feedstock, feedstock pre-treatment, pyrolysis process conditions, HRMS measurement conditions, and possibly
some other factors.13-38 Typically, the lower oxygen heteroatom classes (O1−O6) mostly had lower DBE values of
about 1−6; alternatively, the higher oxygen classes (≥O7) mostly had higher DBE values of about 6−12. 6 An
increase in the carbon number was usually accompanied by an increase in the DBE and oxygen content, which
can be seen in Figure 2 also.6
Considering bio-oils composed of two phases (oily and aqueous), HRMS measurements revealed that aqueous
phases contained typically compounds with a broader range of oxygen atoms per molecule and lower DBE values
in comparison with oily phases. Also, saturated fatty acids, lower phenolic oligomers and holocellulose (cellulose
and hemicellulose) decomposition products were mostly enriched in aqueous phases. Alternatively, oily phases
contained mostly unsaturated long-chain fatty acids, resin acids and higher phenolic oligomers.14,22,24-25
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Considering bio-oil compounds containing heteroatoms other than oxygen (mostly N, S, B), nitrogen was found
to be the second most abundant heteroatom. Nitrogen-containing species typically had a general formula of N16
32
3O1-16. Pyridine and imidazole were assigned to be major structural motifs of N 1 and N2 species, respectively.
24,28
The general formula of the boron-containing
Sulphur was mostly bonded in S1O3–4 and N2S compounds.
compounds detected in bio-oils was B1O4–16; these compounds were likely bonded in boron-polysaccharides in
the form of tetravalent boratediol complexes.23

Conclusion
In this work, the theoretical principles of HRMS and structural information obtained by HRMS for bio-oils have
been discussed. The obtained results have demonstrated a high potential of HRMS for structural studies of biooils. Although much structural information was obtained using HRMS, there is still a substantial knowledge gap
especially considering non-volatile, high-molecular-weight but also low-molecular-weight bio-oil compounds.
Emphasis should be given to determine the exact structures of the abundant and also less abundant highmolecular-weight compounds which is crucial to optimize bio-oil upgrading processes. Also, the structures of
currently unknown low-molecular-weight compounds should be elucidated. A combination of HRMS with other
sophisticated analytical techniques, e.g. tandem mass spectrometry, ion mobility mass spectrometry and
chromatography, seems to be necessary to obtain further structural details of bio-oils.
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Da
DBE
FTIR
GC
GC  GC
GPC
HPLC
HRMS
KM
KMD
KNM
NMR
SI

Dalton
double bond equivalent
Fourier transform infrared spectroscopy
gas chromatography
comprehensive two-dimensional gas chromatography
gel permeation chromatography
high performance liquid chromatography
high-resolution mass spectrometry
Kendrick mass
Kendrick mass defect
Kendrick nominal mass
nuclear magnetic resonance
The international system of units
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6. Staš M., Chudoba J., Kubička D., Blažek J., Pospíšil M.: Energy Fuels 31, 10283 (2017).
7. Marshall A. G., Rodgers R. P.: Acc. Chem. Res. 37, 53 (2004).
8. Marshall A. G., Rodgers R. P.: Proc. Natl. Acad. Sci. U.S.A. 105, 18090 (2008).
9. Staš M., Chudoba J.: Chem. Listy 111, 628 (2017).
10. Islam A., Cho Y.: Mass Spectrom. Lett. 3, 63 (2012).
11. Staš M., Závodníková A., Auersvald M., Chudoba J., Kubička D.: Analýza netěkavého podílu bio-olejů z
pyrolýzy celulózy, hemicelulózy a ligninů (Analysis of Nonvolatile Fractions of Bio-oils From Pyrolysis of
Cellulose, Hemicellulose and Lignins), in Czech, submitted to Paliva.

230

ICCT 2018 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS
12. Lobodin V. V., Rodgers R. P., Marshall A. G., Petroleomics and the analysis of complex organic mixtures with
Fourier transform ion cyclotron resonance. In Comprehensive Environmental Mass Spectrometry, Lebedev,
A. T., Ed.; ILM Publications, Herfordishire, UK 2012; Vol. 2, pp 415.
13. Staš M., Chudoba J., Kubička D., Pospíšil M.: Energy Fuels 29, 3233 (2015).
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24. Kekäläinen T., Venäläinen T., Jänis J.: Energy Fuels 28, 4596 (2014).
25. Dhungana B., Becker C., Zekavat B., Solouki T., Hockaday W. C., Chambliss C. K.: Energy Fuels 29, 744 (2015).
26. Cheng T., Han Y., Zhang Y., Xu C.: Fuel 172, 49 (2016).
27. Tessarolo N. S., Silva R. V., Vanini G., Casilli A., Ximenes V. L., Mendes F. L., de Rezende Pinho A., Romão W.,
de Castro E. V., Kaiser C. R.: J. Anal. Appl. Pyrolysis 117, 257 (2016).
28. Santos J. M., dos Santos L. O., Silva F. F., Eberlin M. N., Wisniewski Jr A.: BioEnergy Res. 8, 1938 (2015).
29. Hertzog J., Carré V., Le Brech Y., Dufour A., Aubriet F.: Energy Fuels 30, 5729 (2016).
30. Undri A., Abou-Zaid M., Briens C., Berruti F., Rosi L., Bartoli M., Frediani M., Frediani P.: J. Anal. Appl.
Pyrolysis 114, 208 (2015).
31. Staš M., Chudoba J., Auersvald M., Kubička D., Conrad S., Schulzke T., Pospíšil M.: J. Anal. Appl. Pyrolysis
124, 230 (2017).
32. Cole D. P., Smith E. A., Dalluge D., Wilson D. M., Heaton E. A., Brown R. C., Lee Y. J.: Fuel 111, 718 (2013).
33. Smith E. A., Thompson C., Lee Y. J.: Bull. Korean Chem. Soc. 35, 811 (2014).
34. Bai X., Kim K. H., Brown R. C., Dalluge E., Hutchinson C., Lee Y. J., Dalluge D.: Fuel 128, 170 (2014).
35. Charon N., Ponthus J., Espinat D., Broust F., Volle G., Valette J., Meier D.: J. Anal. Appl. Pyrolysis 116, 18
(2015).
36. Miettinen I., Kuittinen S., Paasikallio V., Mäkinen M., Pappinen A., Jänis J.: Fuel 207, 189 (2017).
37. Crepier J., Le Masle A., Charon N., Albrieux F., Duchene P., Heinisch S.: J. Chromatogr. B 1086, 38 (2018).
38. Hertzog J., Carré V., Le Brech Y., Mackay C. L., Dufour A., Mašek O., Aubriet F.: Anal. Chim. Acta 969, 26
(2017).

231

ICCT 2018 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS
PROPERTIES AND COMPOSITION OF BIO-OIL HYDRODEOXYGENATION PRODUCTS
Auersvald M., Staš M., Šimáček P.
Department of Petroleum Technology and Alternative Fuels, University of Chemistry and Technology, Prague,
Technická 5, 166 28 Prague 6, Czech Republic
milos.auersvald@vscht.cz

Abstract
Pyrolysis bio-oil could be used as a second generation biofuel; however, its undesirable properties must be
improved. A detailed analysis is necessary to optimize an upgrading process and understand the behaviour of biooils during their hydrodeoxygenation. Therefore, we introduced commonly used methods for the quantification of
individual groups of oxygen compounds as carboxylic acids, ketones, aldehydes and phenols. In addition, we
developed a GC-MS method for the quantification of semi-volatile oxygen compounds which provides reliable
results. These analytical techniques allowed us to study the composition of a bio-oil from the ablative flash pyrolysis
of straw and products of its hydrotreatment over a commercial sulphided NiMo/Al2O3 catalyst at different pressures.

Introduction
First generation biofuels are currently the only commercially used biofuels. They are made from food crops and thus
their production competes to food and feed production. Mainly due to this, the future directive of EU (REDII)
proposing a gradual increase in the share of second generation and gradual reduction in share of first generation
biofuels in the total biofuel amount in the fuel pool.1 Fast pyrolysis seems to be the easiest process to convert
lignocellulosic biomass into a liquid.2 In this process, it could be possible to convert biomass into liquids (bio-oils) in
one step and possible mobile application of ablative pyrolysis could lead to a decrease of biomass transportation
cost3.
Nevertheless, bio-oil has high amount of oxygen and water which causes its negative properties [ref]. Bio-oil contains
many of acidic and phenolic compounds, which causes its incompatibility with wide range of materials. High content
of aldehydes and other reactive compounds causes its thermal and chemical instability. And due to its polarity and
high water content, bio-oil is immiscible with conventional petroleum fractions.2 Thus, a decrease of oxygen content
and thus improvement of these properties is a crucial step before widespread of bio-oil usage.
Hydrotreatment seems to be the most promising method for bio-oil upgrading. It leads to higher yields of products
of higher quality.4 For bio-oil hydrotreatment, different catalysts have been used. Although noble metals proved
very good results in bio-oil hydrotreatment, they can be poisoned by the presence of even a small amount of sulphur
compounds in the bio-oil.5 So, sulphided catalysts are still the preferred choice.
To optimize bio-oil upgrading process, it is necessary to have a detailed overview of changes in the chemical
composition. Bio-oil and its upgraded products are complex mixtures and the analysis of their chemical composition
is very difficult and time-consuming. GC-MS is the most common analytical method used for the characterization of
bio-oil composition.6 Quantification by MS detector is not such easy as by FID and therefore, most of publication
uses only qualitative analysis. Due to this, most of authors quantify the changes in composition relatively as the ratio
of total peak areas.7-8 These results can lead only to the misleading understanding of bio-oil hydrodeoxygenation,
mainly due to different response factors of oxygenates on MS detector and in any case, we do not get the results in
wt% by this way.
By GC-MS, we analyse only changes in low molecular compounds. So for, better understanding of chemical changes
in whole sample, it is good to use methods for quantification of total amount of some important chemicals groups
in bio-oil. Not a long ago there were validated9 and published methods for quantification of carboxylic acids10
carbonyls11 and phenols.12
In this work, we hydrotreated a straw bio-oil over sulphided NiMo/Al2O3 catalyst at different pressures. Then, we
performed detailed characterization of the obtained products. Except of physicochemical properties, we quantified
the changes in chemical composition of these products.
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Experimental
Hydrotreatment of bio-oil
Catalytic hydrotreatment of a bio-oil from ablative pyrolysis of straw (barley/wheat 1/1 w/w) with 0.5 wt% of DMDS
was performed in a continuous-flow fixed bed reactor (i.d. 23 mm and length 320 mm). Conditions were as follows:
temperature 320 °C, pressure 2; 4 and 8 MPa, hydrogen flow rate 90 Nl·h-1 and WHSV equal approximately to 1 h-1
using a 55 g of a commercial crushed sulphided NiMo catalyst (Ni 6.9 wt% and Mo 27.7 wt%). Particle size of catalyst
was as follows: top and bottom layer 5.0 g, not crushed - (p.s. > 1 mm), transitional layer 5.5 g (p.s. 0.84 - 1.0 mm)
and middle (main) layer 34 g (p.s. 0.25 - 0.42 mm). Products were labelled as follows: TTT/P = temperature
(°C)/pressure (MPa).

Physicochemical properties
Density and viscosity of the samples were measured using an SVM 3000 Stabinger Viscometer (Anton Paar) that
consists of two systems: an oscillation U-tube for density measurements and a rotation tube cell with an integrated
magnet for viscosity measurements. The density measurements were performed at 15 °C in agreement with
ČSN EN ISO 12185 and the viscosity measurements were performed at 40 °C in agreement with ASTM D445.
Elemental composition (C, H, N, S) was determined using an elemental analyser Vario EL Cube (Elementar) according
to ASTM D5291-16 and the sulphur content was determined according to DIN 51724-3. The oxygen content was
determined by difference.
Water content was determined by a volumetric Karl Fischer titration using an automatic titrator METTLER TOLEDO
DL38 and HYDRANAL (Riedel den Haën) was used as titrant. The measurements were in agreement with ASTM E203.
Higher heating value (HHV) was determined using IKA C 2000 (Merci) calorimeter equipped with a separate water
cooler in agreement with ČSN DIN 51900-1. Lower heating value (LHV) was calculated from the HHV by subtracting
the evaporation heat of water in the sample and water generated from hydrogen during the analysis.
Micro-conradson carbonisation residue (MCR) of the tested samples was determined by Conradson micro method
using NMC 420 (Normalab Analysis) device. The measurement was performed in agreement with ASTM D 4530.

Quantitative GC-MS and functional groups analysis
Carboxylic acid number (CAN) was determined by automatic titration using Metrohm DMS Titrino 716, by method
based on ASTM D664 modified for bio-oils, where tetrabutylammonium hydroxide is used as a titrant. The obtained
results were recalculated to mmol of COOH·g-1 of bio-oil sample.
The total content of carbonyls was obtained using potentiometric titration described in detail elsewhere 13. The
same apparatus and electrode system were used as for the CAN measurements. The method is based on the reaction
of carbonyl group with hydroxylamine hydrochloride at 80 °C. Released HCl directly consume presented
Triethanolamine and the unreacted triethanolamine is determined by titration by HCl.
GC-MS analysis. Instrument control, data acquisition and analysis were performed using an Xcalibur 2.2 software
(Thermo-Fisher Scientific). The sample (≈100 µl) was dissolved in about 1.7 ml of acetone and 10 µL of internal
standard (a mixture of 1-butoxypropan-2-ol and 2-naphthaldehyde, each 34 mg·mL-1) were added. GC-MS spectra
were evaluated using NIST 14 mass spectra library. A gas chromatograph Trace Ultra connected to a DSQ mass
spectrometer (both Thermo-Fisher Scientific) was used for analyses. Conditions of the GC analysis were as follows:
injection: temperature 250 °C, split 1:20, injected volume 1 µL; carrier gas: helium 5.5, gas flow 1 mL×m-1;
temperature program: 32 °C (8 min), then 5 °C·min-1 to 300 °C (10 min); column: ZB-5MSi, W/Guardian, 30 m (+5 m
Guardian end) x 0.25 mm x 0.25 µm; interface temperature: 280 °C. Conditions of the MS measurements were as
follows: EI +70 eV; analyser: quadrupole; solvent delay: 3.4 min; data acquisition: full scan; scanning range: 20–500
Da; scanning frequency: 4 scans·s-1. For quantification, a mixture of 64 standard compounds (1 mg·mL-1) was used.
For each compound, at least four point calibration curve covering concentration from 25 to 1000 µg·mL-1 was made.
The calibration points were obtained as the intensity of one or two most intensive ions specific for each compound.
For all calibration curves, the R2 value was higher than 0.99. Other compounds were quantified based on the
response factor of the structurally most similar compound.

Results and discussion
Bio-oil hydrotreatment
The experiments were performed in the order of decreasing pressure to avoid coking reaction expected at 2 MPa.
The real average temperatures on the catalytic bed at selected experimental conditions and time on stream of these
experiments are shown in
Table I. At all conditions tested, separation into an organic and aqueous phases occurred. At 320 °C and 4 MPa, the
organic phase had lower density than water and it created thus upper phase. With the increasing reaction pressure,
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the amount of organic phase of products decreased up to 54.3 wt% at 320 °C and 8 MPa. It was caused by higher
degree of deoxygenation and thus higher amount of aqueous phase was created.
Table I
Experimental conditions
Experiment
Average T in catalyst bed (°C)
Pressure (MPa)
TOS (h)

320/2
320.4
2
69

320/4
317.9
4
26

320/8
319.3
8
7

Physicochemical properties of feed and products are compared in
Table II. The best properties had in all cases product obtained at 8 MPa. With the increasing hydrotreatment
temperature, density of organic phase decreased from 1.133 to 0.947 g·cm-3. Kinematic viscosity at 40 °C decreased
from 123 up to 15.1 mm2·s-1. Water content of organic phase decreased from 22.6 to 1.0 wt%. Oxygen content
decreased from 21.3 to 6.6 wt%, which means that 77.5 % of oxygen were removed. Micro Conradson carbonization
residue (MCR) expressing propensity to cooking reaction decreased from 15.0 up to 2.8 wt%
Table II
Physical and chemical properties of feed and selected organic phase of products
Products

Feed
bio-oil

320/2

320/4

320/8

-

68.7

55.4

54.3

C *(wt%)

70.62

79.78

79.53

81.69

H * (wt%)

7.18

9.34

9.85

10.84

N * (wt%)

0.83

0.02

0.03

0.05

S * (wt%)

0.06

1.00

0.92

0.79

21.31

9.86

9.67

6.62

1.133

1.054

0.997

0.947

Kinematic viscosity at 40 °C (mm ·s )

123

90.2

31.2

15.1

Water (wt%)

22.6

3.87

2.31

1.00

MCR (wt%)

15.0

7.9

3.3

2.8

Sample
Yields of organic phase (wt%)

O * (wt%)- to 100 %
Density at 15 °C (g·cm )
-3

2 -1

*The elemental composition is given on dry basis, i.e. subtracting bio-oil water content determined by Karl-Fischer titration

Using GC-MS, we were able to quantify 33 % of all oxygenates in the feed. The total amount of oxygenates quantified
by GC-MS in products at 2 MPa significantly increased up to 56 % and then with the increase of pressure it decreased
to 26 %. From these results, we can assume that this sharp increase was caused by the deoxygenation of highmolecular-weight compounds of pyrolytic lignin. It was confirmed by an increase in the concentration of phenolic
compounds at 2 MPa compared to feed namely the increase in amount of pyrocatechol (2x), 4-ethylguaiacol (2x), 3/4-ethylphenol (3x), phenol (3x) and even 10x in case of 3-/4-propylphenol, see Table III.
Regarding other typical compounds in bio-oil, levoglucosan, hydroxyacetone and furfural were deoxygenated
already at 2 MPa. Isoeugenol, as a representative of unsaturated compounds, was completely hydrogenated into 4propylguaiacol at 2 MPa. 2-Methylcyclopentanone and syringol were completely deoxygenated at 4 MPa.
Pyrocatechol and all guaiacols were completely removed at 8 MPa. Amount of acids decreased but at 320 °C and
8 MPa they have not yet been completely removed.
For a better overview of changes in carboxylic acids and carbonyls in whole sample, we quantified their total amount
by titration and Faix method respectively, the results are shown in Figure 1. In high boiling fractions, the content of
carboxylic acids was lower in comparison with carbonyls. We found that we quantified more than 66% of all acids
by GC-MS. The total amount of carbonyls was more than three times higher than we determined by GC-MS.
Carbonyls groups were present in the most reactive pyrolytic lignin molecule probably in aldehydes group and thus
its amount decreased more than two times at 2 MPa compared to feed. The different trend in the decrease of
carbonyl compounds by GC-MS and by Faix method is caused mainly by different reactivity of ketones compared to
aldehydes, which were completely removed at 2 MPa.
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Table III
Directly quantified oxygen compounds with highest abundant
Products

Feed
bio-oil

320/2

320/4

320/8

Acetic acid (wt%)

2.81

2.07

1.18

0.34

C3H6O2

Hydroxyacetone (wt%)

1.27

ND

ND

ND

6.00

C3H6O2

Propionic acid (wt%)

0.45

0.60

0.42

0.15

11.70

C5H4O2

Furfural (wt%)

0.29

ND

ND

ND

12.02

C6H10O

2-Methylcyclopentanone (wt%)

0.05

1.33

ND

ND

18.14

C6H6O

Phenol (wt%)

0.36

1.05

1.26

1.35

21.72

C7H8O2

Guaiacol (wt%)

0.80

1.10

0.11

ND

24.29

C8H10O

3-/4-Ethylphenol (wt%)

0.51

1.56

1.86

1.97

25.34

C6H6O2

Pyrocatechol (wt%)

0.57

1.21

0.67

ND

26.91

C9H12O

3-/4-Propylphenol (wt%)

0.04

0.42

1.10

2.36

27.60

C9H12O2

4-Ethylguaiacol (wt%)

0.76

1.55

0.20

ND

29.47

C8H10O3

Syringol (wt%)

0.75

0.26

ND

ND

29.98

C10H14O2

4-Propylguaiacol (wt%)

0.09

0.95

0.10

ND

30.96

C10H12O2

cis-/trans-Isoeugenol (wt%)

0.65

ND

ND

ND

33.42

C6H10O5

Levoglucosane (wt%)

0.56

ND

ND

ND

43.15

C16H32O2

Palmitic acid (wt%)

0.31

0.27

0.18

0.14

Total amount of oxygenates by GC-MS (wt%)

23.65

23.78

14.15

11.15

Total amount of oxygen in compounds by GC-MS (wt%)

6.96

5.53

3.01

1.72

Ratio of oxygen in compounds by GC-MS (%)

32.7

56.1

31.1

26.0

RT (min)

Elemental composition

3.24

C2H4O2

4.49

Sample

ND – Not Detected

2,8

Amount of carbonyls (mmol·g-1)

Amount of carboxylic acids (mmol·g-1)

1,0
0,8
0,6
0,4
0,2
0,0

feed
320/2
Acids by GC-MS

320/4
320/8
Acids by titration

2,4
2,0
1,6
1,2
0,8
0,4
0,0

feed
320/2
320/4
320/8
Carbonyls by GC-MS Carbonyls by Faix method

Figure 1. Amount of carboxylic acids and carbonyls by GC-MS and titration
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Conclusions
In this work, we carried out the hydrotreatment of straw bio-oil from ablative fast pyrolysis at different pressures.
In addition to changes in physicochemical properties, we quantified changes in chemical composition of volatile
fractions by GC-MS. For a better overview of changes in most problematic groups of chemical compounds, we
quantified total amount of carboxylic acids and carbonyls by titration and Faix method respectively. We found that
at 8 MPa, only phenols, small amount of acids and negligible amount of carbonyls probably ketones were in product.
Our results can contribute to a better understanding of bio-oil hydrodeoxygenation on sulphided catalysts.
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Abstract
The activity of commercial sulfidic Ni-Mo and Co-Mo and reduced Ni catalysts supported on alumina for
hydrotreating of rapeseed oil were compared. Continuous flow reactor with inner diameter 21 mm and fixed bed
of catalyst was used. The reaction temperatures in range 260 - 360 °C, the pressure of 4 MPa and WHSV of 2 h-1
were tested. The composition of liquid and gaseous products was determined by GC-FID and GC-FID/TCD,
respectively. Complete deoxygenation of triglycerides was achieved at temperatures of 320 °C with Ni-Mo and
Ni catalysts and 340 °C with Co-Mo catalyst. Massive cracking accompanied by loss of activity at higher reaction
temperatures was observed on Ni catalyst. Gaseous products from Ni catalyst contained only the minor amount
of CO, CO2 and propane in contrast to sulfidic catalysts. It was caused by methanation of CO and CO2 and
hydrogenolysis of propane. Hydrodecarbonylation (HDCn) and hydrodecarboxylation (HDCx) reactions were
dominant pathways for oxygen removal in case of Ni catalyst in contrast to sulfidic types.

Introduction
The increasing worldwide consumption of fossil fuels evokes efforts of usage of renewable raw materials for the
production of biofuels which decreases the accumulation of greenhouse gases and allows restriction of
consumption of non-renewable crude oil reserves. Usage of biofuels for modern diesel engines started with the
production of biodiesel based on fatty acid methyl esters (FAME). Moderate reaction conditions of biodiesel
production and simply facilities are the main advantages of its usage as the fossil diesel substitution. On the other
hand, significant disadvantages of FAME like poor oxidation, thermal and thus storage stability must be
mentioned1. That is the reason, why the actual research of biofuels is focused on the hydrotreating of
triglycerides.
Hydrotreating of triglycerides (vegetable oils2, animal fats, waste cooking oil3,4 and micro-algae oil) provides
production of hydrocarbons which are similar to diesel fuel in light of boiling point range and composition5.
Complete oxygen removal from triglyceride molecule is achieved and thus excellent thermo-oxidation stability
and high cetane number and heating value of the product is guaranteed. In addition, hydrotreating of
triglycerides can be realized via common facilities in the refinery. Co-processing with petroleum fractions or
stand-alone processes of triglycerides is possible6. There are several commercial stand-alone applications for
hydrotreating of triglycerides for biofuel production. As an example, the Universal Oil Products (UOP) renewable
diesel with trade name Green diesel and NExBTL (Next generation Biomass-to-Liquid) of Neste Oil Corporation,
both based on vegetable oils and animal fats could be mentioned.
During hydrotreating of triglycerides, oxygen can be removed via hydecarboxylation in the form of CO2,
hydrodecarbonylation in the form of CO and water and hydrodeoxygenation in the form of water7. The
composition of liquid and gas products depends on the reaction conditions and catalyst and feed material used.
Several types of catalysts could be used for hydrotreating of vegetable oils2,8. Noble metals9 (mainly platinum
and palladium) supported on several high surface area materials (e.g. alumina, silica, carbon) or sulfides10 of
transition metals (Ni, Co, Mo) mainly on g-alumina are commonly used. However, noble metals are sensitive to
the presence of contaminants in feed and they are too expensive. On the other hand, when sulfide catalyst is
used, sulfur compound (mainly dimethyldisulfide – DMDS) must be added into the feed for the preservation of
catalyst activity. Thus end-product contaminated by sulfur could be obtained.
In the last years, using low-cost reduced nickel catalysts for hydrotreating of vegetable oils is investigated11.
Nickel dispersed on different supports could be the promising catalyst for green diesel production. Some studies
are focused on the monometallic phosphide, nitride and carbides catalysts which could minimize formation of
methane in contrast to nickel catalysts in reduced form11.
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Experiment
Activities of three types of catalysts (sulfidic Ni-Mo/Al2O3 and Co-Mo/Al2O3 and non-sulfidic Ni/Al2O3) for
hydrotreating of rapeseed oil were compared in this work. In case of sulfidic catalysts, rapeseed oil was doped
with 0.7 wt% of the dimethyldisulfide for the preservation of catalytic activity.
Rapeseed oil was hydrotreated in an electrically heated fixed-bed reactor (inner diameter 21 mm, active length
520 mm) having a thermo-well (outer diameter 6 mm) in its axis with 14 thermocouples. The catalysts were
crushed and sieved and particle size in range 0.25─0.42 mm was used. Weight hourly space velocity (WHSV) of
2 h-1, hydrogen to feedstock flow rate ratio of 900 m3/m3, temperatures in order
260 → 280 → 300 → 320 → 340 → 360 °C and pressure of 4 MPa were tested.
The conversion of triglycerides and the degree of deoxygenation was calculated by Equations 1 and 2,
respectively:
Conversion of triglycerides =
Degree of deoxygenation =

"#$% &"#$
"#$%

"+,% &"+,
"+,%

× 100

× 100

(1)
(2)

where CTG0 and COX0, are the concentration of triglycerides and oxygen, respectively, in the feedstock and CTG and
COX are the concentration of triglycerides and oxygen in products.
The composition of liquid products from hydrotreating was determined by GC-FID analysis after derivatization of
samples by the silylation. Silylation, based on EN 14105, included the reaction of -OH groups of glycerol and
glycerides and free fatty acids with N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) in the presence of pyridine.
Silylation was performed in an 8 ml vial fitted with a PTFE/silicone seal. 10 mg of homogenized sample was
weighed into the vial and 200 μl of pyridine and 100 μl of BSTFA silylation reagent were added. The vial was then
sealed, thoroughly shaken and left at room temperature for 15 minutes. The mixture was then diluted with nheptane and 1 μl of the solution was finally injected into the gas chromatograph (Hewlett Packard 5890
Chromatograph). The conditions of GC-FID analysis of derivatized liquid products are summarized in Tab. I.
Compounds in the chromatogram were identified by comparison of the retention times of compounds in the
silylated liquid products and the retention times of the pure standard compounds (n-alkanes, fatty acids,
alcohols) silylated under the same conditions. The identification of glycerides has also been taken from EN 14105.
The composition of gas products of hydrotreating was determined by GC-FID/TCD (Hewlett Packard 6890
chromatograph, HP Chemstation software). Main conditions of analysis are summarized in Tab. II.
Table I
Conditions of the GC-FID analysis of derivatized liquid products
Silica capillary pre-column FS, Deactivated (2.5 m x 0.53 mm i.d.) + analytical column
Analytical column
HP-5 (10 m x 0.25 mm i.d., 0.1 μm film); the SGE Mini-Union
Injection technique
On-column; injection amount: 1 μl
Supporting gas
Nitrogen; constant pressure 70 kPa
Isothermal 50 °C for 1 min, then the linear gradient of 15 °C/min. to 180 °C, linear
Temperature program gradient of 7 °C/min. to 230 °C, linear gradient of 10 °C/min. to 370 °C being held
isothermally for 5 min
Temperature: 370 °C
Hydrogen flow rate: 30 ml/min
FID detector
Airflow rate: 300 ml/min
Make-up gas (nitrogen) flow rate: 20 ml/min
Table II
Conditions of the GC-FID/TCD analysis of gas products
Silica capillary with an integral PLOT stationary phase: CP CARBOBOND
Analytical column
(50 m x 0,53 mm i.d.; thickness of stationary phase 5 μm)
Injection with splitter (1:5), evaporator temperature: 150 °C, injection amount: 500 μl
Injection technique
(with an excess of hydrogen in the gas being analysed)
Supporting gas
Helium, constant pressure of 60 kPa
Isothermal 30 °C for 5 min, then the linear gradient of 30 °C/min to 180 °C being held
Temperature program
isothermally for 30 min
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TCD detector

FID detector

Temperature: 205 °C
Reference gas (helium) flow rate: 20 ml/min
Make-up gas (helium) flow rate: 5 ml/min
Temperature: 250 °C
Hydrogen flow rate: 30 ml/min
Airflow rate: 300 ml/min
Make-up gas (helium) flow rate: 20 ml/min

Discussion and result analysis
Conversion and degree of deoxygenation
In Figures 1 and 2 are summarized dependences of conversion of triglycerides and degree of deoxygenation of
rapeseed oil on the reaction temperature and catalyst used. Full conversion was achieved at temperatures of
300; 320 and 340 °C with Ni-Mo, Ni and Co-Mo catalyst, respectively. Oxygen of the feed was completely
removed at reaction temperatures of 320 with Ni-Mo and Ni and 340 °C with Co-Mo catalyst. The highest
activities of Ni catalyst at temperatures of 260 and 280 °C were observed in comparison with sulfidic types.

Figure 1. Conversion of triglycerides as a function of reaction temperature (260 – 360 °C)

Figure 2. The degree of deoxygenation of rapeseed oil as a function of reaction temperature (260 – 360 °C)
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The composition of liquid products
The detailed yields of all liquid compounds and compound groups for all tested catalysts and temperatures are
summarized in Figure 3. Oxygen intermediates, like diglycerides, monoglycerides, alcohols, esters and fatty acids
were found in liquid samples at lower reaction temperatures. Into the group of “other hydrocarbons” C19+ nalkanes, iso- and cycloalkanes were included.
At temperatures above 280 °C stable yields of main components (C17 and C18 n-alkanes) around 73 and 65 wt%
for catalysts Ni-Mo and Co-Mo, respectively were observed. On the other hand, high yield of cracking products
(C16- alkanes) was observed for Ni catalyst at temperature of 320 °C. The unexpectedly lower yield of cracking
products at consequent temperatures of 340 and 360 °C with Ni catalyst is evident in Figure 3, which is probably
caused by fast deactivation of the catalyst by coke deposits.
The ratio of C17/C18 n-alkanes content in liquid products (see Figure 4) determines dominant reaction pathway.
Hydrodeoxygenation (HDO) reaction leads to the production of octadecane. By HDCn and HDCx reactions
n-heptadecane is formed. It is evident, that the dominant types of oxygen removal reaction on Ni catalyst are
HDCn and HDCx. The minor yield of n-octadecane (around 1 wt% of feedstock) was thus acquired. For sulfidic
types of catalyst, HDO was almost in balance with a couple of HDCn and HDCx reactions. Yields of n-heptadecane
and n-octadecane on sulfidic catalysts were thus almost balanced. Different composition of gas products from
sulfidic and non-sulfidic types of catalyst is thus expected too.

Figure 3. The yield of liquid compounds as a function of reaction temperature (260 – 360 °C)
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Figure 4. C17/C18 n-alkanes content ratio in liquid products as a function of reaction temperature (260 - 360 °C)
The composition of gaseous products
The detailed yield of gaseous compounds is summarized in Figure 5. In the group of “other hydrocarbons”
ethane, iso-C4 and C5 hydrocarbons, n-butane and n-pentane are included. Higher yield of gaseous products for
Ni catalyst in comparison with sulfidic types was observed at lower reaction temperatures, which is caused by
the higher activity of Ni catalyst.
Methane was the main component of gaseous products from Ni catalyst at all reaction temperatures. Methane
was formed mainly by conversion of all incipient CO and CO2 by methanation and hydrogenolysis of propane.
The minor content of propane in gaseous products from Ni catalyst was thus detected.
Low methane content in gaseous products from sulfidic catalysts is a proof of insignificant running of
methanation and hydrogenolysis reactions. CO and CO2, as the main components of gaseous products from
sulfidic catalysts, are formed by HDCn and HDCx reactions. Propane as a residue of triglyceride molecule after
fatty acids cleavage was present in gaseous products in the stoichiometric amount.
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Figure 5. The yield of gaseous compounds as a function of reaction temperature (260 – 360 °C)

Conclusion
The activity of two types of sulfidic (Ni-Mo/Al2O3 and Co-Mo/Al2O3) and non-sulfidic Ni/Al2O3 catalyst was
compared by hydrotreating of rapeseed oil using fixed-bed reactor. The temperatures in range 260 - 360 °C, the
pressure of 4 MPa and the WHSV of 2 h-1 were tested.
The highest activities of Ni-catalyst at temperatures of 260 and 280 °C were observed in comparison with other
catalyst types. On the other hand, massive cracking and hydrogenolysis of longer alkanes with Ni catalyst were
proved, which resulted in the low content of C17 and C18 n-alkanes and high content of liquid cracking products
at higher temperatures. Methanation of almost entire CO and CO2 took place on Ni catalyst at all tested
temperatures thereby a high content of methane in gas products was explained. Furthermore, fast loss of activity
of Ni catalyst at temperatures above 300 °C was observed probably due to deposition of coke on the surface of
the catalyst.
For sulfidic Ni-Mo and Co-Mo catalysts, the stable yield of main components (C17 + C18 n-alkanes) around 73 and
65 wt% was achieved at temperatures above 280 °C. HDO was almost in balance with a couple of HDCn and HDCx
reactions. Low methane content in gaseous products from sulfidic catalysts is a proof of insignificant running of
methanation and hydrogenolysis reactions. Slight cracking in comparison with Ni catalyst was observed.
Furthermore, propane was present in gaseous products in the stoichiometric amount.
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Abstract
Camelina sativa L. (false flax) represents a promising oilseed crop with favourable agronomic characteristics
ensuring sustainable rural development in longer term. Camelina sativa oil is potential feedstock for the
production of bio-components to fuels with high greenhouse gas savings.
In this research screening of Camelina plants was undertaken and two Camelina varieties were investigated. The
crop quality was evaluated, namely Smilowska (origin Poland) and Zuzana (origin Czech Republic). This work
presents the results of comparative research of different fertilization conditions, cultivation practice and
evaluation of individual genotypes. The most influencing parameters affecting the oil yields and fatty acid
composition were determined.
The authors intend to develop the research further in sowing field trials to improve and provide the right growing
techniques and determine the resistance of genotypes Camelina sativa to diseases to assure the extension of the
Camelina sativa for its oil production.

Introduction
Biodiesel, the biodegradable and environmentally innocuous biofuel obtained from renewable resources,
represents the most suitable way to reduce the dependency of the European transport sector on fossil fuels and
to cut greenhouse gas (GHG) emissions. Currently, more than 95 % of biodiesel worldwide is derived from edible
vegetable oil1 that competes with the food and feed supply, therefore searching for other sources of oily raw
material is important.
Oilseed crop Camelina sativa (false flax) belongs to Brassicaceae family and shows great potential to become a
promising alternative of sustainable technical, non-food, energy crop. Compared to rapeseed, canola or soybean
this plant can be cultivated even on poor marginal soils with ability to survive in diverse range of habitats (coldweather and arid-climate tolerance). Furthermore, Camelina requires only few agricultural inputs when
compared with other crops keeping the expenses related to fertilizer application and crop protection chemicals
low2 and its short growing season signifies its positive agronomic attributes.
The main objective of the research is to examine and develop the most profitable and cost-effective way to
produce Camelina sativa oil as a feedstock for the production of bio-components to fuels with high greenhouse
gas savings and to provide the right growing technologies for cultivation practice. In this paper, the impact of
fertilizers on seed harvest and the oil production was investigated. The fatty acid profile of two spring Camelina
varieties was characterised to determine the most attractive and feasible conditions of all production stages from
primary production to further processing.

Material and methods
Two spring varieties of Camelina, namely Smilowska (Poland origin) and Zuzana (Czech Republic), were obtained
and seeded as early as the conditions were favourable (March) at recommended seeding rate 10 kg.ha-1. Camelina
was grown in plot trial fields and harvested at Research and Breeding Station at location Vígľaš - Pstruša, Slovakia
(48°33ʹ20ʺN 19°17ʹ41ʺW). Each one of the trial field parcels had an area of 7,5 m2 and twelve different variants
of fertilizer input were investigated for both individual Camelina varieties. Comparison of an agronomic
characteristics and impact of fertilizers on the crop quality, height of plants, production yields (t.ha-1) and disease
resistance of Camelina genotypes were evaluated. The oil yields of individual Camelina samples were determined
by extraction method with n-hexane and with gravimetric analysis, the acid value of crude camelina oil by
potassium hydroxide titration method and the fatty acids profiles were determined by GC-FID chromatography.
Cold pressed Camelina oil as a reference material was purchased from company Camelina Solutions, Spain.
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The analysis of the acyl-profile of camelina oil was carried out according to the EN 14105 standard on the Agilent
7890A detector equipped with a feed block column and a flame ionization detector.
The oil samples were diluted with pyridine 0.1 g/10 ml. For silanization, 0.1 ml of a sample solution in pyridine
was used and the silanization was performed with a silanizing agent of N-Methyl-N-trimethylsilyltrifluoroacetamide with internal standards according to EN 14105.
Separation of mono, di, triglycerides and free glycerol was performed on a DB-5HT 15m x 0.32mm x 0.1μm
column.
Analysis of the camelina oil methyl esters after esterification was performed according to standard EN 14103 on
an Agilent 7890A detector equipped with a split/splitless injector and FID.
The oil sample was esterified according to STN ISO 5509 standard using the methanolic NaOH solution and
methanolic boron trifluoride with the addition of Methyl nonadecanoate as an internal standard.

Results and discussion
Cultivation of Camelina genotypes at Slovak conditions
Camelina is native to parts of Asia, northern part of Africa, and has been widely distributed across Europe in last
century, lately was pushed aside by rapeseed containing higher oil content.
Camelina is considered to be low input crop requiring only low doses of fertilizers and pesticides3. According to
high tolerance against Phyllotreta cruciferae and Delia brassicae no insecticides were applied. Camelina unlike
rapeseed is resistant to Lepthosphaeria maculans and Alteraria brassicae without need of fungicides application.
Only approved herbicides were used prior to seeding. The small occurrence of Hyaloperonospora camelinae was
observed at both varieties.
Twelve different fertilizer application rates to soil (nitrogen, phosphorous, potassium, and manure) were tested
to determine fertilizer impact. The results presented in Table I indicate that camelina responds to fertilizer
application. Nitrogen application ranged 40-150 kg.ha-1, P2O5 varied 0-60 kg.ha-1 and K2O application was either
0 or 60 kg.ha-1. The nitrogen amount in the soil has significantly influenced the height of the plant. When no
nitrogen was applied Smilowska and Zuzana stem was 54.5 cm and 58 cm height, respectively, compared to 85
cm and 86.5 cm respectively when highest amount of nitrogen was applied.
Seed yield and camelina oil production characterization
Camelina is a short-season crop and the seeds were harvested after 101 days to prevent seed loss during harvest,
although the seeds moisture was 15-16 %. The yield of seeds was calculated at 15 % moisture. The Polish variety
Smilowska seed production yield was higher than Czech variety Zuzana, 3.73 t.ha-1 to 3.12 t.ha-1 respectively at
control trial conditions (no fertilizer).
Evaluating the fertilizer impact on Camelina oil production, it was investigated, that in accordance with literature4
an increase in nitrogen application rate raised the seed yield, however had a negative impact on the oil yield, a
desirable component for biodiesel production (Table I). Investigating Zuzana variety, the oil content has reached
31.55 % when highest N dosage was applied compared to 41.95 % when no N added (only manure was applied
once every four years). Therefore, the negative impact of nitrogen was exhibited. This negative correlation is
known for cereals as well as for rapeseed, where application of nitrogen enhances the growth of the stem and
increases the protein content and decreases the oil content in the seeds. No linear correlation was detected for
Smilowska crop but maximum yield 40.52 % was obtained when grown on soil with manure being applied once
in four years.
Phosphorus application exhibited increase in the yield of camelina seeds but negatively affected the oil content.
This might be caused by increased production of phospholipids, that were not extracted into the oil.
Camelina oil production responded to fertilizers usage and results have shown a wide variance of oil content.
Average oil content (considering all twelve fertilizing scenarios) reached 37.03 % at Zuzana variety, which was
higher than average value 36.47 % at Smilowska variety and in line with published range of 28-40 wt.%5.
Although, these results were not comparable with rapeseed oil production requirements on oil content in seeds
stated to be min. 42 % to meet the standards.
The acid value of crude camelina oil extracted by hexane was in the range of 0.92-1.37 mgKOH/g for Smilowska
variety and 0.73-1.28 mgKOH/g for Zuzana.
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Table I
Fertilizer impact on camelina oil yield, acid value and fatty acid (FFA) content
Fertilizer (kg.ha-1)
Smilowska (S)
No
N
P2O5 K2O Manureb Oil yield
Acid no.
FFA
Oil yield
(%)a
(mgKOH.g-1) (%C18:1)
(%)a
11
0
0
0
1
40.5
1.04
0.52
41.95
12
0
60
60
1
38.6
0.92
0.46
34.97
13 40
60
60
1
38.9
1.35
0.68
40.49
14 80
60
60
1
31.8
0.97
0.49
37.78
15 120
60
60
1
34.5
1.07
0.54
37.24
16 150
60
60
1
36.2
1.14
0.57
31.55
21
0
0
0
0
35.4
0.92
0.46
37.25
22 120
0
0
0
37.2
1.37
0.69
34.36
23 40
0
0
0
39.1
1.25
0.63
34.59
24 80
0
0
0
38.9
1.48
0.75
36.70
25 80
60
0
0
36.4
1.20
0.60
38.61
26 80
0
60
0
32.8
1.35
0.68
38.91
a
Oil yield calculated at 8% moisture of the sample
b
Manure applied once per 4 years at dosage 10 t.ha-1

Zuzana (Z)
Acid no.
(mgKOH.g-1)
0.76
1.28
0.73
0.78
0.80
1.22
1.03
1.29
0.95
1.29
0.82
0.78

FFA
(%C18:1)
0.39
0.64
0.37
0.39
0.40
0.61
0.52
0.65
0.48
0.65
0.41
0.39

Characterisation of camelina oil fatty acids
Published values of the camelina oil fatty acid profile based on the degree of saturation are usually approx. 10 %
of saturated, 33 % monounsaturated and 57 % polyunsaturated FA6
Table II
The fatty acid composition (wt%) of Camelina oil- variety Smilowska and comparison to other published values
Smilowska
Zuzana
Published
C:D*

Fatty acid

S 11

S 12

S 14

S 15

Z 16

C8:0
C10:0
C12:0
C14:0
C16:0
C16:1
C17:0
C18:0
C18:1
C18:2
C18:3
C20:0
C20:1
C20:2
C20:3
C20:4
C22:0
C22:1
C22:2
C23:0
C24:0

Caprylic acid
Capric acid
Lauric acid
Myristic acid
Palmitic acid
Palmitoleic acid
Margaric acid
Stearic acid
Oleic acid
Linoleic acid
Linolenic acid
Arachidic acid
Gadoleic acid
Eicosadienoic acid
Eicosatrienoic acid
Arachidonic acid
Behenic acid
Erucic acid
Clupanodinic acid
Tricosylic acid
Lignoceric acid

< 0.01
< 0.01
0.01
0.06
5.56
0.09
0.10
2.45
17.56
19.28
31.83
1.41
14.34
1.75
0.07
0.01
0.30
2.68
1.66
0.04
0.17

0.00
0.00
0.01
0.06
5.66
0.10
0.08
2.50
17.76
19.25
32.19
1.51
14.67
1.83
0.06
0.01
0.32
2.79
0.21
0.03
0.29

0.00
0.01
0.01
0.07
5.80
0.10
0.08
2.48
17.20
19.16
32.72
1.50
14.61
1.82
0.06
0.01
0.33
2.98
0.10
0.03
0.21

0.00
0.01
0.01
0.07
5.85
0.11
0.08
2.52
16.95
19.46
32.35
1.57
14.64
1.82
0.07
0.02
0.35
3.07
0.07
0.03
0.21

< 0.01
< 0.01
0.01
0.06
5.59
0.11
0.07
2.50
17.44
19.52
30.16
1.59
14.52
1.57
1.01
0.02
0.35
2.96
0.04
0.20
0.66

0.63

0.66

0.72

0.75

1.62

C24:1 Nervonic acid
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0.05
0.1
5.16
5.5
0.04
0.1
2.4
14.4
19.1
33.5
1.5
15
2.2
1.4
0.3
3.1
0.2
0.2
0.6

2.68
15.21
17.9
34.64
1.44
15.14
2.17
1.47
0.3
2.57
0.14
-
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*

C:D denotes the number of carbons and the number of double bonds in stated fatty acid

In summary, the variability of used fertilizer during growth of Camelina did not noticeably affect the fatty acid
composition profile. The results of Smilowska and Zuzana variety are consistent with above mentioned data
(Table II), obtaining mainly unsaturated fatty acids with 31.8-32.4 wt.% content of the linolenic acid (C18:3), 19.219.5 wt.% of linoleic acid (C18:2), followed by monounsaturated FA, e.g. 16.9-17.8 wt.% oleic acid (C18:1) and
other FA`s. The variance is caused by the influence of the added fertilizer.
In addition to the oil content, the fatty acid profile and the acid number other parameters of commercial cold
pressed Camelina oil were tested and are listed in Table III.
Table III
The additional properties of Camelina sativa oil - reference material from Camelina Company
Parameter
Unit
Method
Value
Viscosity at 40°C
mm2.s-1
STN EN ISO 31404
34.38
Freezing point
°C
STN 65 6072
-21
3
Density at 15°C
kg.m
STN EN ISO 12185
927.6
Acid number
mg KOH/g
STN EN ISO 660
1.9
Iodine number
gI2/100g
STN EN 14111
151

Conclusion
The research results show that investigated Camelina spring varieties, namely Smilowska (place of origin Poland)
and Zuzana (Czech Republic origin), represent a valuable non-edible feedstock for the production of biocomponents to fuels with high greenhouse gas savings. The research presented in this paper has demonstrated
that spring varieties are feasible to grow in local conditions producing on average 6.08 - 7.87 t.ha-1 of Camelina
seeds (at 15% moisture).
The main aim was to evaluate the fertilizing dosage for optimal cultivation practice to gain maximum oil yield as
well as to detect its influence on camelina oil composition. The negative impact of nitrogen on oil yield was
exhibited.
According to results, the Zuzana variety is considered more suitable for biofuel production according to higher
oil yields (41.95 %) compared to Smilowska (40.52 %) at same growing conditions and according to lower values
of acid number 0.98 mgKOH/g (Zuzana) compared to 1.14 mgKOH/g. The variability of used fertilizers did not
significantly affect the fatty acid composition profile and a high percentage of polyunsaturated fatty acids
(approx. 53.8 wt.%) was obtained with the main constituents detected as linolenic acid (31.8-32.4 wt.%) and
linoleic acid (19.2-19.5 wt.%).
Further research is necessary to develop a profitable production and processing on Camelina sativa oil suitable
as potential feedstock for preparation of “drop-in” alternative to traditional petroleum derived fuels.
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THE INFLUENCE OF TEMPERATURE TO THE HYDROTREATING OF RAPESEED OIL AND ITS CO-PROCESSING
WITH MIDDLE DISTILLATES
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Department of petroleum technology and alternative fuels, University of chemistry and technology Prague,
Technická 5, 166 28 Praha 6, Czech Republic
2
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Abstract
Hydrotreating of biomass based on triglycerides (e.g. vegetable oils) provides products with better
thermo-oxidative stability, higher energy content and cetane index than the nowadays used products of
transesterification. The great advantage is that it can be operated together with hydrotreatment of petroleum
products on existing plants in the refineries. Temperature 300370 °C, pressure 2 - 10 MPa, WHSV 0.25 - 4 h-1 are
common operating conditions of hydrotreating of triglycerides.
In this work, the influence of the temperature and the amount of rapeseed oil added to the petroleum feedstock
were investigated. A sulfidic Ni-Mo/γ-Al2O3 catalyst, 0; 10; 20; 30 and 100 wt. % of rapeseed oil in the feedstock,
temperatures of 340; 360; 380; 400 and 420 °C, the pressure of 4 MPa and WHSV 1 h-1 were used.
Obtained results show that the reaction temperature of 380 °C is sufficient to desulfurize the feedstock below
10 mg/kg for all rapeseed oil/petroleum feedstock ratios. On the other side, this temperature of hydrotreating
doesn’t enhance production of polyaromatics in products. The content of polyaromatics and the yield of liquid
products decreased with increasing rapeseed oil content in the feedstock and on the contrary, the content of
n-alkanes in liquid products and the concentration of gases in the gaseous products increased.

Introduction
The process of hydrotreating of triglycerides means catalytic reactions of removing the oxygen and
hydrogenating the double bonds in biofuel feedstock. This feedstock is biomass containing triglycerides especially
vegetable oils and animal fats1. Hydrotreating of vegetable oils is usually carried out in the temperature range
from 300 to 370 °C, pressures from 2 to 10 MPa and weight hourly space velocity (WHSV) between 0.25 h-1 and
4 h-1 2-5. Catalyst plays an important role in ensuring a high conversion of triglycerides and high yield of the
intended products. The choice of the catalysts for the hydrotreating depend upon the activity, stability and
importantly the selectivity of metal and support catalyst as well as its surface area and pore volume distribution.
As expected the reaction conditions (temperature, pressure…) play also an important role and they influence the
reactions and products6,7. For the hydrotreating of different feedstocks, many catalysts including a noble metal,
transition metal, sulphided, non-sulphided, phosphide, nitride, reduced and oxides of metal catalysts have been
examined8. The sulfidic transition metal catalysts like Ni-Mo or Co-Mo with γ-Al2O3 as the support are commonly
used for co-processing of vegetable oils and petroleum fractions9,10.
The first step of the hydrotreating is the hydrogenation of double bonds in unsaturated acyl chains11,12. Then the
removing of the oxygen from the free fatty acids will form straight hydrocarbons by a set of reactions:
hydrodeoxygenation (HDO), hydrodecarboxylation (HDCx) and hydrodecarbonylation (HDCn), respectively. By
HDO hydrocarbons with the same number of carbon atoms as the fatty acid chain and two moles of water are
formed. By HDCx and HDCn hydrocarbons containing one carbon atom less than the fatty acid chains, and CO2
and CO, respectively are produced. Depending on the structure of produced hydrocarbons, they need to be either
isomerized, cyclized or cracked in order to improve their low-temperature properties13,14.

Experiment
Hydrotreating was performed in a co-current fixed bed reactor using commercial Ni-Mo/γ-Al2O3 sulfidic catalyst
(88 g). Weight hourly space velocity (WHSV) of 1 h-1, hydrogen to feedstock ratio of 1000 m3/m3 for rapeseed oil
and 300 m3/m3 for mixtures, temperatures of 340; 360; 380; 400 and 420 °C and pressure of 4 MPa were tested.
Waterless products were then stabilized using FISCHER distillation apparatus with SPALTROHR HMS 500 column
at a pressure of 5 kPa, reflux ratio 1:1. In the mantle of the column, the temperature was maintained with control
program at temperature 0.5 °C below the temperature at the head of the column. In the heating mantle, the
temperature was maintained at 50 °C above the temperature in the distillation flask. Distillation was terminated
when the temperature of distillate reached 150 °C (calculated to the atmospheric pressure), which is the lower
boiling limit for the diesel fuel.
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The sulfur content in products was determined according to ASTM D5453 by Trace Elemental Instruments Xplorer
fluorescence detector.
The content of monoaromatic, diaromatic and polyaromatic hydrocarbons in the stabilized products was
determined by liquid adsorption chromatography (HPLC). The apparatus was composed of high pressure pump
(Shimadzu LC - 10 AD), injection valve (Rheodyne 7125), a refractometric detector (Shimadzu RID - 10A) and data
transmission equipment (Shimadzu CBM – 10A). The column and the detector were heated to the temperature
of 40 °C. n-Heptane was used for dilution of samples and as a mobile phase with the flow rate of 1 ml/min.
The content of n-alkanes in stabilized liquid products was determined by GC-FID technique. The conditions of
analysis are summarized in Table I. Identification of n-alkanes was carried out using a standard n-alkanes mixture
(C6 to C30 n-alkanes).
Table I
Conditions of the GC-FID analysis of liquid products
Analytical column
Fused silica capillary tube with a nonpolar stationary phase type PDMS
(15 m x 0.32 mm i.e., film thickness 0.52 µm)
Inlet
Split (1:100), evaporator temperature: 320 °C, injected volume: 0.2 μl
Supporting gas
Nitrogen; constant pressure 20 kPa
Temperature program Isothermally 40 °C for 3 min, then the linear gradient of 8 °C/min, to a temperature
of 280 °C (10 min)
FID detector
Detector temperature: 320 °C
Hydrogen flow rate: 30 ml/min
Airflow rate: 300 ml/min
Make-up gas (nitrogen) flow rate: 20 ml/min
The composition of gas products of hydrotreating was determined by GC-FID/TCD technique. The basic
conditions of analysis are shown in Tab. II.
Table II
Conditions of the GC-FID/TCD analysis of gaseous products
Analytical column
Silica capillary with an integral PLOT stationary phase: CP CARBOBOND
(50 m x 0.53 mm i.d.; thickness of stationary phase 5 μm)
Injection technique
Injection with splitter (1:5), evaporator temperature: 150 °C, injection amount: 500 μl
(with an excess of hydrogen in the gas being analysed)
Supporting gas
Helium, constant pressure of 60 kPa
Temperature program Isothermal 30 °C for 5 min, then the linear gradient of 30 °C/min to 180 °C being held
isothermally for 30 min
Dividing of the eluent
Metal splitter Siltek MXT Connector (Restek), connection to detectors via metal
capillary pre-column VARIAN (20 cm x 0.55 mm i.d)
TCD detector
Temperature: 205 °C
Reference gas (helium) flow rate: 20 ml/min
Make-up gas (helium) flow rate: 5 ml/min
FID detector
Temperature: 250 °C
Hydrogen flow rate: 30 ml/min
Airflow rate: 300 ml/min
Make-up gas (helium) flow rate: 20 ml/min

Results and discussion
In total 25 products were prepared by hydrotreating of rapeseed oil and its mixtures with petroleum middle
distillates blend. This blend contained 10 wt. % of light cycle oil (LCO) and 90 wt. % of atmospheric gas oil (AGO).
Contents of rapeseed oil in mixtures 0; 10; 20; 30 and 100 wt. % were used and the mixtures were labelled as R0;
R10; R20; R30 and R100. 0.5 wt. % of dimethyl disulfide was added to the pure rapeseed oil, to maintain the
activity and stability of the used sulfidic catalyst.
The yield of liquid products of hydrotreating (see Figure 1) ranged from 84 to almost 100 wt. % and decreased
with increasing temperature. Remarkable cracking of R30 feedstock at temperatures above 360 °C was observed.
As it can be seen in Figure 2, the sulfur content in all products obtained at higher temperatures (380; 400 and
420 °C) was lower than 10 mg/kg, so these samples met the standard EN 590, which sets the maximum
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permissible sulfur content in the fuel to 10 mg/kg. It can be seen, that hydrodesulfurization and hydrotreating
reactions (hydrodeoxygenation, hydrodecarbonylation and hydrodecarboxylation) were competitive to each
other because at the reaction temperature of 340 °C the better desulfurization was achieved with feedstock
without rapeseed oil. On the other hand, the effect of dilution by rapeseed oil as a non-sulfur component is at
the same temperature evident.
As expected, the higher temperature was used, the more distillate was obtained due to the cracking. At the
temperatures of 340 and 360 °C hardly any distillate during stabilization of liquid products was obtained from
pure hydrotreated rapeseed oil samples. These conditions are not sufficient for the used catalyst to form the
lighter products by isomerization and subsequent cracking from feedstock containing only RO.
100
Sulfur content (mg/kg)
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80

95
Yield (wt. %)

60
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40
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80

R0
R10
R20
R30

R0
R30
320
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R20

360 380 400 420
Reaction temperature (°C)
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Figure 1. The yield of the liquid products

0
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340

360 380 400 420
Reaction temperature (°C)

440

Figure 2. The sulfur content in liquid products

The feedstock R0 (the blend of AGO and LCO) contained 10 wt. % of monoaromatics and 12 wt. % of polyaromatic
(more than one aromatic ring in the molecule). As it can be seen in Figure 3, there is a strong difference between
the composition of co-processing liquid products (R10, R20 and R30) and the products formed only of rapeseed
oil (R100). Additional, there was the lower content of n-alkanes in co-processing products and R0 products, and
higher content of aromatic compounds, iso- and cycloalkanes at all hydrotreating temperatures compared to
R100. In co-processing samples, the content of n-alkanes decreased with reaction temperature and the content
of aromatic compounds increased with a temperature of the process. The content of iso- and cycloalkanes in
liquid products was not evidently dependent on the reaction temperature. In products R100 the content of
n-alkanes decreased and content of aromatic compounds, iso and cycloalkanes increased with increasing
reaction temperature.
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Figure 3. The group composition of liquid products
HDO reaction was preferred at the expense of HDCn and HDCx reactions only at temperature 340 °C, which is
evident of the increasing C17/C18 n-alkanes content ratio (see Figure 4). For products obtained by hydrotreating
of R100 feedstock, the significant prevalence of HDCn and HDCx reactions was observed.
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The propane concentration in gaseous products slightly increased with increasing temperature for feedstocks
with no or low rapeseed oil content as is showed in Figure 5. This was probably caused by the cracking of longchain alkanes at higher temperatures. For R100 products, opposite trend was observed, which could have been
caused by the cracking of propane formed by hydrotreating of triglycerides as a side product.
The concentration of CO and CO2 in gaseous products is summarized in Figure 6 and 7. In both cases, the
concentration of these gases increased with increasing content of rapeseed oil in the feedstock. While CO
concentration in gaseous products did not change with increasing reaction temperature, the CO2 concentration
decreased.
The concentration of methane in the gaseous products (see Figure 8) increased with the increasing reaction
temperature for all feedstock types. The methane formation was affected both by the cracking of longer
hydrocarbons at high temperatures of hydrotreating and by the methanation reactions of formed CO and CO2
with hydrogen.
Other gases including i-butane, n-butane, i-pentane, n-pentane and mostly ethane were formed as a residue of
cracking of longer hydrocarbon chains. It demonstrates their increasing content in gaseous products with
increasing reaction temperature for all feedstock types (see Figure 9).
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Figure 5. The concentration of propane in gaseous
products
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Figure 6. The concentration of CO in gaseous products
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Figure 7. The concentration of CO2 in gaseous products
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Figure 9. The concentration of other gases in gaseous
products

Conclusion
Hydrotreating of rapeseed oil and its mixtures with petroleum middle distillates blend was performed. The
temperature of hydrotreating at least 380 °C was sufficient to desulfurize the feedstock below 10 mg/kg for all
tested contents of rapeseed oil in the feedstock. The content of polyaromatic hydrocarbons in products was
under 8 wt. % at temperatures above 360 °C for all types of feedstock. The concentration of hydrocarbons in
gaseous products, the content of lighter n-alkanes (C16-) and the content of polyaromatic hydrocarbons increased
with increasing reaction temperature. On the other hand, the content of C17 and C18 n-alkanes and total yield of
liquid products decreased with increasing temperature of hydrotreating. With increasing content of rapeseed oil
in the feedstock the content of polyaromatic hydrocarbons and the total yield of liquid products decreased and
on the contrary, the content of n-alkanes in liquid products and the concentration of CO, CO2 and propane in the
gaseous products increased, because these gases were side products of hydrotreating of rapeseed oil. HDO was
preferred to HDCx and HDCn reactions only at the lowest used reaction temperature (340 °C) and for
co-processing feedstocks. HDCn and HDCx reactions were preferred to HDO for pure rapeseed oil at all tested
reaction temperatures.
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Abstract
An adsorption chromatography separation of two high boiling petroleum fractions samples with different
molecular weights was performed. The separation process has been optimized. The composition of obtained
groups i.e. saturated hydrocarbons, mono, di and polyaromatics and polar compounds was evaluated by UV
spectrometry and by William’s coefficients of the hypothetic average molecule. This optimization has made it
possible to greatly reduce the separation time and to lower the amount of mobile phases while obtaining
concentrated groups of higher purity.

Introduction
Petroleum heavy distillates and residues are necessary feedstocks for the increased production of valuable light
fuel products. The elucidation of the compound class composition and structure of high-boiling petroleum
fractions and their processing products is a prerequisite for their efficient conversion to light fuel products by a
suitable cracking process.
The multicomponent character of petroleum fractions is increased with their increasing boiling point. This is due
to the increasing number of isomers for the given carbon number and the increasing number of heteroatomcontaining compounds. For this reason, the chromatographic separation of high-boiling petroleum fractions into
individual components is practically impossible. For practical purposes, the separation of these fractions into
groups of chemically and structurally related compounds is performed using individual techniques of liquid
chromatography or their suitable combination.
Great attention has been paid to developing appropriate procedures, which meet most of the generally desired
capabilities, i.e., separation of saturated hydrocarbons, mono-, di- and polyaromatics and polar compounds. The
separation scheme combining liquid chromatography on classical adsorbents, silica gel, and neutral alumina, and
macro porous ion exchangers developed by US Bureau of Mines (USBM) and American Petroleum Institute (API)
in the framework of API project 60. This scheme represents a fundamental contribution to solving this
problem1, 2. Then of this USBM-API separation scheme was proposed by Sawatzky et al.3 and Jewell and coworkers4, 5. All these three preparative separation schemes1-5 are the procedures most often used for compound
class separation of high-boiling petroleum fractions in original or modified version6-13. The separation of fossil
fuels and their processing products with the use of the extrographic technique was also studied14, 15.
Unfortunately, the above-mentioned methods of the separation of high-boiling petroleum fractions require
relatively large quantities of sample and mobile phases, are difficult to automate and are time-consuming. The
quantification of individual separated compound groups is performed gravimetrically. Moreover due to the
character of high-boiling petroleum fractions an overlapping of the elution of individual compound classes, i.e.,
the purity of separated compound class concentrates is the main problem of their separation.
The sequential development of liquid adsorption chromatography methods did not stop even with the availability
of high-efficiency separation techniques such as HPLC. It is desirable to reduce the amount of mobile phases and
sorbents as much as possible and shorten the time of analysis. At the same time, it is necessary to maintain or
improve the quality of the separation of each group from sample16.

Experiments
Analyzed samples. In this work selected samples of high boiling petroleum fractions from the Litvínov part of
Česká rafinerská a.s. were used. Parameters of analyzed samples are in Table I. Paraffins were removed from
both samples. The significant difference between samples is their relative molecular weight, it differs by 230
units. Such samples were deliberately chosen to optimize for samples of a wide range of molecular weights.
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Table I
Parameters of analyzed samples
Sample label

A

B

Dewaxed vacuum distillate
R-434, (Paramo, a.s. Pardubice)

Brightstock dewaxed and refined
R-560/80, (Paramo, a.s. Pardubice)

363 - 639

389 - 695

Carbon content (wt. %)

86.7

86.0

Hydrogen content (wt. %)

12.4

13.2

Sulphur content (wt. %)

1.8

1.3

Relative average molecular
weight

420

650

Sample source
Distillation range (°C)

Chromatographic separation. The optimization of preparative separation of VGO was studied using a glass
column of 1000 mm x 26.6 mm I.D. Its lower half was packed with neutral alumina (Aldrich 507 C), which had
been activated at 400°C for 8 h. The upper half was packed with silica gel 60 (Fluka) activated at 160°C for 24 h.
Apparatus scheme can be seen in Figure 1.

3

1 - Mobile phase reservoir
2 - Pump
3 – Switching valve
4 - Column
5 – Sampling cylinder
SiO2

2

4
Al2O3

5

1

Figure 1. Scheme of the chromatography separation
The analyzed sample (sample weight 7 g, chosen on the base of a previous experience17) was dissolved in a small
amount of first mobile phase and applied to the column prewetted with first mobile phase. The constant flowrate of mobile phases was ensured with a pump. The sample was separated into saturated hydrocarbons, mono, di- and polyaromatics and polar aromatic compounds by a successive elution with series of mobile phases using
the modified chromatographic method of Sawatzky et al.3. After the elution of polyaromatics, a backflow of the
last mobile phase was used to elute polar aromatic compounds. Initial mobile phase flow-rate of 10 cm3 min-1.
Initial amount and composition of mobile phases and the character of separated fractions are presented in
Table II.
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Table II
Initial composition and volumes of individual mobile phases used
Mobile phase

Volume [cm3]

Prevailing compound type

Isohexane

900

Saturated hydrocarbons

Isoexane-toluene [97:3, v/v]

700

Monoaromatics

Isoexane-toluene [88:12, v/v]

700

Diaromatics

Toluene

700

Polyaromatics

Toluene-diethyl ether-methanol [20:20:60, v/v]

700

Polar aromatic compounds

In the course of the separation subfractions of 100 cm3 volume were collected. The chromatographic subfractions
obtained were then stripped of the mobile phases on a rotary vacuum evaporator and then dried in a vacuum
dryer at 80°C and a pressure of 4.4 kPa to a constant weight.
Elemental analysis. Carbon and hydrogen contents were determined with a Perkin-Elmer analyzer, model 240C.
Vapour pressure osmometry. Relative average molecular weights were determined on a Knauer 11.00
osmometer in chloroform at 37°C. Samples were measured at four concentrations, the measured values were
extrapolated to infinite dilution that is presented as the resultant Mr. The osmometer was calibrated with
squalane and anthracene.
UV spectroscopy. To determine the possible overlaps of separated fractions, their UV spectra were measured in
hexane solution on a Shimadzu model UV 1601 spectrophotometer with a 10 mm thickness of the absorbing
layer. Absorbance coefficient based on the area of spectrum between 190 and 390 nm and mass of the sample
was calculated.
'H NMR spectroscopy. 'H NMR spectra were measured on a Bruker model AM 400 spectrometer at 400 MHz at
50°C. Approximately 0.1 g of sample was dissolved in 0.5 cm3 of 1 wt% solution of tetramethylsilane in CDCl3.
Measurements were running under the following conditions: a relaxation time of 10 s, a pulse width of 8 μs (45°),
and the number of acquisitions NS=32. The relative abundances of individual hydrogen atom types were
calculated from the integrated spectrum record, which was run three times and averaged.
Structural characterization. Selected structural parameters describing the average molecule of fractions from
the chromatographic separation were calculated according to Williams18 using elemental analysis, 'H NMR and
vapor pressure osmometry data. From all parameters were selected those focusing on aromatic characteristics
of molecule and size of substituents. Subfractions were compared namely by:
fa – aromaticity, i.e. relative presence of aromatic carbon atoms
CAM – the number of aromatic carbon atoms in the average molecule
RA – the number of aromatic rings in the average molecule
P – the number of nonbridge aromatic carbon atoms to total number of aromatic carbon atoms in average
molecule ratio
CSM – the number of saturated carbon atoms in the average molecule

Discussion and result analysis
As it was already mentioned above, the purity of compound class concentrates obtained from the
chromatographic separation of high-boiling petroleum fractions by liquid adsorption chromatography represents
one of the main problems of this separation. Due to the character of the individual hydrocarbon classes present
an overlapping of their elution can be observed in the course of their chromatographic separation17, 19.
It was established that during the separation of high-boiling petroleum fractions on dual silica gel-neutral alumina
column a part of monoaromatics is eluted commonly with saturated hydrocarbons17, 19, 20. In the case of the
analyzed sample A the Mr of which is about 420 a monoaromatic hydrocarbon molecule with this Mr contains,
besides six aromatic carbon atoms, about 24 saturated carbon atoms in substituents on the aromatic ring, and
the aromaticity (the relative content of aromatic carbon atoms) of this monoaromatic hydrocarbon is 0.20. As a
result of such a high content of saturated carbon atoms, the effect of the aromatic ring may be weakened to
such an extent, that the chromatographic behavior (i.e., the elution volume) of some monoaromatic
hydrocarbons may be similar to that of some saturated hydrocarbons present in sample A. Sample B has even
worse conditions for chromatographic separation.
Similarly, a partial overlapping of aromatic hydrocarbon classes elution can be observed also in the course of
separation of mono- and diaromatics and di- and polyaromatics. The elution volume of aromatic hydrocarbons
depends mainly on the number of the condensed rings contained, while the presence of paraffinic and
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naphthenic substituents in a molecule increases and reduces its elution volume, respectively. It is possible to
suppose that an extent of this overlapping depends on the average molecular mass of the high-boiling petroleum
fraction to be separated. The higher the Mr of this fraction is, the higher is the content of saturated carbon atoms
in the mono-, di- and polyaromatics present, and consequently the extent of overlapping during their separation
is also larger.
To optimize the amount, composition and flow-rate of mobile phases, and an amount of samples for their
preparative separation by liquid adsorption chromatography on dual silica gel-neutral alumina column a series
of chromatographic experiments were performed. The initial volumes of the mobile phases used (see Table II)
were the same, as the optimized volumes of the chromatographic separation of petroleum maltenes determined
in the earlier work20 but recalculated for a size of the chromatographic column used.
The course of each separation was evaluated gravimetrically and using UV spectrophotometry. UV spectra of
subfractions eluted were measured and the value of an absorbance coefficient for these subfractions was
calculated. At the evaluation, an attention was paid to the descending parts of the elution curves of individual
hydrocarbon classes, to the sharpness of the peaks and sudden changes in absorbance coefficient values.
Examples of monitored parameters are in Figure 2.

Figure 2. The course of the chromatographic separation and examples of monitored parameters (circled)
At first step, a minimal amount of individual phases still enabling a sufficient separation of the sample was
determined. Double of the initial amount of mobile phases were used to ensure the complete separation of
individual compound classes.
The next step was to verify the influence of non-polar mobile phase on the separation effectiveness. Using
pentane, hexane and isohexane was studied and no important differences were found. The only exception was
a slightly sharper peak of diaromatics elution at the use of pentane. For further experiments, isohexane was
used.
Another modification of initial separation conditions were modifications in the composition of mobile phases.
Three changes in chromatographic separations of samples were performed. There was an attempt to increase
the polarity of mobile phases used for elution of mono- and diaromatics. In the first attempt, the composition of
the mobile phases was changed to isohexane – toluene 95:5 and 85:15 v/v. In the second and third one, toluene
was replaced by dichloromethane in both concentrations of mobile phases. In this way, the polarity of the mobile
phases used for the elution of monoaromatics and diaromatics was increased to reach a more sharp separation
of these hydrocarbon classes and to shift their elution to the front of corresponding mobile phases. The effect of
mobile phases polarity increase on this separation was negative bringing an increased yield of monoaromatics
as a consequence of their contamination by diaromatics. Also, the shift of the elution of both the hydrocarbon
groups to the front of corresponding mobile phases wasn’t found.
On the base of these experimental results, the original composition of mobile phases (see Table III) was used for
further separations. The optimized elution volumes of individual mobile phases founded are presented in
Table III.
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Table III
Optimized composition and volumes of individual mobile phases
Mobile phase

Volume [cm3]

Prevailing compound type

Isohexane

400

Saturated hydrocarbons

Isohexane-toluene [97:3, v/v]

800

Monoaromatics

Isohexane-toluene [88:12, v/v]

700

Diaromatics

Toluene

600

Polyaromatics

Toluene-diethyl ether-methanol [20:20:60, v/v]

300

Polar aromatic compounds

To determine the maximal flow-rate of mobile phase and the maximal amount of samples still not affecting the
separation, a flow-rate of 5, 10 and 15 cm3 min–1 and a sample amount of 3.5, 7 and 14 g were tested. A flow-rate
of 15 cm3 min-1 and a sample amount of 10 g were confirmed to be the appropriate values.
To evaluate the course of both samples separation heir chromatographic separation was repeated ten times to
obtain a sufficient amount of individual fractions for their detailed analysis. The subfractions obtained were
characterized by contents of carbon and hydrogen, the value of Mr, and by the values of the relative abundance
of individual hydrogen atom types.
The values of selected structural parameters describing the average molecule of aromatic peak fractions
calculated according to Williams18 are introduced in Table IV and Table V.
Table IV
Calculated values of selected structural parameters of the Williams method for peak subfractions of sample A
Prevailing character of fractions
fa
CAM
RA
CSM
P
Monoaromatics

0,20

6,4

1,1

25,5

0,96

Diaromatics
Polyaromatics

0,31
0,53

9,4
13,9

2,0
3,0

20,8
12,5

0,79
0,71

Polar aromatic compounds

0,36

9,5

2,0

16,6

0,79

Table V
Calculated values of selected structural parameters of the Williams method for peak subfractions of sample B
Prevailing character of fractions
fa
CAM
RA
CSM
P
Monoaromatics

0,10

5,0

0,8

43,2

1,08

Diaromatics

0,20

9,2

2,0

35,8

0,78

Polyaromatics

0,21

9,6

1,9

37,1

0,80

Polar aromatic compounds

0,10

5,0

1,0

42,9

1,01

The deviation of the parameter values from the theoretical values is probably due to the presence of
heteroatoms for which the Williams method was not designed.
Separation scheme (Table III) was confirmed and is suitable for heavy petroleum fractions in range of relative
molar weight from 420 to 650.

Conclusion
The optimization of the separation of high boiling petroleum fractions with relative molecular weight in range
420 – 650 by liquid chromatography was successfully performed. The total amount of mobile phase decreased
by 24 %, mobile phase flow increased by 33 % and total time of chromatography step decreased by 50 %
according to initial separation scheme. The character of separated fractions was confirmed by Williams method.
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Abstract
This contribution deals with processing of an off-gas containing significant amount of hydrogen supplied with
other hydrocarbons. Such gas mixture can be separated with use of membrane technology in order to acquire as
much as possible amount of hydrogen at the highest possible concentration. The complex technology is
simulated with use of DWSIM software, with implemented model for the membrane separation. Several physical
aspects of the gas mixture has to be taken into consideration for the successful separation without a risk of
membrane damage. Mass and energy balances are pointed out to prove reliability of the suggested complex
technology with respect to hydrogen prices and energy loss resulting from the incineration of hydrogen lean offgas.

Introduction
There is nowadays a lot of attention given to hydrogen mainly because of its potential to be effective source of
energy. Hydrogen is also compound that is widely used in many synthesis process. Everyday demands for the
pure hydrogen continuously grows. Beside of standard hydrogen production methods, a lot of hydrogen can be
spared directly during processing of present technology when for example hydrogen containing purge gas can
be recycled back to the process after a purification step. In petrochemical or refinery industry a lot of process
which utilizes hydrogen has non-ideal efficiency and not negligible amount of hydrogen is simply carried to
off-gas that is commonly incinerated in the local flare. Off-gas as the technology waste serves than at least as
a heat source. Off-gas besides hydrogen can contain other components like hydrocarbons, nitrogen, oxygen,
sulphan, carbon-, sulphur-, nitro-oxides and water vapours. Content of hydrocarbons commonly presents 55 %
of the overall off-gas volume while hydrogen can reach up to 60 % of the volume. The other gaseous components
appear in order of units of volume percent. Because of the increasing demands on hydrogen supply there arises
an opportunity to recover as much as possible hydrogen from waste streams like off-gas.
In this study we design and simulate two complex technologies, which should be suitable for gaining pure
hydrogen from the off-gas stream. The heart of designed technologies is the membrane separation which needs
proper pre-treatment for long-term and stable operation. Post-treatment of pure hydrogen and further
utilization of the residual stream is not included in this study because of different industrial possibilities for
separated streams utilization.
Simulations are carried with process simulator software DWSIM (ver. 5.1 Update 7) [1]. The membrane
separation unit operation is based on our own model meanwhile other unit operations (heat exchanger, cooler,
phase separator, compressor, etc.) are taken from the software internal library. Because of the complexity of the
off-gas stream, the simulated composition for our technology designs is simplified only to hydrogen, nitrogen
and several hydrocarbons. Despite this simplification several DWSIM internal libraries (Peng Robinson, ChaoSeader, Soawe-Redlich-Kwong) for thermodynamic equilibrium calculation had a problem during preliminary
dew point calculation that is necessary for the technology design. Low volatility of higher hydrocarbons could
increase the number of necessary unit operations because of the potential exclusion of liquid phase (exceeding
mixture dew point), which could damage membrane module. On the other side this exclusion could be also in
advantage utilized during the pre-treatment step before the final membrane separation.

Simulation
We assume the average off-gas stream composition for both simulation according to Table I. The flowrate of the
stream is 240 kmol h–1 at pressure 13 bara and temperature 30 °C (4864.6 kg h–1). Amount of hydrogen in here
like defined off-gas stream presents 215.3 kg h–1. According to the gas mixture dew point study from the DWSIM
simulation (Fig. 1) we suggest two possible technologies for the hydrogen recovery. The first one assumes
pre-condensation of higher hydrocarbons before the off-gas compression. The second one utilizes condensation
after the compression.
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Table I
Composition of the simulated off-gas stream
Mole fraction
Compound
%
Hydrogen
44.5
Nitrogen
3.6
Methane
20.5
Ethane
12.3
Propane
3.3
N-butane
10.6
Iso-pentane
5.2

Figure 1. Dew point simulation of the off-gas mixture using Raoult’s law DWSIM property package. Above dew
point line is an area of vapour and liquid phase, below dew point line is the mixture gaseous.
According to figure 1, the gas mixture is situated very close to its dew point. Any pressure increase or
temperature decrease leads to the condensation of hydrocarbons. According to the fact that dew point study is
based on the assumption of the ideal gas mixture behaviour (Raoult’s law property package used for the
calculation) any designed pressure and temperature change has to be considered with sufficient reserve and all
affected streams should be checked for the phase stability before final calculation with in our case Peng Robinson
property package. Pressurization of the off-gas stream has to be always done in our designs (Fig. 2 and Fig. 3) to
ensure high purity of the recovered hydrogen from the membrane separation. Together with proper
temperature control, we can simply avoid the risk of the condensation inside the membrane module.
SIMULATION 1

Figure 2. Scheme for the first suggested technology with the condensation prior to the compression.
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SIMULATION 2

Figure 3. Scheme for the second suggested technology with the condensation after the compression.

Discussion and result analysis
SIMULATION 1
Cooling down the off-gas stream (Fig. 2) from 30 °C to 5 °C results approximately in 1759.4 kg h–1 exclusion of
the liquid phase. Residual gas stream (3105.2 kg h–1) is compressed to pressure 29.4 bara and heated to 65 °C to
enhance the membrane separation step and to prevent phase changes in both retentate and permeate streams.
The membrane module is set-up to produce as pure as possible hydrogen in the permeate stream where
hydrogen content reaches 99.2 %. Hydrogen recovery across the whole technology presents 80.0 %. Energy
consumption is calculated for compressor, heater and cooler working with 75 % efficiency. Pressure drop is
assumed only in the membrane module. Composition in each technology important stream is summarized in
table II.
Table II
Composition in the technology streams – simulation 1
Condensate
Membrane feed
Compound
Mole fraction % Mole fraction %
Hydrogen
0.01
50.6
Nitrogen
0.001
4.1
Methane
0.01
23.3
Ethane
6.5
13.1
Propane
6.7
2.8
N-butane
51.9
4.9
Iso-pentane
34.8
1.1
Flow-rate (kg h-1)
1759.4
3105.2
Flow-rate (kmol h-1)
29.2
210.7

Retentate
Mole fraction %
17.1
6.9
39.0
21.9
4.8
8.3
1.9
2919.0
124.6

Permeate
Mole fraction %
99.2
0.0
0.5
0.2
0.0
0.0
0.0
186.2
86.1

SIMULATION 2
Simulation with use of the adiabatic compressor ensures that no liquid phase arises because of the adequate
increase of the compressed stream temperature. Following condensation could be carried at higher temperature
(10 °C) than in previous simulation and the amount of the reached condensate is also higher 2129.4 kg h–1. Heater
is added only to ensure same conditions for the membrane separation as is in the simulation 1 and for the phase
change prevention. According to this fact the produced quality of permeate is preserved and simulation can be
then compared together. Hydrogen recovery across this technology presents 79.3 %. Composition in each
important stream is summarized in table III.
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Table III
Composition in the technology streams – simulation 2
Condensate
Membrane feed
Compound
Mole fraction % Mole fraction %
Hydrogen
2.4
52.7
Nitrogen
0.2
4.2
Methane
4.2
23.6
Ethane
12.2
12.2
Propane
8.0
2.3
N-butane
45.3
3.7
Iso-pentane
27.3
0.8
Flow-rate (kg h-1)
2129.4
2735.2
Flow-rate (kmol h-1)
39.3
200.6

Retentate
Mole fraction %
18.3
7.4
40.7
21.2
4.1
6.6
1.5
2551.5
115.3

Permeate
Mole fraction %
99.2
0.0
0.5
0.2
0.005
0.0
0.0
183.7
85.3

Both simulation leads to a high purity product of the similar amount (recovery) nevertheless a proper choice
from designed technologies depends on the potential of operator possibilities i.e., available space for the
technology, further utilization of off-spec streams, operational costs, hydrogen costs. Despite the fact that the
first technology offers the lowest energy consumption, which means lower operational costs, it requires bigger
compressor and membrane modules then the second technology because of the amount of the processed gas.
Also demanded cooler with condenser presents large-sized technology and cooling to 5 °C is demanding and
seasonally depending so the initial capital costs are higher. Necessary heating before membrane technology has
to be carried by additional heater if no other heat source is available.
The second technology has high energy consumption, but it offers several possibilities how to compensate
resulting operational costs. Cooling after compression can be separated into two stages: I) pre-cooling with air
cooler which has significantly smaller energy consumption than cooled condenser and II) final chiller that cools
the gas stream only to 10 °C, which is less energy demanding in contrast to 5 °C in the first technology. Heated
gas after compression can be also utilized for the membrane feed stream conditioning and so could be
operational costs of the technology further decreased. The overall build-up area is smaller than demands the
first technology, because of the smaller compressor and membrane modules requirement. Appreciable economy
support represents a possibility of the condensate processing for example production of liquefied petroleum gas
(LPG). The amount of the condensate in the second technology is greater almost by 20 % than in the first
technology.
From the operational costs point of view let us assume that the off-gas is commonly incinerated in the flare and
utilized only for the heat generation. The calorific value of as defined off-gas stream is 41013 kJ m-3 (20 °C)
respective 47708 kJ kg-1. Calorific value of the retentate from the simulation 1 is 44782 kJ m-3 (20 °C) respective
44785 kJ kg-1. Calorific value of the retentate from the simulation 2 is 41756 kJ m-3 (20 °C) respective 44550
kJ kg-1. We chose the natural gas to even up the lack of hydrogen and condensate in the residual off-gas from the
energy obtained by incineration point of view. Calorific value of natural gas is here taken as 38 100 kJ m-3. The
overall energy from the defined off-gas is approximately 232 GJ h-1. The available energy of the retentate stream
in the simulation 1 is 130.7 GJ h-1. Approximately 101 GJ h-1 has to be added by incineration of natural gas which
presents cca. 2660 m3 h-1 (5852 CZK h-1 with ratio 2.2 CZK m-3 or 31.4 CZK per kilo of hydrogen). In case of
retentate taken from the simulation 2 the overall stream energy presents 113.7 GJ h-1. Natural gas consumption
for the energy equalization presents 3105 m3 h-1 (6831 CZK h-1 with ratio 2.2 CZK m-3 or 37.2 CZK per kilo of
hydrogen). It has to be pointed out that the amount of natural gas replaces not only hydrogen but also the
condensate. In case of the condensate re-gasification and recirculation back to the retentate stream the energy
loses in incineration process could be neglected and only energy cost for hydrogen production arises.

Conclusion
Membrane separation evinces enormous potential in gas separation. Our designed and simulated technologies
for the hydrogen recapture from the off-gas confirm membrane viability. While processing hydrocarbons with
membranes a lot of attention and additional pretreatment has to be carried out to prevent their condensation.
We have simulated two technologies with condensation before and after the compression, while focusing on the
pure hydrogen recovery. From the pre-defined off-gas flow and composition we were able to reach
approximately 180 kg h-1 of 99.2 % pure hydrogen stream by utilization of the membrane technology. Price for
the pure hydrogen ranges from 25 – 100 CZK kg-1 which presents expenses 4500 – 18000 CZK h-1 if no re-capture
is installed. Hydrogen can be simply removed (saved) from the ordinary incinerated off-gas and replaced by
a proper amount of natural gas to keep its initial energy. Both of our suggested technologies evince potential for
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savings whenever pure hydrogen is required. Energy consumption in simulation 1 presents 2.33 kW per kilo of
produced hydrogen (4.66 CZK kg-1 with ratio 2 CZK per kWh) respectively 4.98 kW per kilo of produced hydrogen
(9.96 CZK kg-1 with ratio 2 CZK per kWh) for simulation 2. The highest price of as produced hydrogen in simulation
1 and 2 without benefits of any additional products or energy savings reaches 36.1 CZK kg-1 and 47.2 CZK kg-1
respectively. Overall energy consumption could be reduced with proper technology set-up by heat recuperation
however with respect to pure hydrogen prices these costs can be neglect. More important are costs for the
natural gas energy equalization if no condensate is returned to the incineration process. These can be also
significantly reduced if there is a possibility for further condensate utilization.
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Abstract
Production plants combined with cogeneration units act as complex as living organisms. Slight changes in their
operation parameters can lead to significant alterations of overall economic profit. This paper is focused on
operation adjustments required for implementation of cost saving measures in large industrial plant producing
pulp and paper equipped with cogeneration units and demonstrates benefits of low investment steam handling
improvements in production process on RES-based electricity production. One of the largest steam consuming
units in pulp and paper plant is paper machine. Paper machines serve for chemical and mechanical treatment of
pulp fibres and their conversion into final paper product. The most heat demanding process is the paper drying.
To achieve optimum drying profile for different final paper products, different steam pressure levels are required.
Thermocompressor is often applied to produce a required-pressure steam from a low- and a high-pressure one.
Thermocompressor under review served for raising the pressure of the low-pressure steam by 100 kPa. Thorough
analysis including mass and energy balances of paper drying process and critical study of historical operating data
records revealed that the thermocompressor could be shut down for ca. 13 % of its operating time. Additionally,
with improved steam pressure control system, shut down for more than one third of its operating time was
achievable. It resulted in the RES-based cogeneration unit electric energy output increase by approximately 1.2
GWh annually with estimated investment of ca. 20 ths. EUR. Additional cost saving measures were also proposed.
The overall energy costs reduction achieved by proposed set of measures was 360 ths. EUR annually with
estimated investment of 400 ths. EUR.

Introduction
In the past few decades, energy demand of industrial processes has been continuously rising. To decrease energy
costs, two approaches are adopted in chemical industry: improving energy efficiency of manufacturing processes
(i.e. decrease of energy consumption) and reducing amount of imported energy (i.e. decrease of energy unit
cost)1. Another issue to be addressed with the rise of energy demand is subsequent worsening environmental
impact2. Pulp and paper industry was listed as fourth largest energy consumer accounting for about 6 % of energy
consumption in OECD industrial sector in 20123. Therefore, improvement of energy efficiency in pulping and
papermaking processes was frequently main subject of cost optimization activities in recent years4,5 and has a
potential to significantly reduce global energy consumption of chemical industry.
Most of the energy consumed during papermaking processes is in the form of heat and electricity. Heat is
provided by superheated steam and hot water where the energy source is largely based on biomass. To reduce
amount of imported energy, electricity is usually generated on-site in central heat and power plant of a paper
mill. In a conventional paper mill, majority of required steam amount is generated in a recovery boiler, where
concentrated mixture of lignin and chemicals known as black liquor is burned and regenerated. To the most
energy-intensive processes in an integrated mill producing pulp and paper usually belong chemical pulping, paper
stock preparation, paper dewatering and recovery of chemicals6,7.
In a unit called paper machine, pulp fibres in the form of paper stock are chemically and mechanically treated
and converted into paper product in the paper dewatering section. Conventional paper dewatering section
consists of three stages – web forming, press and drying section. First two stages work utilize mechanical principle
(effect of gravitation, vacuum and mechanical compression) to remove water. Remaining moisture is removed
in the drying section by evaporation. In Europe, drying section consists usually of drying cylinders that can be
grouped into two parts, predrying and afterdrying section, divided by addition of starch solution as a filler8,9.
Although up to 99 % of water is removed in the mechanical dewatering step, the most expensive dewatering
step is paper drying10. Water removal per kg of paper and relative cost of dewatering for every dewatering stage
of the machine are summarized in Table I9,10.
This contribution deals with cost optimization of paper machines operation and the impact of energy
management measures on RES-based (based on Renewable Energy Sources) cogeneration unit performance.
Paper machines under review belonged to one of the largest pulp and paper mills in Central Europe. Proposed
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energy auditing procedure was based on previous activities11. Cost saving measures presented in this paper are
focused on heat utilization within the drying sections of reviewed paper machines. Semi-empirical mathematical
model of paper machine is constructed to analyse complex process behaviour and to optimize energy demand
of individual parts of drying section. Because of the conference contribution limitations, this paper provides close
look only on one of the proposed cost saving measures and other measures are mentioned only briefly and
quantified in the summary of achieved results. Proposed measures reduced consumptions of heat and electricity
with emphasis on maintaining high quality of the final paper product.
Table I
Efficiency and cost distribution in dewatering process of conventional paper machine
Stage
Water removal per kg of paper [kg] Relative cost of dewatering stage (%)
Web forming

up to 200

8-12

Press

2.4-2.8

10-15

Drying

1.0-1.4

75-80

Case study – introduction
Pulp and paper mill under study consisted of several paper machines producing different assortments of paper.
Electricity was either directly purchased or generated on-site in mills own cogeneration units (composed of steam
boilers and steam turbines) by combusting different fuels: black liquor, biomass and/or natural gas. Black liquor
is concentrated mixture of lignin and chemical additives used in wood chips boiling and other pulp preparation
processes. In the analysed time period of years 2013, 2014 and 2015, it was completely generated within the
paper mill. Biomass was partially generated in the mill as a waste from raw wood processing and partially
purchased on the market. Natural gas was purchased on the market only. It is necessary to state out that natural
gas was used not only as a fuel in boilers but also as a reactive compound in the chemicals recovery process in
the lime kiln. Figure 1 depicts increasing trend of purchased biomass consumption and indicates increased
orientation of mills central heat and power plant towards RES-based cogeneration.
Amount of purchased biomass [t]
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70,000
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50,000
40,000
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Figure 1. Annual amount of purchased biomass in the time period of 2013-2015
Subject of the presented cost saving measure was a paper machine producing approximately 55 000 t of paper
with specific heat consumption of ca. 5.3 GJ/t of paper. In the analysed time period, mixture of hardwood and
softwood pulp was used as a feedstock. After feedstock preparation, mechanical dewatering took place in web
forming and press stage. Finally, partially dewatered pulp entered drying section consisting of 36 drying cylinders
where predrying section includes 28 cylinders and afterdrying section includes remaining 8 cylinders. Paper
machine model is drawn schematically in Figure 2. It consisted of mass and energy balances and was optimized
to be in good agreement with operational data in the analysed time period. Paper machine was producing 18
different paper assortments differing mainly in paper basis weight (Figure 3) from 90 to 400 g/m2 (because of
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the data confidentiality, we refer to the paper assortments as A, B, etc.). Every paper assortment had a different
optimal drying profile requiring different pressure levels of heating steam. Heat for the analyzed paper machine
was provided by superheated steam with two pressure levels. Temperature and pressure of low-pressure level
(LP) steam were in the range of 158-163 °C and 520 – 580 kPa, respectively. Temperature and pressure of middlepressure level (MP) steam were in the range of 185-200 °C and 1110 – 1270 kPa, respectively. For preparation of
steam with required pressure level for drying cylinders from LP and MP steam, thermocompressor was installed.
For the purposes of energy management measures proposal, paper assortment A was selected as a reference
case study because of its highest share in the production portfolio. For this paper assortment, measurements of
key operating parameters of heat recovery system were performed.

Figure 2. Scheme of the analysed paper machine
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I
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others

Paper assortment
Figure 3. Production share of different paper assortments produced by the analysed paper machine

Case study – results and discussion
As modelled and verified, ca. 120 kg of water per kg of paper was removed in the web forming and press stages,
and ca. 1.1 kg of water per kg of paper was removed in the drying stage. Mathematical model coupled with
measurement of operating parameters revealed low moisture of drying air leaving drying cylinders. It was
achievable to increase the moisture by decreasing drying air flow. Such measure could increase the share of
water removed in the drying section. However, due to problems with drying cylinders construction, decrease of
drying air flow was not possible. The analysis of steam consumption and pressure levels provided insight into the
operation of thermocompressor. The design ratio of LP to MP steam for the installed thermocompressor was 8.
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The operating ratio was much lower with the maximum of ca. 4 and average value of ca. 1.2. This fact led to its
ineffective operation and increased heat consumption of the paper machine in the form of more valuable MP
steam. For approximately 13 % of thermocompressor operating time, its output pressure was lower than the
input pressure of LP steam, i.e. thermocompressor served as a pressure reducing valve. In this time period,
thermocompressor could be shut down and MP steam could be replaced by LP steam. Replacement of MP steam
for LP steam effectively meant increase of the electricity produced in the cogeneration unit. The consequent
lower overall electricity import also led to a reduction of global CO2 and SOx emissions associated with the
electricity generation in a supplier power station.
Furthermore, recorded maximum and minimum pressure levels for drying cylinders as a function of produced paper
assortments (Figure 4) were analyzed to determine necessary operating time of the installed thermocompressor. As it
is depicted in Figure 4, for almost every paper assortment, pressure of LP steam was higher than maximum recorded
pressure level, thus LP steam was satisfactory as heat source for predrying section of the drying stage. More detailed
analysis revealed that only three drying cylinders in the afterdrying section required steam with higher pressure than
LP steam pressure. If the heat source for these three drying cylinders was MP steam, required steam pressure could
be achieved without operation of thermocompressor for approximately 40 % of its operating time. However, this
measure required design of new pressure control system. For the drying cylinders with maximum required pressure
lower than pressure of LP steam, direct input of LP steam from main distribution line was proposed. If the pressure of
LP steam in the main distribution line would be too low, current pipeline route from thermocompressor should open.
As it was previously stated, for remaining drying cylinders (three cylinders in the afterdrying section), direct input of
MP steam from the main distribution line was proposed. Investment estimate for new pressure control system
including costs of new software and new pipeline from the main distribution line directly to the drying cylinders was
ca. 20 000 EUR. By this energy management measure, negligible heat reduction was achieved. However, more than
24 000 t of MP steam per year could be possibly replaced by LP steam resulting in the RES-based cogeneration unit
electric energy output increase by approximately 1.2 GWh annually. Considering market prices of electricity and
green energy subsidies, predicted reduction of energy costs was by ca. 80 000 EUR annually. Calculated internal
rate of return was almost 400 %. Additional 16 000 t of MP steam per year could be replaced by LP steam if a
new smaller thermocompressor would be installed. With the investment of ca. 100 000 EUR for new
thermocompressor and costs reduction of ca. 50 000 EUR per year, calculated internal rate of return was less
than 50 %. As a consequence of the unfavorable internal rate of return, this extra cost saving measure was not
implemented.

Steam pressure level [kPa]
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predrying min

predrying max

afterdrying min

afterdrying max

Figure 4. Minimum and maximum levels of steam pressure in predrying and afterdrying section for different
paper assortments produced by the analysed paper machine (dashed line – maximum recorded LP steam
pressure of 580 kPa)
Other energy management measures formulated in the energy rationalization activity included shutdown of a
thermocompressor in other paper machine, more efficient heat utilization contained in steam condensates,
optimization of paper machine building heating system and replacement of an old small heat exchanger for a
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modern bigger one. In this paragraph, principles of these energy management measures are discussed. Complete
shutdown of a thermocompressor in other paper machine was possible because of the character of produced
paper assortments not requiring steam with higher pressure. The installed thermocompressor was used to utilize
low-pressure exhaust steam from condensate expansion tank with the help of MP steam. The exhaust steam
mass flow was only ca. 50 kg/h and the MP steam required mass flow for this operation was up to 800 kg/h.
However, the source of MP steam was located 1 km away from the thermocompressor that led to a heat loss by
condensation in the inlet steam pipeline. Mathematical model of this paper machine (similar to the one depicted
in Figure 2) revealed that the level of condensation was in the range of 200-500 kg/h of MP steam. With complete
shutdown of thermocompressor, MP steam would be replaced by LP steam and the heat loss by condensation
of MP steam would be avoided. With the investment of ca. 25 000 EUR for new pipeline segment and costs
reduction of more than 40 000 EUR per year, calculated internal rate of return was ca. 170 %. The third energy
management measure focused on installation of new heat exchanger to utilize the heat in steam condensate
leaving paper machine with temperature of ca. 90 °C. This condensate could serve to increase temperature of
dilution water that was otherwise heated by LP steam. Colder condensate would be heated and deaerated in the
central heat and power plant by internal sources of waste heat. With the investment of ca. 160 000 EUR for new
heat exchanger and its accessories, and costs reduction of more than 80 000 EUR per year, calculated internal
rate of return was ca. 50 %. Optimization of paper machine building heating system required construction of a
new heating system to increase heat exchange from supplied hot water to glycol solution used for building
heating system. With the investment of ca. 150 000 EUR for the new heating system and costs reduction of ca.
100 000 EUR per year, calculated internal rate of return was less than 75 %. Principle of the last energy
management measure was to increase heat flow from hot waste water in the process. To achieve this, new heat
exchanger with larger heat exchanging area was proposed. With the investment of ca. 40 000 EUR for new
modern bigger heat exchanger and its accessories, and costs reduction of more than 60 000 EUR per year,
calculated internal rate of return was ca. 160 %. The whole set of energy management measures is summarized
in Table II.
Table II
Set of the proposed energy management measures
Energy management measure
Thermocompressor operation optimization and new
pressure control system
Complete shutdown of thermocompressor in other paper
machine
More efficient heat utilization contained in steam
condensates
Building heating system optimisation
Replacement of an old small heat exchanger for a modern
bigger one
Sum

Investment
[EUR]

Annual energy costs
reduction (EUR)

20 000

80 000

25 000

40 000

160 000

80 000

150 000

100 000

40 000

60 000

395 000

360 000

Conclusion
This paper provided an insight into energy management of modern paper machines and impacts of its alterations
on the overall economic profit of a pulp and paper mill. Paper machines belonging to one of the biggest pulp and
paper mills in Central Europe were under review. Set of five energy management measures focused on the
optimization of heat utilization in the papermaking process was proposed. Synergic effect of proposed energy
management measures presented potential reduction of annual energy costs by approximately 360 000 EUR
with required investment estimated to be of ca. 395 000 EUR. In this contribution, the most promising measure,
optimization of thermocompressor operation coupled with new steam pressure control system for drying
cylinders, was discussed in detail. Retrospective analysis of required steam pressure levels supported by the
mathematical modelling results revealed possibility to shut down the thermocompressor for more than one third
of its operating time. The measure effect was not direct heat saving, but opportunity to replace MP steam by LP
steam leading to increase of the electricity produced in the RES-based cogeneration unit by approximately 1.2
GWh annually. The consequent lower overall electricity import also led to a reduction of global CO2 and SOx
emissions produced during electricity generation in a supplier power station. Other complementary energy
management measures were also briefly discussed with emphasis on the cost saving principle.
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Proposed process optimization procedure employed critical retrospective study of historical operating data
records and simplified mathematical models composed of mass and energy balances. Every energy management
measure was analysed not only from the point of the reviewed production process, but its impact on the paper
mills central heat and power plant operation was also taken into account. It was shown how this approach could
lead to significant decrease of energy costs and therefore, contribute to sustainable development of modern
chemical industry.
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Abstract
Paper mill traditionally employ black liquor combustion in Tomlinson recovery boilers as a means of both
chemicals recovery and steam and electricity cogeneration. Starting with modest capacities of hundreds tons
combusted dry solids per day (tDS/day), dry solids content in combusted black liquor around 60 % wt. and modest
steam parameters, recovery boilers gradually evolved into what represents the best available technology today:
capacities approaching 3000 tDS/day, dry solids content above 85 % wt, and steam parameters above 10 MPa
and 500 °C. At the same time, additional features are employed known from conventional power plants: stepwise
regenerative feedwater and combustion air preheating above 200 °C and highly efficient stream turbines with
condensing pressure around or below 5 kPa (a). Special feature of BAT recovery boilers not encountered in fossil
fuel fired power plants is the flue gas cooler, recovering additional heat from flue gas to feedwater preheat
before deaeration. This is made possible by very low SOx content in the flue gas that allows flue gas cooling even
below 140 °C without the risk of sulphuric acid condensation and the resulting low temperature corrosion. All
those features accentuate increasing interest in boosting cogenerated electric energy production in the paper
mills to reduce their electricity bills.
Objective assessment of obtained power production increase when switching from old obsolete recovery boilers
to new BAT boilers is crucial when deciding about the corresponding investment. We elaborated material and
heat balance-based model of two large scale cogeneration unit based on 2000 tDS/day recovery boilers coupled
with extraction-condensing steam turbines to compare their design and off-design performance in several
alternative steam demand scenarios.

Introduction
More than 70 % of total pulp production in European Union is from chemical pulping1. Due to high amounts of
chemicals spent during chemical pulping process, these should be recovered to lower the costs of the process.
This occurs in recovery cycle, where black liquor produced as a waste is first concentrated from about 15 % wt.
to 65 – 85 % wt. dry solids and then it is combusted in recovery boiler, where both chemical and energy recovery
takes place2.
The recovery boiler is the most essential and most expensive part of the kraft recovery process. It is an integral
part of the steam and power balance at the mill2,3. In recovery boiler the organic matter dissolved during pulping
is destroyed and its energy value recovered. Recovery boiler process has several unit processes4:
1. Combustion of organic material in black liquor to generate steam
2. Reduction of inorganic sulphur compounds to sodium sulphide
3. Production of molten inorganic salts and dissolution of said flow to weak white liquor to produce green liquor
4. Recovery of inorganic dust from flue gas to save chemicals
5. Production of sodium fume to capture combustion residue of released sulphur compounds
First recovery boilers appeared in late 1930s5,6 with capacities about 100 tons of dry solids per day (tDS/day) and
30 years later it reached only 500 tDS/day with produced steam parameters around 4 MPa and 400 °C6. The
maximal dry solids content in black liquor was only about 50 – 65 %. Fouling was also the problem of first recovery
boilers. Due to growing the chemical pulp production over the years there was a need to increase capacity of
recovery boilers and improve their shortcomings7. In 1960, they started to install economizers in recovery boilers.
Also, the concentration of black liquor was improved. First high dry solids units started coming on line in 1980’s
when extensive tests of effect of increasing dry solids content from 72 % to 84 % were run at several recovery
boilers. They noticed, that above 75 % dry solids the SO2 and H2S emissions were practically zero4. As long as
recovery boilers existed, air system development has been continuing. Over the years there have been several
generations of air systems. Currently the new air systems have achieved low NOx, but are still working on with
lowering fouling4. Since 2004 first XXL recovery boilers have operated, when the first XXL size recovery boiler
started up in China7. Modern XXL recovery boilers have capacities up to 10,000 tDS/day with steam parameters
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up to 11 MPa and 510 °C. Modern recovery boilers have large furnaces, modern air systems and high black liquor
dry solids. These recovery boilers have very low flue gas emissions and SO2 and TRS (total reduced sulphur
compounds) are typically at level of zero7.
The aim of this work is to compare two recovery boilers – the old one with produced steam parameters 4 MPa
and 400 °C and one representing the best available technology (BAT) with steam parameters 10 MPa and 500 °C.
for both systems different steam demand scenarios will be considered and the electric energy production will be
compared. Based on the price of recovery boilers, the incremental simple payback period will be calculated.

System description
Technology with old recovery boiler type (Figure 1) includes:
• 65 % thermal efficiency of steam production in recovery boiler
• Dry solids (DS) content in black liquor 75 % wt. with lower heating value 13.1 MJ/kg
• Parameters of very high pressure (VHP) steam produced in recovery boiler of 4 MPa (a) and 400 °C
• Direct steam use for sootblowing in amount of 8 % of produced VHP steam
• Air preheating by LP steam to 150 °C
• Extraction-condensing steam turbine – extractions at 1.2 MPa (a) and 0.6 MPa (a); condensing pressure
10 kPa (a); isentropic expansion efficiency 80 %; mechanic efficiency 95 %
• Deaerator working at 145 °C; temperature of fresh water entering the deaerator is 75 °C
In both systems (with old recovery boiler type and with modern recovery boiler) the consumption of combustion
air in recovery boiler represents 4 t/tDS and condensate return from paper mill represents 70 % of steam exported
to the paper mill.

Figure 1. Schematic description of system with old recovery boiler type
The BAT recovery boiler technology (Figure 2) includes a modern recovery boiler with enhanced heat
recuperation from flue gas, with enhanced regenerative heating of boiler feedwater (BFW) and combustion air,
producing very high-quality steam. In accordance with this, following boiler parameters were considered:
• Liquor concentration from 75 % to 85 % wt. solids performed in high DS evaporator (HDS) consuming
1.2 MPa steam from steam turbine
• 75 % thermal efficiency of steam production in recovery boiler
• Parameters of very high pressure (VHP) steam produced in recovery boiler of 10 MPa (a) and 500 °C
• Air preheating stepwise by low-pressure (LP), intermediate-pressure(IP) and high-pressure (HP) steam
to final temperature of 210 °C
• Direct HP steam use for sootblowing in amount of 8 % of produced VHP steam
• Extraction-condensing steam turbine – extractions at 2.3 MPa (a), 1.2 MPa (a) and 0.6 MPa (a);
condensing pressure 5 kPa (a); isentropic expansion efficiency 80 %; mechanic efficiency 95 %
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•
•

Deaerator working at 155 °C utilizing LP steam and flash steam with inlet water temperature 135 °C;
water heating to 135 °C stepwise by waste heat s from paper mill, HDS evaporator condenser and boiler
flue gas cooler (FGC)
HP, IP and LP steam condensates from BFW and combustion air heating and from HDS evaporator are
collected in condensates tank, flashed to 0.6 MPa and flash steam is used in deaerator to cover part of
its steam need

Figure 2. Schematic description of system with modern recovery boiler

Results
For both systems, three steam demand scenarios have been modelled – normal demand (30 t/h IP and 60 t/h LP
steam), higher demand (40 t/h IP and 70 t/h LP steam) and lower demand (20 t/h IP and 50 t/h LP steam) of
produced steam. At the same time three different input amounts of black liquor solids were considered – 1200,
1600 and 2000 tDS/day.
As the efficiency of the steam turbine changes with the load, this must be taken into consideration. Table I shows
the parameters for steam turbine output dependence on mass flow of extracted steams and steam to
condensation according to the following equation:
𝑃𝑃el = 𝑎𝑎 + 𝑏𝑏(𝑚𝑚̇cond − 𝑥𝑥) + 𝑐𝑐𝑚𝑚̇LP + 𝑑𝑑𝑚𝑚̇IP + 𝑒𝑒𝑚𝑚̇HP

(1)

where 𝑚𝑚̇cond , 𝑚𝑚̇LP , 𝑚𝑚̇IP , 𝑚𝑚̇HP are mass flows of condensate, LP, IP and HP steam from the turbine respectively,
a, b, c, d, e are coefficients of the equation and x represents the amount of inlet steam which does not produce
the electric energy.
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Table I
Parameters of eq. 1 for normal steam demand
Parameters
System with old recovery boiler type
a [MW]
6.959
b x 102 [MW day t-1]
1.238
c x 103 [MW day t-1]
5.434
3.586
d x 103 [MW day t-1]
0
e x 103 [MW day t-1]
x [t day-1]
1410.48

System with modern recovery boiler
-0.178
1.578
8.147
6.424
4.767
1161.17

The amount of produced electric energy (EE) is shown in Figure 3. As it is shown, EE production in the system
with old recovery boiler type is about 15 to 33 MW with increasing amount of combusted black liquor. In the
system with modern recovery boiler the EE production is about 30 to 62 MW. This means that EE production in
the system with modern recovery boiler is almost 2 times higher than in the system with old recovery boiler type.
Efficiency of EE production in Figure 3 is calculated as the ratio of the amount of EE generated in the turbine Pel
and amount of energy contained in the black liquor QBL:
𝜂𝜂el =

𝑃𝑃el

𝑄𝑄BL

(2)

Figure 3. Efficiency of EE production from the steam (left) and amount of produced EE (right) with different black
liquor DS inlet and different steam demands
According to data in the literature, the price of modern recovery boiler with capacity of 2000 tDS/day is about
130 mil. €8. The assumed investment cost of old recovery boiler type is about 60 % of modern recovery boiler
price. With the current average EE price of 34 €/MWh, the simple incremental payback period is about 9 years.
Simple incremental payback period for different prices of EE is shown in Figure 4.
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Figure 4. Simple incremental payback period of modern recovery boiler purchase compared to the old type
recovery boiler for different prices of EE

Conclusion
As we supposed, the efficiency of steam turbine decreases with the decreasing amount of combusted black
liquor, as the nominal load of steam to turbine is the amount of steam produced from the combustion of 2000
tDS/day black liquor.
Due to higher efficiency of modern recovery boiler and higher pressure and temperature of produced steam the
efficiency of EE production in the system with modern recovery boiler is about 2 times higher than the efficiency
of the system with old recovery boiler type. As it is shown in Figure 4 the simple incremental payback period can
vary between 3 to 10 years.
Current development of recovery boilers with higher thermal efficiency and with higher steam parameters
(pressure and temperature) leads to increasing the attractiveness of replacing old recovery boiler types with
modern recovery boilers. However, due to current low prices of EE the benefit from extra EE produced (compared
to the system with old recovery boiler type) the attractiveness of purchasing modern recovery boiler instead of
old type recovery boiler is not so significant for industry.
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Abstract
The topology and operation of a steam network in a large industry is influenced by its past development to a
great extent; the same holding true for the SLOVNAFT refinery. Along with commissioning of new conversion
technologies, introduction of energy saving measures and shutdown of obsolete units the core of steam
production shifts from the Central combined heat and power unit to the local steam sources producing steam
from hot waste heat streams. Dimensions of steam pipelines that served the steam transport demand well in the
past gradually become either too large or too small, causing the steam to locally cool down and condense or to
stream with high velocities. Both cases negatively influence the steam network operation and put more strain
on its proper management and its future development projects. Starting from actual operational state analysis
that is presented in another contribution, calculations were performed to model future steam network
operation. This is anticipated to be seriously influenced by commissioning of new technologies in near future and
several proposals have been formulated to ease their impact on its stability. Combined effects of new production
units commissioning and the proposed measures were tested in order to select the most promising proposals for
further elaboration. The presented results should serve the energy management to prepare action list where
considering future investments aimed at steam network evolution.

Introduction
In practice there is a lot of evidence on the utility networks mathematical modelling. By optimizing the backpressure/condensing turbines operation and steam imports in a German refinery, the system achieved average
2.75 mil. USD/year1 cost savings. The rigorous Utopia model covers all process units and the entire steam system.
As such, it is useful for data reconciliation, steam balancing, marginal steam value calculation and “what if”
studies preparation. Due to unusual complexity of the steam system, rigorous simulation is unsuitable for daily
use, instead of it a simpler optimizer (Exopt) has been created. This was designed to extract only the essential
information from large data set and it deals only with turbine modelling, basic steam balancing, operating cost
calculation and flow sheet optimization (open loop operation). Experience shows that by continuously "finetuning" the operations using Exopt, an additional 550 000 USD/year of benefits can be achieved. In another
petrochemical plant with steam network at different pressure levels with several equipment: heaters, strippers,
steam turbines and let down valves, which operates co-generation plant to produce steam and electricity, steam
production and consumption optimization program was done. With proper mathematical modelling, which
optimized the plant steam balance (minimize let downs, steam venting, calculate equipment operation
effectiveness) a total of 24 t/h steam consumption saving was achieved (2 % of total steam generation)2. Few
years later, by extention of the optimization model they managed to achieve additional savings of potential of
economy of 46 t/h high pressure steam generation in boilers and reduction of 6 MW in electric power
consumption, which means almost 5 % of total steam generation savings3. The authors conclude that the most
challenging part of their work was the steam model. These examples and other results support the importance
of proposed work. As it turns out, these issues didn’t become actual in recent years, but they have been a
problem for decades and undoubtedly we will also have to deal with them in the future.
As it was mentioned previously, for steam network optimization and stabilization, functional and reliable
mathematical model is a must. It should be able to describe different systems at various operational states. In
general, the more complex the mathematical model is, the more accurate results it provides. Thanks to progress
in science and technology, our possibilities nowadays are almost unlimited. On the other hand, there are costs
and difficulty of use increasing with model’s complexity. One should always start with the simplest one and
continuously increase the level until needed, but not more4. One of the models proposed in the past is based on
the laws of conservation of mass and energy and although solving differential equations is needed, the
calculation algorithm is relatively simple5. This model was applied in the case of single pipe as well as complex
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pipe network in Chinese steel plant. Reliable results with relative errors of few % only were obtained in both
cases.
Complicated energy networks are typical for large industrial plants like SLOVNAFT oil refinery and our attention
is paid mainly to steam networks. With three interconnected steam pressure levels (HPS – high pressure steam,
MPS – middle pressure steam, LPS – low pressure steam) with total length of few tens kilometres each, the entire
network represents a dense mash of pipes. Management of such large pipeline system is not a simple task and
operators often have to deal with different operational problems. Their goal is to ensure the operational stability
of the network in order to avoid undesirable technological problems and also unnecessary increase in the
operational costs. Not just steam networks, but the entire plant goes through various changes that come with
new technologies or new production process demands. These changes may affect every part of the plant and the
nature of production in a serious way. The SLOVNAFT refinery finished an energy conservation program involving
several production units focused on energy and yield improvement and has started to focus also more on
production and processing of polymers in recent years, which influences final product portfolio also in the
refinery part. As the plant evolved with oil and gas industry development (emerged new production facilities in
the refinery), the current operational parameters of the steam networks totally different than they were
designed for 40 to 50 years ago. Nowadays there are few problematical sections, because they are oversized,
leading to excessive steam condensation, or undersized, leading to increased pressure drops. Such problems can
be solved easily by replacing those sections for ones with appropriate dimensions suitable for the current
operational state, but it is very expensive. In addition, as mentioned, the whole plant evolves constantly and
there are few projects proposed for the future that will definitely affect whole plant operation as well as the
stability of steam network.

Simulation
Proposed work is dedicated to modelling the operational state of steam networks after commissioning of
proposed projects within the SLOVNAFT refinery in following years. They are:
A. Connecting C6 and S2 units in the HPS network by common pipeline (since 2018)
B. New SWAATS unit for sulphur fertilizers startup (since 2018)
C. New hydrogen production plant startup thus replacing the old one (since 2020)
Each of these projects will cause certain changes within the steam network. Proposals concerning topology only
(case A) have no effect on the total mass balance but it does not apply for proposals concerning production units
(cases B and C). Connection of units C6 and S2 by common pipeline is actually at the preparation stage. There is
also a new production unit SWAATS in the construction stage, which will process part of the “sour gases”, thus
reducing the load of the S2 unit and solving the problem with the already insufficient capacity of S2 unit. As a
result, HPS production at S2 unit will drop by more than 11 t/h. Moreover a steadily increasing content of sulfur
in crude oil could be processed and a reserve will be created in terms of S2 unit production capacity. SWAATS
unit will be located near the S2 unit. Currently there is a new hydrogen production plant HPP3 in the design stage,
but it is supposed to replace already existing but obsolete hydrogen plant S1 and should join the pipeline in its
proximity. In this case the HPS supply would be increased from the current amount of 11 t/h up to 35 t/h. These
changes will undoubtedly affect whole HPS network. If operational states of all other production units remain
unchanged, the amount of HPS supplied from CHP unit will need to be modified in order to retain the total mass
balance of the HPS network. Therefore the steam flow through individual pipe segments also will be changed.
The impacts of proposed investments on each steam pressure level’s mass balance is clearly illustrated in the
Table I.
Table I
The impact of proposed investments on the amount of steam exported to steam network
Steam export change
[t/h]
Steam pressure level
A
B
C
HPS
-11.6
+25.0
MPS
+7.3
LPS
-9.2
Proposed work uses the same mathematical models as were used for analysis of steam network’s current
operational state. The first one is a simple Balance model created in MS Excel, which is only used for mass and
heat balances as well as steam flow velocities calculations. The second one is Hydrodynamical model created in
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a commercially available software, which allows hydrodynamic calculations or heat transfer calculations with
ease and offers new possibilities. The simulation schemes for both models were modified according to
information from SLOVNAFT refinery employees to capture the real location of new units. The advantage of both
models is simple modifiability so this was not a difficult task. Except changes of simulation schemes it was
necessary to just slightly modify the balance equations and enter some input parameters for calculations. A part
of modified calculation schemes is depicted in Figure 1.

Figure 1. Segment of simplified HPS simulation scheme including proposed changes (existing interconnection of
major steam pipelines = dot-dashed line, new steam pipeline = dashed line)
The purpose of simulations was to determine the way the steam flow in pipelines will be affected after
implementation of proposed changes. Specifically values of temperature and pressure at units acting as steam
consumers were monitored. As expected, the closest units to the place of proposed changes will be affected the
most. For the needs of simulations, an operational data corresponding to a standard operational state without
any unit shutdown was selected. The operational state of steam network also depends on different operational
states of some production units throughout the year as well. Such evidence is Figure 2 showing an amount of
HPS supplied from CHP unit in year 2017.

HPS export from CHP unit, t/h
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Figure 2. The amount of HPS supplied from CHP unit to the steam network
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In proposed work simulations were done with data representing winter, summer and intermediate weather
conditions. Specific values of model parameters are listed in Table II together with steam amounts supplied to
HPS network confirming various steam network’s operational state. From the view of steam network
management and plant dispatching it is important to secure a stable operational state under all circumstances.
Table II
Selected model parameters and HPS amounts supplied to steam network

Winter
Intermediate
Summer

Date, time
[-]

Outside
temperature6
[°C]

Wind speed7
[m/s]

HPS export
from CHP unit
[t/h]

3.1.2017, 10:00
22.4.2017, 6:00
10.7.2017, 19:00

-5
10
30

2
3
3

53.18
60.93
28.07

Total HPS
supplied to
steam network
[t/h]
112.30
101.13
97.67

Simulations were done with two values of thermal conductivity of thermal insulation. The value of λi=0.038 WmK corresponds to new thermal insulation in a proper technical state. On the other hand, the value of λi=0.08
Wm-1K-1 corresponds to real state of thermal insulation and it was determined on the basis of the results of our
previous work dealing with the analysis of HPS network’s current operational state. Another important
parameter is the insulation thickness. The standard value used in SLOVNAFT refinery is δi=120 mm. Simulations
were performed for variations of proposed projects as well as change A separately and results were analysed. In
all cases, the simulations were performed in a way that kept the HPS network balanced, therefore, it was
necessary to modify the amount of HPS supplied from CHP unit.
1 -1

Results and discussion
The Hydrodynamical model was used for simulations of proposed projects within the HPS network to determine
the final effect on the network’s operational state. Besides temperature changes at each production units, the
effect of season was examined. According to SLOVNAFT refinery designers group, permanent operation of a
pipeline connecting the production units C6 and S2 located at ends of main pipelines and thus creating a circuit
should resolve the problem of relatively low steam temperature at the C6 unit. The steam temperature at its
battery limit is typically in a range of values from 295 to 310 °C. Naturally, one would expect higher heat losses
during the winter months, which was also confirmed by results of simulations showing lower temperature at C6
unit. Therefore the next part deals with the results of simulations performed for winter conditions as this was
the worst case and the results are slightly better in other seasons. In the time corresponding to simulation data,
the average measured steam temperature at C6 unit was 301.9 °C and temperatures obtained by simulations
after implementation of proposed changes are listed in Table III.
Table III
Results of simulations for winter conditions and the value of thermal conductivity of thermal insulation of λi=0.08
Wm-1K-1
T
[°C]
Scenario
C6
C5
C4
C7
C8
C9
Present
308.8
300.0
288.6
316.8
311.4
313.7
A
292.9
302.5
291.1
331.1
325.8
328.1
A+B
292.9
305.2
337.4
335.3
329.8
332.2
A+C
293.7
330.4
317.2
315.4
310.4
312.6
A+B+C
295.8
330.4
317.2
315.0
310.1
312.2
B+C
308.8
315.3
303.4
319.9
314.3
316.7
The results show, that in the case A separately, the steam temperature at C6 unit will drop by more than 15 °C
in case of a bad technical state of thermal insulation of pipes. The simulation results for proper thermal insulation
are listed in Table IV. In this case, the already significant temperature drop increased up to 20 °C. Since the steam
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temperature is already too low, it would bring the quality closer to its saturation point and thus enhancing the
risk of condensation.
Table IV
Results of simulations for winter conditions and the value of thermal conductivity of thermal insulation of
λi=0.038 Wm-1K-1
T
[°C]
Scenario
Present
A
A+B
A+C
A+B+C
B+C

C6
316.8
296.4
296.4
296.7
300.4
316.8

C5
303.1
306.1
312.9
331.8
331.8
317.6

C4
297.2
300.3
351.1
325.2
325.2
311.4

C7
322.9
336.1
339.5
320.3
320.9
323.9

C8
320.1
333.5
336.8
317.8
318.4
321.2

C9
321.3
334.7
338.0
318.9
319.5
322.4

Based on these and other results, following statements concerning C6 unit can be formulated:
¥ The connection of units C6 and S2 itself would not help to increase the steam temperature at C6 unit
and it would be not suitable for permanent operation. As a result, a significant temperature drop would
be observed.
¥ Commissioning the SWAATS unit would most likely also not improve the quality of steam at C6 unit,
because even though decreased load of S2 unit, the steam would flow to C6 unit due to its high pressure.
Such loads of HPS supplied from S2 unit are affected by heat losses just slightly and won’t change its
quality fundamentally.
¥ The operation of HPP3 unit would improve the steam temperature at C6 unit just slightly. The reason is
also high steam pressure at S2 unit, which would cause the steam from HPPP3 unit flow mainly in the
opposite direction.
¥ After implementation of change C in summer conditions, it would not be possible to reduce the steam
supply from the CHP unit into the network, because it would go beyond the possible minimum. In this
case a circuit on the C major pipeline needs to be opened to allow the HPS to flow back to the CHP unit
and maintain the steam flow. It is also possible to start operating steam turbines that are shut down
due to their low effectivity at the moment. Possibly further proposals out of scope leading to operational
state adjustment may be invoked (replacement of an obsolete steam turbine at S2 unit, etc.).
¥ The real situation could be even worse because the measured steam temperature at C6 unit is few
centigrade lower than the temperature predicted by model in current operational state. The difference
in winter conditions is 6.9 °C while in the summer, it is only 4.1 °C.
As mentioned before, all units connected to HPS steam network will be affected by proposed measures even if
there are no problems concerning low steam pressure. Results estimate a steam temperature increase at C4 unit
and C5 unit, which is the second closest to the S2 unit after C6 unit. A significant temperature increase at units
C7, C8, C9 in case A and A+B can be explained by steam supply drop from S2 unit. Smaller amount of a relatively
cold steam from S2 unit will flow through the F major pipeline and interconnection of major steam pipelines and
on the other hand, these units will be supplied by steam of good quality from the S4 unit. In this case, there will
be also higher volume of steam supplied from the CHP unit with very high temperature over 360 °C. Simulations
expect slight temperature decrease in case of HPP3 unit operation, however this difference is negligible. This fact
can be explained as follows. The amount of steam supplied from CHP unit will be much smaller and even if the
temperature of steam from HPP3 unit will be relatively high, its transport through a long pipe section to get to
mentioned production units would cause great heat losses.
Following previous statements, it is recommended to abort the project A as it would not meet its original
intentions. For that reason, another simulation for the scenario of commissioning changes B+C only was done.
According to the results of simulation, the steam temperature at C6 unit will not increase but at least it will not
worsen. In addition to it, all other units listed in Table 3 and Table 4 will observe a temperature increase.
Simulations concerning new hydrogen production plant were performed for operational state planned for such
load, that will replace already existing hydrogen production plant in terms of the amount of the hydrogen
produced. However, this unit’s goal is also to achieve higher load for future hydrogen consumption increase of
the refinery and steam supply up to 54 t/h HPS at its full load is expected. This means that the amount of steam
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supplied from this unit could change in a moderate way in the future according to its operational state, which
will have significant impact of the HPS network again.
Results of previous work dealing with analysis of current operational state of the HPS network confirm, that the
measured data corresponds very well with the calculated data and the Hydrodynamical model provides reliable
results. Relative errors of temperature values are typically under 5 %, bigger errors are considered to be caused
by incorrect measurement. In terms of steam pressure, there aren’t any important changes observed. Pressure
gradient is the steam flow direction determining factor. In case of the connection of units C6 and S2, pressure
drop of 5 kPa is predicted by the model and compared to the absolute pressure value of HPS, it is negligible value.
This pressure drop at this section is comparable to the pressure drops anywhere else within the HPS network.
One can conclude that if pressure ratios remain unchanged, the steam will flow in the direction from S2 unit to
C6 and not the opposite way. The operation of HPP3 unit could have a significant impact on the steam network
operation, because a large amount of steam with high pressure will be supplied. Its pressure will be comparable
to the pressure of steam from S2 unit and it will be interesting to watch the final operational state after
implementation of proposed changes, because the mathematical model could not assess these influences. The
future objective is to use another simulation tool that is able to determine the steam flow distribution in each
pipe segment by pressure ratios. The simulation scheme is prepared, but due to significant complexity and IT
limitations, successful solution was not yet obtained.

Conclusions
Proposed work uses mathematical modelling to review the impact of planned changes on SLOVNAFT refinery’s
HPS network operation and operational stability. Some of proposed projects have specific goal to improve the
HPS network’s operation. It should be pointed out, that proposal A is designed to increase the steam temperature
at C6 unit, which is typically in the range from 295 to 310 °C and is being transported through a long pipe section
from S3 unit nowadays. From this point of view, the results claim that constructing the connection of units C6
and S2 is meaningless, because the final effect will be exactly the opposite of the expectation and the
temperature will decrease even more. This definitely is not desired goal as it enhances the risk of steam
condensation in the connecting and adjacent pipelines. As the primary intention was an alternative route for
steam export, the only positive is the possibility to put it into operation only during pipeline maintenance works
on the F major pipeline between units S2 and S1, but it will be too luxury due to high capital costs. This would
mean that this pipeline would be operated only in ON/OFF mode. Even if it’s not the goal, the influence of other
projects to HPS network cannot be avoided. The paradox is, as shown by the results, that these changes may
increase the steam temperature at other production units even if there aren’t any problems with its quality
observed. The best solution would be to abort the project A thus not worsening the steam quality at C6 unit and
improving its temperature at all other units instead. According to our SLOVNAFT refinery supervisor, this project
is in too advanced state to do so.
Proposed work proves the advantage of mathematical models since it is possible to assess the impact of
proposed measures on steam network’s operation even before their realisation and without physical
interventions in the construction. The same approach will be used onwards for other pressure level networks.
Based on results, it is possible to assess whether desired effect will be reached and make decisions on the next
procedure or modifications of the proposal. This way unfavourable proposals can be excluded in advance and
the most suitable solutions can be found.
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Abstract
Direct coal liquefaction can be an alternative source of liquid fuels. The aim was to maximize the liquid product
yield for DCL tests without hydrogen pressure using tetralin as solvent. Experiments were carried out in an
autoclave (300 ml) in nitrogen (P = 0 bar). Tests were performed at 300, 350, 400 and 450 °C (1 h) using 1:1 or
0.4:1 of Brown Coal:Tetralin weight ratio. Then, solids, gases and liquids were sampled. The liquid product was
analysed by elemental analysis, TGA, solubility in heptane and simulated distillation, the gas by GC-FID/TCD and
the solids by solubility in n-heptane, xylene and trichloroethylene. The increment of temperature from 300 °C to
400 °C supposed an increment in the total amount of direct liquids products soluble in n-heptane. The maximum
yield to n-heptane soluble products was found for the test carried out at 400 °C (1:1 weight ratio).

Main body


Introduction

The coal liquefaction process has been developed since the 1930s, German army was using it to produce
synthetic fuels because of the conflict restrictions1. The basics of the process are well known, however the
process is being continuously investigated. Especially now, when the world’s petroleum oil resources are located
in unstable territories and the demand for petroleum is continuously increasing, processes such as coal
liquefaction are coming back into the researchers interest. The coal can be converted into useful compounds by
indirect coal liquefaction (ICL) which consists in the coal gasification followed by catalytic conversion of received
synthetic gas into hydrocarbons and oxygenated fuels, or by direct coal liquefaction (DCL) which can be
performed using solvent under hydrogen atmosphere or donor-solvent under inert atmosphere. In both cases,
high temperatures and pressures are used. DCL processes are able to generate wider spectrum of chemicals in
comparison to the indirect route2. Coal liquefaction process depends on the temperature and reaction time
obtaining the best yields in the temperature range of 390 – 450 °C. However, there are other factors, which affect
the DCL process yield, such as type of solvent, reaction atmosphere or the coal itself. The solid residues produced
after this process are usually considered as less valuable products than the original coal used as raw material.
Moreover, useful chemicals from the extraction of the solid residues can be done although the obtaining of high
liquid products yields are the main targets3. Two major phenomena take place in the coal liquefaction: cracking
reactions and then the saturation of unsaturated compounds by hydrogen derived from the donor solvent. The
aim of this work was to explore the DCL by co-processing brown coal and tetralin.
 Experiment
Honeywell, ≥99% tetralin was used. Brown coal (BC) (Table I) was collected in the North Bohemian Basin (Czech
Republic)4.
Parr Instruments Company autoclave 4575/76 (300 ml volume of reaction vessel) with a “4848B” controller was
used. Brown coal and tetralin were introduced into the autoclave according to coal/solvent ratio equalled 0.4
wt/wt. The autoclave was purged with nitrogen, hermetically closed (P = 0 bar) and heated up from room
temperature to 300, 350, 400 and 450 °C (500 rpm of stirring rate), with a heating rate of 8.3 °C/min. After one
hour of reaction at the selected temperature, the reactor was cooled by air flow (average cooling rate approx.
4.5 °C min−1) to room temperature. Stabilization was followed with mass balancing and calculation of gas, liquids
and solid yields.
The elemental carbon, hydrogen analysis by the ICP method was measured on an elemental analyser Flash2000
according to the ASTM D5291 method5. The sulphur and nitrogen contents were measured following the ASTM
D5453 (by using a UV fluorescence Trace S Cube instrument) and ASTM D4629 (by using a chemiluminescence
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Trace N Cube instrument) respectively6, 7. The density of the liquid products at 15 °C was measured using a semihydrometer KYOTO DA-645 (Kyoto Electronics Manufacturing co.).
Table I
BC proximate and elemental analyses.
Brown Coal sample
Proximate Analysis (wt%)
Moisture (as measured)
Ash Content (dry basis)
Volatiles
Fixed Carbon
Elemental Analysis (wt% daf basis)
Carbon
Hydrogen
Nitrogen
Sulphur
Oxygen (by difference)

SevEn X
23.8
4.9
56.2
43.8
75.3
6.4
1.3
1.0
16.0

The simulated distillation (SIMDIS) was performed by gas chromatography following the ASTM D2887148.
The Karl Fischer analysis were performed using an automatic titrator METTLER DL 37 KF Coulometer.
For the liquid product solubility in n-heptane (nC7), toluene (Tol) and furan (Fu) - (Maltenes, asphaltenes, preasphaltenes and residues), the next method was used: a filter paper (A 589/3 blue tape) was dried in a furnace
for 2 hours at 110 ° C. After 2 hours, the paper was placed into a desiccator at room temperature. After 40
minutes, the paper filter was weighed and re-dried for other 40 minutes. This operation was repeated until
having constant weight (difference between two re-dryings less than 0.0008 g). Then, 10 g of sample were
introduced into a 250 mL beaker and mixed with 40 mL of nC7. The mixture of 10 g sample and 40 mL of nC7 was
filtered and the filter paper was weighed. This procedure was repeated using Tol and Fu so the calculation of the
non-solubles in each solvent was possible. The solid product extraction using nC7, xylene (Xy) and
thrichloroethylene (Thcl) – (Maltenes, asphaltenes, pre-asphaltenes and residues) method was the next one: The
solid sample were weighed (2-2.5 g) into a composite filter paper. The paper was closed by a tuft of cotton wool
and inserted into a glass extraction cartridge. Soxhlet extraction apparatus was used and the extraction device
consisted of a broad neck conical flask with volume 500 (or 250 or 100) ml, and Dimitroth coolers of 300 mm
length joined with a NZ 45/40 joint. The inner tube of the cooler was provided with two openings at the end-end
to suspend a glass extraction cartridge. The paper was weighed after each extraction so the solubility in nC7, Xy
and Thcl could be calculated.
TGA analyses (for direct liquid products) were carried out using a TA InstrumentsWaters LLC instrument from 50
to 900 °C (10 °C min-1) using oxygen or nitrogen as gaseous carrier.
Gaseous products were analysed by the method ‘‘Refinery Gas Analysis RGA’’ on GC 7890A Agilent (Agilent
Technologies). This one was configured to analyse the refinery gas up to C6 hydrocarbons including H2S and
carbonyl sulfides (COS).


Discussion and result analysis

A total of 7 tests were carried out using tetralin. All tests presented an increment of the final pressure (last
pressure at room temperature compared to the initial pressure) and also a higher amount of gas product (as
expected) when the temperature increased. The use of 0.4 weight ratio of BC:tetralin supposed a lower
production of gases during reactions (Figure 1) compared to the use of 1 BC:Tetralin weight ratio. In the case of
using a 0.4 of weight ratio (BC:tetralin), the total final amount of liquid products also increased when the
temperature increased from 300 to 400 °C. However, at 450 °C the amount of solid products was much higher
(compared to the tests using lower temperature) as consequence of the cracking reaction producing non-soluble
solids in nC7 and gases. In general, when the weight ratio used for the tests was 1 wt/wt, the total final amount
of solid products was much higher compared to the tests using 0.4 wt/wt. However, in this case, these solid
products were highly soluble in nC7.
SimDis analyses (Table II) showed the % amount of liquid product produced from BC. However, some liquid
products could have similar boiling point than this tetralin. So, the % of liquid produced from BC should be taken
as orientative and approximate quantity. For test 400/1, the light products fraction (T < 200 °C) resulted to be
the highest fraction found compared to the other tests.
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Elemental C, H, N, S% analyses (Table III) showed a decrease in the total hydrogen content for the liquid product
when the reaction temperature was increased from 400 to 450 °C as consequence of the hydrocracking to
methane, ethane and propane. However, it increased when the temperature increased from 300 to 350 °C.
Nitrogen and sulphur contents increased in all cases when the temperature increased.

A

B

Figure 1. {A} Mass balance (solids, liquids, gases + losses). {B} Total soluble products in n-heptane (solids and
liquids). Nomenclature = T(temperature, °C)/(Brown coal:tetralin weight ratio). (
) Line for 71%-29%, liquidssolids present in the feedstock. (
) Line for 50%-50%, solids-liquids present in the feedstock.
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Table II
Simulated distillation for direct liquid products. T400/0.4 means T(temperature, 400 °C)/( 0.4 Brown coal:tetralin
weight ratio).
Test

T300/0.4

T350/0.4

T400/0.4

T450/0.4

T300/1

T350/1

T400/1

Boiling range
< 200 °C

10%

12%

12%

28%

22%

14%

27%

84%

75%

69%

49%

61%

64%

38%

220-340 °C

4%

4%

8%

11%

5%

8%

18%

> 340 °C

2%

9%

11%

12%

12%

14%

17%

Solvent zone1
(200-220 °C)

1

Tetralin boiling point is 208 °C.

Figure 2 represents the total amount of Maltenes + Asphaltenes + Pre-asphaltenes present in direct liquids and
solid products. The maximum amount was found in the products obtained from the tests performed at 400 °C.
The yield to maltenes was higher when a weight ratio of 1 was used if we consider that more maltenes were
produced directly from brown coal (Figure 1). Comparing the two tests carried out at 400 °C, the biggest wt% of
products with boiling point lower than 200 °C was found for test T400/1 (Table II). Nevertheless, in that case the
total amount of direct liquid was only 18.1 % compared to the 77.4 % obtained after the test T400/0.4.

Figure 2. Total content of Maltenes + Asphaltenes + Pre-asphaltenes present in direct liquids and solid products.
Table III
Elemental C, H, S, N% analysis and water content analyses.
Test

T300/0.4

T350/0.4

T400/0.4

Water, wt%

0.04

0.18

0.13

C, wt%

89.13

88.3

H, wt%

T450/0.4

T300/1

T350/1

T400/1

--

0.18

0.16

0.34

91.1

79.9

--

80.52

92.3

8.88

8.85

8.06

6.37

--

7.19

7.38

-1

S, mg Kg

433

803

920

1363

--

3082

1644

N, mg Kg-1

435

1023

2206

2407

--

2309

5135

TGA analyses (Table III) of liquid and semisolid products presented information about the decomposition (TGAN2) processes. All TGA results presented two main weight decreases, the first one from 50 to 200 °C (lighter
organic compounds and water) and the second one from 200 to 600 °C (heavier organic compounds). RGA
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gaseous product analyses (Figure 3) presented the CO2 as the main gaseous product (% by weight) produced
from the brown coal. Methane > ethane > propane and other gases were produced too.
Table IV
TGA weight loss analyses in nitrogen (direct liquid products or semisolid products in the case of not having direct
liquid products). Ash calculated from TGA in oxygen.
TGA - N2
Test

Weight loss, %
50-200 °C 200-900 °C

Ash, %

T300/0.4

91.7

6.1

0.8

T350/0.4

86.3

10.6

0.7

T400/0.4

19.0

77.7

0.7

T450/0.4

16.5

79.2

1.6

T300/1

50.2

27.1

2.7

T350/1

61.2

25.6

2.3

T400/1

40.2

51.9

0.7

Figure 3. RGA analyses for gaseous products.



Conclusion

The increment of temperature from 300 °C to 400 °C (1:1 weight ratio) supposed an increment in the total
amount of direct liquids products soluble in n-heptane. This amount increased when the 1:1 brown coal:tetralin
weight ratio (respect to the 0.4:1 ratio) was used. The lowest yield to unconverted coal was found for the test at
400 °C and 1:1 weight ratio. For both weigh ratios, the highest amount of liquid products was found for the test
performed at 400 °C.
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Abstract
Bioethanol produced from biomass is the most suitable alternative to petrol that is used worldwide. The addition
of ethanol to gasoline greatly changes the physicochemical properties of the fuel. If the low-ethanol fuel mixture
is contaminated with water, the water can be divided into hydrocarbons and water-ethanol phases, which can
be highly corrosive. The aim of the work was to test corrosion protection by two mixed corrosion inhibitors
containing propargyl alcohol, dibenzyl sulphoxide, mercaptobenzothiazole and octadecylamine. The
effectiveness of corrosion inhibitors was tested in ethanol/gas mixtures (E10, E25, E60 and E85) contaminated
with traces of sulphates, chlorides, acetic acid and sulphuric acid. Corrosion properties were tested on carbon
steel 11 in static and dynamic test in the fuel system. Traceable qualitative fuel properties included, in particular,
TAN (total acid number), PV (peroxide value) and density. The highest aggressiveness for steel was demonstrated
in the contaminated E60 fuel without inhibitor. In the presence of the same fuel, the highest efficacy (at least
75 %) was measured for the octadecylamine inhibitor.

Introduction
The interest in alternative fuels increased in the 90´s, especially considering the environment (transport industry
is responsible for 70 % of CO emissions and 20 % of CO2 .emissions) and a limited number of fossil fuel resources.
In addition, about 60 % of crude oil is used for the fuel production2.
There is a variety of potentially available biofuels. The most suitable alternative to gasoline, which is globally
considered is bioethanol3.
Compared to gasoline, bioethanol used in petrol engines has significant advantages, which is mainly higher
octane number (RON 108). Also during combustion pure bioethanol E100 and high-ethanol gas mixtures (E85)
produce less CO emissions, unburned hydrocarbons and nitrogen oxide NOx4. There are also a few disadvantages
of using bioethanol. It has lower calorific value, it influences an engine wear during burning in an acceleration
mode, it is hydroscopic and it is legally restricted to add compounds containing bound oxygen to maximum
2.7 wt % of O2 in the fuel5,6.
According to European directive 2009/28/ES, the maximum limit for oxygen content in fuels is 5 vol % but
increase in oxygen content is being considered up to 10 vol %. Ethanol intended for blending with gasoline must
be limpid without turbidity and sediments. It is essential that ethanol is waterless (maximum allowable water
content is 0.3 vol %) and it must be denatured with the appropriate denaturation agent6,7. Fuels prepared in this
way can be used in all existing automobiles without any change in their construction8,9.
In case of using ethanol-gasoline blends, where ethanol is fully miscible with water, unwanted problems with
corrosion occur on metal parts, mainly on copper, brass, aluminium or steel. The corrosion can be partly caused
by polar contaminants as well as by higher oxygen solubility in ethanol-gasoline blends than in water or oxidation
reactions which can take place in the fuels9,10.
To protect the metal from corrosion we can use particular substances or their mixtures slowing down the process
of corrosion, so called inhibitors11. The choice of the inhibitor depends on the corrosive environment (water or
waterless), presence of corrosion stimulants and on the particular inhibitor mechanism. At this time there is no
general database or classification available which helps to choose a suitable inhibitor easily11,12.
Among methods used to test corrosion rate and inhibitor efficiency, there are procedures which are based on
the mass loss, either with the help of short-time dynamic or long-time static tests. Both methods calculate the
corrosion rate according to the mass loss of the tested material within a particular time period.
The objective of this work was to test two corrosion inhibitors in the contaminated environment of ethanolgasoline blends on carbon steel 11 using a static and dynamic test.
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Experimental
A gasoline base was used for the preparation of ethanol-gasoline blends. It was prepared from gasoline pool
fractions (i.e. isomerate, reformate and FCC light, medium and heavy gasoline) that were obtained from Česká
rafinérska, a.s. (Kralupy nad Vltavou, Czech Republic). These fractions meet the applicable standard ČSN EN 228
for the sulphur content of 1 mg·kg -1.
The alcohol and petrol mixtures E10, E25, E60 and E85 were prepared from the gasoline base and contained 10,
25, 60 and 85 vol % of ethanol (99.99 % p. a), respectively. The mixtures had the water content of 700 mg·kg-1.
Alcohol and petrol mixtures were contaminated by a solution of NaCl, Na2SO4, H2SO4 (96 %) and CH3COOH
(100 %). The amount of the added solution was calculated according to the desired volume of these components,
see Table I.
These contaminated fuels were filled with the demineralized water of a volume equal to E10 - 0.5 vol %,
E25 - 1.75 vol %, E60 and E85 - 6 vol %.
Table I
Composition of the aqueous solution of contaminants
Corrosive contaminants
(mg.l-1)
Sulphuric acid
2.5
Acetic acid
47.8
Sodium sulphate
2.5
Sodium chloride
3.0
Prepared model fuels were tested on a carbon steel 11. The metal plates of a size 10 x 40 mm and a thickness of
1 mm were used. Before the experiments, surfaces of metallic samples were polished by a sandpaper (1200 grit)
under the running water, washed by demineralized water and cleaned by ethanol and acetone.
The composition of tested corrosion inhibitors and their concentration in ethanol-gasoline blends are presented
in Table II. Two mixed inhibitors (MI 1, MI 2) were tested. These inhibitors were proposed as suitable inhibitors
for corrosion protection for the petroleum transport, storage and processing equipment.
Table II
Tested inhibitors and their concentrations in fuels
Combination of inhibitors

(mg.l-1)*

propargyl alcohol
100
dibenzyl sulphoxide
65
propargyl alcohol
100
MI 2
octadecylamine
70
sodium salt mercaptobenzothiazole
25
*The sulphur content of the inhibitors meet the applicable standard ČSN EN 228.
MI 1

Dynamic test
The dynamic test allows the quick prediction of the fuel aggressiveness to metallic material and it simulates the
conditions, when the heated fuel is coming back from an overflow into the storage flask. For this purpose, a
laboratory flow apparatus was designed and built (Figure 1). The apparatus ensures fuels stress in a contact with
the metallic material at a high temperature and air flow. Also, it allows to monitor changes in the quality of fuels
in consequence of their oxidation (peroxide value, total acid number, density etc.).
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Figure 1. Scheme of laboratory flow apparatus for dynamic testing: 1 – thermostat 2 – frit for air supply, 3 –
preheating spiral, 4 – air supply, 5 – hook for sample hanging, 6 – overflow into the storage flask, 7 – storage
flask, 8 – cooler, 9 – cryostat, 10 – peristaltic pump, 11 – thermometer
The fuel (500 ml) circulated in the apparatus at a flow rate of 0.5 l·h-1 constantly being in an air flow at the rate
of 20-30 ml·min-1. The fuel temperature in the tempered part was 40 °C for the reason of corrosion and oxidation
reactions acceleration.
The metallic samples were in certain time periods taken out. The surface layer of excess corrosion products was
carefully removed by the pulp before the test and the sample was washed by acetone, dried and weighed.
Corrosion rate 𝑣𝑣"# [mm.year-1] was calculated from the time dependence of weight losses according to Equation
1.
v&' = 8.76 ×

./0
1

, where: v23 =

43

(1)

5×6

Where: vPm= vLr [g.m-2.h-1]; ρ = density [g.m-3]; Δm = mass loss [g]; T = start of the test [h]; S = sample area [m2].
The samples were decontaminated at the end of the experiment in 10 wt % solution of Chelation III. Also, the
surface layer of corrosion products was completely removed and overall material loss was obtained, which was
recalculated to the final corrosion rate. Graphic dependencies were obtained from the dependence of the
metallic sample weight losses and corrosion rate on the time.
Static test
Static tests were performed according to the modified method that is described in a standard ČSN 03 4852
(respectively ASTM D130-04) as a supplemental method for the dynamic test. The method is based on the
exposure of metallic material in a studied fuel sample during a certain time. The tests were performed over a
long-term period (1200 hours) in a closed 250 ml bottle at an ambient temperature without the oxygen access.
The bottle contained 160 ml of the fuel and two testing samples of the carbon steel. The metallic samples were
in certain time periods weighed on a laboratory analytical balance. The samples were decontaminated at the end
of the experiment in 10 wt % solution Chelation III as in dynamic test. Corrosion rate was calculated as in the
previous case. (Equation 1.)
Calculation of the Efficiency of corrosion Inhibitors
Efficacy of the inhibitor can be evaluated according to the following equations:
𝐸𝐸8 =

9: ;9<
9:

× 100 , respectively

𝐸𝐸8 =

?< ;?:
?<

× 100

(2)

Where: Ef = [%]; Ri = polarization resistance of the material [Ω]; R0 = polarization resistance in the presence of
fuels[Ω]; vi = corrosion rate with inhibitors [mm·year-1]; v0 = corrosion rate without inhibitors [mm·year-1].
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Qualitative fuel properties (peroxide value, total acid number, density)
Peroxide value (PV) was performed according to ČSN EN ISO 27107 using an automatic titrator Mettler Toledo
T50 215. TAN measurements were performed according to IP177/96 and ASTM D664-89 with an automatic DMS
Titrino 716. Density was measured at 15 °C with an automatic density meter DMA 400 with an oscillating U-tube.

Discussion and result analysis
Dynamic test
Contaminated fuels without inhibitor were tested initially in the apparatus with a sample of steel 11. Results
were used as the reference values for the calculation of the efficiency of corrosion inhibitors (see Fig. 2).

800
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50
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Figure 2. Dependence of mass loss on time related to sample area (left) and corrosion speed of steel 11 on time
(right) in contaminated fuels E10, E25, E60 and E85 without use of inhibitors
The smallest amount of the weight loss was in a presence of the fuel E10. Conversely, the highest weight loss, as
well as the highest corrosion rate, was measured in the presence of the E60 fuel. The weight loss of steel 11 in
the fuel E60 levelled off over time and grew minimally.
From the graphs given above, it is clearly seen that the intensity of the corrosion aggressiveness of ethanolgasoline blends on steel 11 is not proportional to the growth of the ethanol content in a mixture.
Table III
Corrosion rate of steel 11 (after decontamination in 10 wt % solution of Chelation III) in ethanol-gasoline blends
with and without inhibitors and their efficiency
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Fuel

Corrosion speed in dynamic test (µm.year-1)
rate / efficiency (%)
rate

no inhibitor

E10

13.5

13.1

3.0

9.5

E25

150.5

93.5

37.9

17.6

E60

245.7

205.9

16.2

48.7

E85

57.2

34.2

40.2

17.4

MI 1

MI 2

80.2
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Figure 3. Comparison of corrosion inhibitors impact on mass loss of steel 11 in fuel E60 during dynamic test
The efficiency of each inhibitor is clear from Table III. The similar inhibiting ability was proved for all tested fuels.
The maximum inhibiting ability of about 40 % by mixed inhibitor MI 1 was found for less aggressive fuels E25 and
E85. In contrast, this inhibitor showed only minimum efficiency in the most aggressive fuel E60, where inhibiting
ability was completely deficient. Contrary, the mixed inhibitor MI 2 containing octadecylamine is sufficient. This
inhibitor reached the efficiency of 88 % in the fuel E25. The ethanol-gasoline blend E60 is twice aggressive than
the fuel E25 where the efficiency reached 80 %.
Qualitative properties
The changes in the fuel quality properties are caused by the evaporation of light gasoline fractions. That is
happened due to the fuel fugacity, which is dependent on the ethanol content13, then on a fuel test temperature
and also significantly on an air flow rate in the apparatus, where the fuel circulates. During the test an oxidation
of unsaturated compounds occurs. Within the oxidation, peroxides and other oxygenates are formed. These
compounds could be another reasons for the corrosion of many metal materials14-16, that is why their content
was also monitored.

Figure 4. The density at 15 °C of the contaminated fuels before and after the experiment
The amount of evaporated light gasoline fractions decreased as the ethanol content increased. Ethanol has the
low vapour pressure (DVPE 19 kPa) and so it affects total vapour pressure of the ethanol-gasoline blend, which
is decreasing with an increasing ethanol content6. With a decreasing vapour pressure, as with the amount of the
fuel evaporated, the growth of the fuel density after the test is decreasing because of the lower concentrations
of higher boiling fractions with a higher vapour pressure. The fuel density after the test is higher than the density
of pure ethanol. Used inhibitors in the tested concentrations did not have a significant impact on the fuel density
change after the test (see Fig. 4).
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Table IV
Comparison of PV and TAN of the fuels before and after the test
PV [mg.kg-1]
No
TAN mg
MI 1
MI 2
after
inhibitors
(KOH.g-1)
before
E10
60.7
39
29.2
after
before
E25
50.5
36.5
31.5
after
before
E60
30.9
22
17.4
after
before
E85
21.6
14.1
5.5
after

No
inhibitors
0.0155
0.0650
0.0196
0.0700
0.0251
0.0460
0.0312
0.0506

MI 1

MI 2

0.0164
0.0184
0.0203
0.0227
0.0279
0.0316
0.0370
0.0381

0.0219
0.0255
0.0246
0.0261
0.0325
0.0365
0.0401
0.0421

For the fuels preparation the fresh fractions were used with 0 mg.kg-1 peroxides content, so the peroxide value
was measured after the finishing of the test. The peroxides content decreases with the increasing ethanol
content in the mixture, because the gasoline content decreases and it is related to the olefins content, which
could be easily oxidized. For all fuels with additives there was lower peroxides content measured, than for the
fuels without additives.
The highest peroxide value and its increase after the test was measured for the E10 and E25 fuels without any
additives. These fuels contain the highest olefins concentration, that could be easily oxidized to peroxides and
consequently, to the acids. TAN and PV proved the positive impact of the additives on the fuel oxidation stability
and on the decrease of the formed oxidation products that could be corrosively aggressive. Due to this influence,
the lower TAN was measured after the test in a comparison with the fuels without additives (Table IV).
Static test
The static tests were finished after 890 hours, when the balance between the metal and fuel was reached.
The test duration showed as sufficient, since the mass loss was stabilised in the dependence on time. (Figure 5)

Fuel

Table V
Corrosion rate of steel 11 during the static test (after decontamination in 10 wt % solution of Chelation III) in
ethanol-gasoline blends with and without inhibitors and their efficiency
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Corrosion speed in static test (µm.year-1)
rate / efficiency (%)
rate
no inhibitor
MI 1

MI 2

E10

19.7

7.7

60.9

4.6

76.6

E25

25.3

18.5

26.9

5.6

77.9

E60

34.6

26.7

22.8

8.7

74.9

E85

25.1

14.7

41.4

12.2

71.4

ICCT 2018 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS

Mass loss (g.m-2)

10

No inhibitors
MI 1
MI 2

8
6
4
2
0

0

200

400
600
800
Time (h)
Figure 5. Comparison of corrosion inhibitors impact on mass loss of steel 11 in fuel E60 during static test
The highest mass losses were again obtained in the fuel E60. It is related also to the highest corrosion rate, see
Table V. In contrast, in a presence of the E10 fuel there were no mass losses noted during the static test. The
inhibiting ability of the used inhibitors demonstrated the similar efficiency as in the case of dynamic test. The
trend of the static tests corresponded to the dynamic test results with a little difference in a higher mass losses
measured during the dynamic test. That could be caused by the higher stress of the metal-fuel system (fuel
circulation, higher temperature, air bubbling, higher ratio of the fuel volume to the metal sample area).

Conclusion
The results of the dynamic and static test showed that the most aggressive environment for steel 11 is
contaminated E60 fuel without an additive. Mixed inhibitor containing propargyl alcohol and dibenzyl
sulphoxide, which has been designed to inhibit corrosion of the oil processing equipment, did not show sufficient
inhibitory activity and is not usable for actual gasoline blends. The second mixed inhibitor containing propargyl
alcohol, mercaptobenzothiazole and octadecylamine presented satisfactory results. This inhibitor had sufficient
inhibitory activity for the most aggressive E60 fuel, where its efficiency in the static and dynamic test ranged
from 75-80 %.
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Abstract
Some alcohols such as biomethanol, bioethanol and biobutanol may be used as a substitute for gasoline although
alcohols have different physical and chemical properties compared to gasoline. All mentioned alcohols are
miscible with gasoline and they can significantly affect properties of the resulting blend. An addition of alcohol
to gasoline results in higher solubility of water and higher conductivity of alcohol-gasoline blend. A poor material
compatibility of some metallic construction materials is related to this topic because some materials may corrode
in environment of the alcohol-gasoline blends. The aim of this work is to describe the use of cyclic
potentiodynamic polarization to evaluate the corrosion behavior of mild steel (steel of grade 11 according to
Czech standards) in environment of methanol, ethanol, isopropanol and butanol. In order to compare, alcohols
were also polluted with water to 6 % vol. and with the trace amount of sodium chloride to 40 mg·kg-1. We have
obtained acceptable results in spite of the low conductivity of alcohols. We have found out that pollution of
alcohols causes a significant increase of the corrosive aggressiveness of alcohols towards mild steel. The highest
corrosive aggressiveness has been found out in the case of methyl alcohol.

Introduction
Increasing global energy consumption, limited global fossil fuel supplies and efforts to improve air quality lead
the society to find some alternative energy sources that will be partly able to replace fossil fuels and contribute
to reduction of the greenhouse gas emissions. There may be used biofuels, which are made from biomass, as an
alternative to the fossil fuels produced from oil. Some alcohols such as biomethanol, bioethanol and biobutanol
may be used as suitable alternative fuels in spark - ignition engines.
Biomethanol may be used as a pure fuel M100 or blended with the automotive gasoline. Typical blends are M15
and M85 with the biomethanol content 15 % and 85 % vol. However, there are some disadvantages of using
biomethanol e.g. high oxygen content, low calorific value, poor material compatibility and a formation of
azeotropic mixtures with hydrocarbons that is also known in the case of bioethanol1.
Bioethanol is most used in Brazil, where nearly 20 % of cars burn pure ethanol. The rest of the Brazilian car fleet
uses blended fuels called E22 and E85 containing 22 % vol. and 85 % vol. of bioethanol2,3. The use of bioethanol
is also widespread in the USA and in the EU in which the blends containing 10 vol. % (E10) and 85 vol. % (E85) of
bioethanol are used. As for the Czech Republic, there are used gasolines with an ethanol content of up to 5 % vol.
and the E85 fuel. Starting in 2019, the E10 fuel should be introduced in the Czech Republic. The use of bioethanol
as a fuel in transport is associated with some technical problems. There are required strict demands on quality
and material compatibility of the materials due to the introduction of the ethanol–gasoline fuels (EGBs). The
EGBs become more corrosive due to the ability of alcohols to increase solubility of water and thus to increase
the conductivity of the EGBs4-7. The corrosive aggressiveness of EGBs may be also increased by the acidic
substances that may be formed in the EGBs as a result of the oxidation of unsaturated hydrocarbons1.
Furthermore, the aggressiveness of EGBs may be influenced by chlorides which may originate from the
production of alcohols or the secondary contamination7. Corrosive effects are manifested primarily on the metal
components of the fuel system and internal components of engines e.g. fuel tank, cylinder walls8.
Another perspective biofuel is biobutanol produced from biomass. The use of biobutanol seems to be more
advantageous compared to bioethanol9. The energy content of biobutanol is about 31 % higher in comparison
to bioethanol. Biobutanol may be added to gasoline up to 10 vol % according to the ČSN EN 228 standard without
exceeding the limit of the oxygen content which is specified by the ČSN standard to 2.7 wt %. Biobutanol is safer
fuel than conventional gasoline, the blend with gasoline is less volatile at higher temperatures9. Compared to
ethanol, biobutanol has much lower ability to absorb water thus it is less corrosive. As well as bioethanol,
biobutanol is easily biodegradable and it doesn't pose an environmental burden like petroleum gasoline10.
There are a number of publications dealing with the corrosive properties of alcohols, particularly in the
environment of methanol12-15 and ethanol6,7,15-23 and there are also a number of methods studying corrosion.
These methods include gravimetric11 and electrochemical methods6,7,12-23. The electrochemical methods include
above all measurement of open circuit potential12,18,19, electrochemical impedance spectroscopy6,7,16,17 and
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measurement of polarization characteristics13,20 such as cyclic potentiodynamic polarization15,18,17,21. There have
been performed a number of studies in the environment of ethanol and EGBs dealing with the influence of water,
chlorides, pH and the dissolved-oxygen content on the corrosion behavior of low-alloyed steel and aluminium
alloys12-23. This work deals with the use of cyclic potentiodynamic polarization during corrosion investigation of
mild steel (steel of grade 11 according to Czech standards) in environment of alcohols such as methanol, ethanol,
isopropanol, n-butanol. Basic chemical-physical properties of methanol, ethanol, isopropanol and n-butanol are
compared in Table 1.
Table I
Chemical-physical properties of alcohols
Methanol

Ethanol

Isopropanol

Butanol

Boiling point (°C)

64 - 65

78(96 %); 78.3(absolute)

81.4

98.5 - 100

Melting point (°C)

-98

-117(96 %); -114.5(absolute)

-89.5

-115

Flash point (°C)

11

17(96 %); 12(absolute)

12

23

Vapor pressure at 20 °C (hPa)

128

59

43

16.5

Viscosity at 20 °C (mPa·s)
Solubility of oxygen at 20 °C*
(mol/mol) 104
Density at 20 °C (g/cm3)

0.52

1.2

2.2

4.2

4.2

5.9

7.9

8.0

0.791

0.790 – 0.793

0.786

0.807

Octane number (RON)
136
129
96
pKa
15.5
16
17
17
Permittivity
35.5
25.1
21
17.9
* molar fraction (104) of oxygen solubility at 20 °C - toluene 9.2; isooctane 26.8; n-heptane 20.026

Experiment
Measurements were carried out in methanol, ethanol, isopropanol and n-butanol of grade p.a. (purity at least
99.9 %) made by Penta corp. Just for comparison, the contaminated alcohols were prepared containing 6 % vol.
of water and 40 mg/l of natrium chloride. E80 fuel was also prepared containing 80 % vol. of ethanol and 20 % vol.
of gasoline having the group composition as follows: alkanes 57.4 % vol., olefins 13.9 % vol., aromatics 28.7 % vol.
The group composition of gasoline meets the requirements of ČSN EN 228 standard. Contaminated E80 fuel was
prepared containing 6 % vol. of water and 40 mg/l of natrium chloride. The water content was determined by
Karl Fischer titration using a coulometric titrator WTK (Diram, Czech Republic) according to ČSN ISO 760 standard.
Electrochemical measurements were precisely described in our previous publications6,7.

Discussion and results
Current density (mA.cm-2)

1,00000
0,10000
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IR dropu
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IR drop compensation

0,01000
0,00100
0,00010
0,00001

-0,6 -0,5 -0,4 -0,3 -0,2 -0,1 0,0 0,1 0,2 0,3
Potential (V) vs. Ag/AgCl
Figure 1. Influence of ohmic drop on CPP curve of mild steel in environment of methanol containing 6 % vol. of
water and 40 mg/kg of natrium chloride
Polarisation data obtained from the CPP curves were processed in the MS Excel. First, it was necessary to subtract
the potential loss (ohmic drop or iR-drop) for each curve. Ohmic drop of the system can significantly influence
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the shape of the curve as seen in Figure 1. In order to subtract the ohmic drop, there was used the resistance of
the environment estimated from EIS spectrum (see Fig. 2).
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2O
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%H
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Figure 2. The stabilization of the corrosion potential at mild steel in the environment of methanol and ethanol
and influence of contamination with water and natrium chloride
The growth and smooth course of corrosion potential of steel in anhydrous methanol, anhydrous ethanol and
ethanol containing 6 vol % of water give an indication of the consumption of dissolved oxygen which is
participated in the formation of an oxide layer on the steel surface. This oxide layer may partially protect the
steel from ongoing corrosion. The OCP curve of steel gives an indication of high aggressiveness of methanol
containing 6 vol % of water and it also indicates a tendency of steel to pitting corrosion that is caused by chloride
ions. The curve has a slightly decreasing trend, does not have a smooth course, and the corrosion potential is
rapidly stabilized at the lowest value. It can be assumed that the OCP will further decrease with the increasing
content of water and chlorides. This phenomenon may be due to the occurrence of wide uniform corrosion and
pitting. The water content in alcohols has a significant influence on decreasing the corrosion potential of steel
and on increasing the aggressiveness of alcohols. Compared to ethanol, this effect of water was higher in the
case of methanol. The presence of water in alcohols is of crucial importance on changing the structure of the
solvent and its physical properties, such as dielectric constant, oxygen content25 and pH24. Shukarev et al.25, who
dealt with the ethanol-water environment, described that the concentration of dissolved oxygen decreased with
an increasing water content in an ethanol-water mixture. At both methanol and ethanol, combination of all these
effects results in a significant change in the corrosion rates and passivation mechanism.
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Figure 3. CPP courves of mild steel in evironment of methanol and methanol contaminated with water
The CPP curves of steel were measured and the results are in agreement with the measurment of OCP as seen
in Fig. 3. The addition of 6 vol % of water into methanol caused a shift of the corrosion potential to more negative
values and the entire curve is shifted to higher current densities, which are evidence of increasing corrosion
rates. It may be also seen in Tab. II.
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The hysteresis loop and polarization data of the repassivation part of the polarization curve indicate the very
poor passivation ability of the mild steel in a contaminated methanol environment. In the case of anhydrous
methanol, the anodic part of the curve (marked by the ellipse No.1) shows a lower increase of the current density
with an increasing potential compared to the cathodic part and the anodic part of the curve in methanol
containing water. The mild steel could therefore be in an anhydrous methanol near to the passive state (potential
up to 150 mV), but the hysteresis and the data shown in Tab. II and III indicate a high corrosion tendency. The
part of the curve (peak), which is marked by a ellipse No.2, is probably related to the oxygen depolarization of
dissolved oxygen, which can also have a significant effect on the high aggressiveness of contaminated methanol.
Table II
Polarization characteristics obtained by evaluating of the polarization curve that was measured from cathodic
potential to anodic potential
Environment
Ekor (mV) ikor (mA.cm-2)
bk (mV)
ba (mV)
Rp (kW.cm2)
vkor (µm/rok)
-5
Methanol
98
266
-30
5.8·10
533
0.5
Methanol + 6 % H2O
70
86
-110
4.3·10-4
56
3.3
Ethanol
141
580
-110
9.4·10-5
529
0.7
Ethanol + 6 % H2O
27
260
-140
3.0·10-4
36
2.3
E80 + 6 % H2O
97
187
-220
1.4·10-3
20
11.0
Izopropanol + 6 % H2O
172
274
-170
1.7·10-4
268
1.3
n-butanol + 6 % H2O
138
275
-214
1.3·10-4
309
1.0
Table III
Polarization characteristics obtained by the repasivative part of the polarization curve that was measured from
the anodic potential to the cathodic potential
Environment
Erp (mV)
irep (mA.cm-2) Rrp (kW.cm2)
bk (mV)
ba (mV)
vrp (µm/rok)
Methanol
212
77
10
2.3·10-4
105
1.8
Methanol + 6 % H2O
194
98
-97
4.5·10-3
6
35.2
Ethanol
307
221
-20
6.7·10-5
838
0.5
Ethanol + 6 % H2O
274
138
-60
5.6·10-4
71
4.3
E80 + 6 % H2O
260
388
-186
2.4·10-3
28
18.5
Izopropanol + 6 % H2O
386
227
-140
2.6·10-4
236
2.0
n-butanol + 6 % H2O
477
258
-184
1.7·10-4
335
1.7
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Figure 4. CPP curves of mild steel in the environment of ethanol and ethanol contaminated with water
On the other hand, behavior of the steel in the ethanolic environment is different. That different behavior may
be associated with a higher aggressiveness of methanol having lower pKa, which means that, methanol is able
to deprotonate and it is also able to protonate water which is always presented in methanol. In this case, the
water content of the methanolic environment was 670 mg/kg. The mild steel in the ethanolic environment with
the water content only 900 mg/kg doesn't evince any hysteresis and the obtained data show good passivation
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and sufficient corrosion resistance. This fact is also evident from Erp, which is shifted to positive potential, and
the entire repassiovation part of the CPP curve moves slightly to lower current densities as seen in Fig. 4.
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Figure 5. CPP curves of mild steel in environment of alcohols containing water
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The CPP curves show that the difference between Erp and Ecorr or rather the passivation capability of the steel in
isopropanol and n-butanol is between ethanol and methanol but the aggressiveness of n-butanol and
isopropanol is lower compared to the aggressiveness of methanol. With the increasing number of carbon atoms
in the alcohol molecule, the CPP curve was shifting to more negative potential values but it was also shifting to
lower current densities (see Tabs. II and III) and for this reason the corrosion rate of the steel decreased. Both
CPP curves don't show any hysteresis which implies that neither pitting nor uniform corrosion took place here.
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Figure 6. Comparison of CPP of mild steel curves in environment of ethanol and E80 fuel containing water
Figures 6 shows the effect of hydrocarbons contained in the EGB on the course of the CPP curve of mild steel.
The addition of 20 vol % gasoline to ethanol caused the shift of the corrosion potential of steel to negative
potential and the whole CPP curve was moved to higher current densities. There was observed an increase of
the corrosion rate of the steel probably caused by the higher oxygen solubility which is higher in environment of
E80 fuel than in pure ethanol (see Tab. I)26. In comparison to ethanol, a higher molar fraction of oxygen in the
E80 fuel may affect cathodic activation so that oxygen is more involved in the depolarization reaction. Only very
small hysteresis loop was determined at the mild steel exposed to the contaminated E80 fuel. After
contamination, pitting will occur in the E80 but with the lower extent than in ethanol. However, there was found
out startlingly high corrosion rate of the mild steel (see Tab. II).
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Conclusion
It was found out that the addition of water and chlorides into alcohols significantly affects the corrosion rate of
the mild steel. The corrosion rate was also affected by number of carbon atoms in the molecule of alcohol. The
corrosion rate decreased with the increasing number of carbon atoms in the molecule of alcohol. The methanolic
environment containing 6 vol % of water was found as the most corrosive environment for the mild steel. In that
environment, the pitting corrosion and the uniform corrosion took place having the corrosion rate up to
35 µm/year.
The repassivation kinetic of steel in the ethanolic environment is better than in the methanolic environment.
From the point of view of the environment influence on the mild steel, there was found out that the behavior of
the mild steel in the environment of n-butanol and isopropanol is similar but it is totally different from that in
the environment of methanol and ethanol. Corrosion rates of steel in the environment of n-butanol and
isopropanol were very low and they reached values below 2 µm/year. High corrosion rate of 11 µm/year was
also found out in the environment of the contaminated E80 fuel probably due to the highest solubility of oxygen
in this fuel.
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Abstract
The stability of marine fuels could be affected by sediments and sludge, which may block filters and lines in the
feeding pipes and engines. For these reasons, marine fuels have to meet the stability parameters, respectively
the content of sediment after aging according to the ISO 8217. The stability as well as compatibility of marine
fuels is a very important and frequently discussed parameter, especially with the expected change in the sulphur
content (sulphur cap) after 2020, when marine fuels will be produced by the blending of different stocks.
A comparison of two alternative methods for the evaluation of marine fuel stability was done. These methods
were based on the Spot test according to ASTM D 4740. In the first method, the spot was visualized, modified by
software and converted into RGB histograms. In the second case, the fluorescence self-quenching was used for
evaluation of the stability and the thin layer of the diluted analytical sample was screened using near ultraviolet
light.
The comparison and relationships of the presented methods as well as conventional and other widely used
methods or qualitative parameters are discussed.

Introduction
The entire refining industry will face a major challenge in the coming years, because of International Maritime
Organizations (IMOs) sulphur cap after 2020. Part of marine fuels producers are going to use a specific cutter
stock with low level of sulphur for blending to reduce the sulphur content in the bunker fuel up to maximum 0.5
wt% for deep sea. This fact can lead to an increased risk of incompatible or unstable fuels.1
Generally the flocculation of asphaltenes plays a key role in the sediments or sludge formation, which may cause
technical difficulties, such as block filters and lines in the feeding pipes and engines, etc. The relevant standard
for marine fuels2 prescribes the total sediment aged3 (total sediment potential – TSP or total sediment
accelerated - TSA) as a parameter which is very close to the fuel stability. However this test method has some
specific pitfalls which can make the analysis imposible4, Thus, alternative ways for determining the marine fuel
compatibility or stability should be found.
There are also some simplified methods for the stability assessing, for example spot test.5 Spot test has a
considerable disadvantage such as subjective evaluation which could potentially result in inaccurate results. This
subjective determination may be replaced by an objective evaluation using RGB histograms with subsequent
calculation of V-value parameter.6,7 In 2017, the possibility of determination stability of marine fuel using the
fluorescence self-quenching effect was presented on the International Conference on Chemical Technology
(ICCT).8 This presented method is also based on the spot test, where the thin layer of the sample is screened with
NUV (near ultraviolet radiation in the wavelength 300 – 400 nm) and the visualisation is taken using the
photodocumentation equipment.
The aim of this work was to compare the two methods mentioned above. Both methods are based on a drop
test, but it offers an objective way of evaluating the results. The correlation with the others widely used methods
is also discussed.

Experimental
The tested samples were prepared from a heavy residue and a relevant diluent in laboratory scale. All the marine
fuels were categorized as RMD 80, according to ISO 8217 respect to their density as well as viscosity.
MCRT was measured according to ASTM D 4530 using MCRT-160 MICRO CARBON RESIDUE TESTER (PAC, USA).
Spot Test was determined according to ASTM D 4740, where a drop of the analysed sample is put on a test paper
and placed in an oven preheated to 100 °C for 1 hour. The resultant spot is examined for evidence of suspended
solids and rated for cleanliness to the five class.
Elemental Analysis (C; H; S; N) was performed using the elemental analyser Flash 2000 (Thermo Fisher Scientific,
UK).
Metal Content was measured using Agilent 725 ICP OES spectrometer (Agilent Technologies, USA). The total
content of metals in the solution was determine using a method of optical emission spectrometry with
inductively coupled plasma followed by optical detection.
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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.
Total Sediment Accelerated (TSA) was carried out in accordance with ISO 10307-2 (Procedure B – chemical
ageing). The accelerated ageing consisted of dilution of the sample of residual fuel oil 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.
Content of residual fraction was calculated from the pictures of the Spot Test obtained under NUV using the
ImageJ software which is a public domain Java-based image processing program (NIH, USA). The portions of the
dark and light areas were calculated.
V-value was calculated from the RGB histograms, where the spot test was visualized, modified by the relevant
software, followed with the conversion into the RGB histograms. In this study, the ImageJ software was used. Vvalue was calculated using two dimensional graphs (x, y), where y represents the percentage distribution of one
of the three colors and x the code for the color shade (0-255 for RGB system) according to the Equation (1).
𝐵𝐵(max_𝑦𝑦)(%) · 𝐵𝐵(𝑚𝑚𝑚𝑚𝑚𝑚_𝑦𝑦 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
𝐵𝐵(max_𝑥𝑥) − 𝐵𝐵(min_𝑥𝑥)
𝑉𝑉 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝐵𝐵(%) ·
𝑅𝑅(max_𝑦𝑦)(%) · 𝑅𝑅(max_𝑦𝑦 𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) 𝐺𝐺(max_𝑦𝑦)(%) · 𝐺𝐺(max_𝑦𝑦 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
+
𝑅𝑅(max_𝑥𝑥) − 𝑅𝑅(min_𝑥𝑥)
𝐺𝐺(max_𝑥𝑥) − 𝐺𝐺(min_𝑥𝑥)

(1)

where B (%) is the average total percent of blue colour intensity; B/R/G(max_y) (%) is the maximum contribution
of blue/red/green colour; B/R/G(max_y position) is the value (0-255) of the blue/red/green peak maximum
position; B/R/G(max_x) – B/R/G(min_x) represents blue/red/green dispersion (the first and last signals on the 0255 scale).

Results and discussion
All the prepared samples were tested using the analytical methods mentioned above. All the obtained results
are written in the following table (tab. 1).
Table I
Basic properties of the prepared samples
Properties
Sample A
Sample B
Sample C
Sample D
TS [wt%]
0.01
0.09
0.34
1.69*
TSA [wt%]
0.02
0.15
0.54*
1.86*
MCRT [wt%]
3.77
6.70
8.26
15.9
Spot Test [-]
2
3
3
1
C content [wt%]
85.4
85.6
85.2
86.0
H content [wt%]
12.0
11.8
11.7
11.2
S content [wt%]
2.31
2.25
2.60
2.34
N content [wt%]
0.34
0.36
0.49
0.52
Content of residual fraction [%]
22.3
31.4
45.6
78.2
V-value [-]
5.2
12.8
15.0
37.8
Metal content
Ca [mg·kg-1]
0.13
0.14
0.56
2.37
Zn [mg·kg-1]
0.12
0.87
2.77
28.6
V [mg·kg-1]
32.2
58.7
73.1
177
Ni [mg·kg-1]
8.17
15.2
18.6
45.9
Fe [mg·kg-1]
2.19
0.97
7.64
46.1
Na [mg·kg-1]
0.46
0.60
3.16
24.1
* The value should be presented as > 0.50 in accordance with ISO 10307, mentioned value is indicative only
The results of the spot test show that it is impossible to find the difference between the samples coded as B and
C according to the ASTM D 4740. Both samples were classified in category number 3. The sample coded as D was
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evaluated as the most stable (category number 1) which is inconsistent with the determination of the total
sediments content. The spot test were visualized for the purpose of enhanced evaluation (fig. 1).

Figure 1. Visualization of the spot test according to ASTM D 4740
In the first case the captured images were enhanced using software for achieving higher resolution. This
visualisation of the individual spot test showed that the stability of marine fuels (TS/TSA value) was decreased
with increasing the colour based on the blue-scale (fig. 2).

Figure 2. Edited visualization of the spot test for V-value calculation
Obtained figures were converted to the RGB (Red – Green – Blue) histograms using the ImageJ software (fig. 3).

Figure 3. RGB histograms
The V-value parameter was calculated using data obtained from the mentioned histograms (tab. 1). In the second
case the diluted samples were evaluated using the ultraviolet radiation in the near area (fig. 4).
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Figure 4. Visualization of the spot test under ultraviolet radiation
Visualisation showed that a gradual increase in the percentage of the dark area from the sample coded as A to
the sample coded as D could be found. The content of residual fraction was calculated for each sample (tab. 1).
The dependence of total sediment accelerated on V-value as well as the content of residual fraction is mentioned
on the following figure (fig. 5).

Figure 5. The dependence content of residual fraction and V-value on TSA value
The both tested methods provided results which can be correlated with TSA sediment with the high value of
reliability (R2 > 0.97). The measured data indicate that the sample coded as A is the most stable, sample D had
the worst stability with respect to the used analytical methods.
The other dependencies have also shown a relationship between V-value and content of residual fraction. Both
mentioned methods were correlated with MCRT (Micro Carbon Residue Testing) and the metal content,
especially vanadium and nickel (fig. 6). The increase of nickel and vanadium content in the analysed samples, was
in line with the increment of the content of residual fractions and with the increasing V-value parameter surely
caused by the presence of compounds based on asphaltenes containing higher vanadium as well as nickel
contents.
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Figure 6. The dependence selected parameters on V-value
The relationship between TS and V-value as well as content of residual fraction was also found out (fig. 7). On
this figure the dependence C/H ratio on investigates methods is also mentioned.

Figure 7. The dependence TS and C/H ratio on content of residual fraction as well as on V-value
The dependence of C/H ratio on the content of residue fraction had a very good reliability (0.961) with the Vvalue R2 = 1. C/H ratio points to the degree of unsaturation which is higher with higher content of
macromolecules based on asphaltenic structure.

Conclusion
The stability of four samples of fuel oils was evaluated using different optical methods. The comparison and
relationships of these presented methods as well as conventional and other widely used methods or quantitative
parameters are discussed. Both presented methods were compared to each other. The dependence of content
of residual fraction on V-value showed a trend which had a high level of reliability. The selected colloidal
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parameters also showed very good correlation with V-value as well as with the content of residual fraction,
especially MCRT, vanadium or nickel content, total sediments (TS and TSA) or C/H ratio. Both methods based on
the optical evaluation of the spot test are useful for quick and cheap assessment of the fuel oils stability and they
ensure objective evaluations.
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Abstaract
Bitumen is a typical binder for road construction applications. The length of pavement life cycle is decreasing as
the frequency and heavy duty transport is increasing. Therefore there is a demand for binders with superior
physico-mechanical properties that would make roadway more resistant to the growing transport loading. The
best option how to improve overall properties of bituminous binders is to apply various additives or modifiers.
The most advantageous modifiers are polymer based materials. The target characteristics of polymer modified
binders include higher elastic recovery, higher stiffness, longer lifetime, etc. The modification of bituminous
binders is used to improve their performance properties. The effect of polyphosphoric acid (PPA) on physicomechanical properties was investigated using various rheological tests. The bituminous binders modified by PPA
showed higher stiffness at high temperatures and improved thermal stability keeping the same or slightly
improved low-temperature properties.

Introduction
Bituminous binders are integral part of the road construction. Alternative methods for improving binders have
been developed due to the increasing traffic load to satisfy stricter requirements. These binders must be miscible
with modifiers to a homogeneous mixture and without destroying the colloidal structure of the binder. It is
necessary to achieve increasing of the elasticity to achieve reversible deformation of the bituminous binders. It´s
relate with durability of the bituminous binders.
Polyphosphoric acid is the product of thermal dehydratation and polycondensation of orthophosphoric acid
(H3PO4). In fact there is added content of the built-in monomer compared to the orthophosphoric acid.
Commercially available polyphosphoric acid (PPA) is a mixture of linear polyacids (H(n+2)PnO(3n+2), n>=2).These
acids are produced by dehydratation of H3PO4 at high temperatures or by heating of P2O5 to produce H3PO4.1
The first usage of the PPA as a bituminous binder modifier was patented in 1973 (Patent US 3751278), when the
bituminous binder modification by PPA resulted in an increase of the softening point and a small decrease of the
low temperature brittleness (decrease of the Fraass breaking point), which resulted in an increase of the
temperature range for the usage of bituminous binders.
The advantages of using PPA for modification of bituminous binders include: 2
1) Good compatibility – no phase separation is known during long-term storage
2) Increased viscosity, increased softening point
3) Increased resistance to rutting
4) Increased resistance to thermal ageing
5) Improved adhesion of binder to aggregate
6) Applied with polymer – lower consumption of the polymeric material3

Materials and methods
Semi-blown bituminous binder was used in this study. The binder was from standard bitumen production. The
binder was modified with 0.5 %, 1.0 %, 1.5 %, 1.75 % and 2.0 % of PPA by weight. Some properties of the
unmodified binder are in table I.
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Table I
Properties of unmodified binder
Softening point (°C)
Penetration at 25 °C (0.1 mm)
Upper critical temperature (°C)
Low critical temperature (°C)
Complex shear modulus G* at 60 °C (Pa)
RESISTANCE TO AGEING – RTFOT
Retained penetration (%)
Softening point increase (°C)
Complex shear modulus – ageing index (-)
RESISTANCE TO AGEING – PAV
Retained penetration (%)
Complex shear modulus – ageing index (-)
The MSCR Test
Jnr 100 (kPa-1)
Jnr 3200 (kPa-1)
R100 (%)
R3200 (%)

Binder from standard bitumen production
46.4
79
63.0
-23.31
102.2
62
5.5
2.5
33
12.9
2.08
2.40
7.3
1.7

Ageing procedures
To simulate the bitumen changes during ageing standard methods for short-term ageing (RTFOT) and long-term
ageing (RTFOT + PAV) were used.
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):
𝛥𝛥𝛥𝛥𝛥𝛥 = 𝑆𝑆𝑆𝑆!"#$% !'$()' − 𝑆𝑆𝑆𝑆*%('()!+

(1)

Complex shear 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 (𝐺𝐺(∗ ) show the ageing
resistance. 𝐺𝐺(∗ was calculated according to the equation (2):
𝐺𝐺(∗ =

∗
𝐺𝐺!"#$%
!'$()'
∗
𝐺𝐺*%('()!+

(2)

Retained penetration: penetration was determined according to EN 1426. Retained penetration was calculated
according to the equation (3):
𝑃𝑃( =

-!"#$#%&' . -&()*" &$*#%$
-!"#$#%&'

.100

(3)

Master Curve: master curves show the dependency of complex modulus, phase angle or other bitumen
properties on the frequency of the shear stress harmonic oscillation. Using the time-temperature superposition,
the range of the frequency is much wider compared to the range that is capable to be measured directly using
dynamic shear rheometer. Frequency sweep tests were carried out at the temperatures -10, 0, 10, 25, 50, 60 °C
and the time-temperature was made to the reference temperature 25 °C.
Upper critical temperature: the Upper critical temperature is measured using dynamic shear rheometer.
The resistance of the bituminous binder to the high temperature permanent deformations (rutting) on the road
can be predicted using Upper Critical Temperature, which is derived from the complex modulus G* and the phase
angle δ. The limit of the strain resistance is determined by G* / sin δ criteria. Upper critical temperature is defined
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as a temperature, when this criteria reaches determined value. This value is different for original binders (G*/sinδ
= 1 kPa) and binders aged by the method RTFOT (G*/sinδ = 2,2 kPa).
Low critical temperature: the low critical temperature is measured using bending beam rheometer. Low critical
temperature is a standard for the resistance of the binders to the fatigue cracking. It´s measured deflection for
300 seconds and in 60th second are identified S-value and m-value. It´s make for more temperatures and with
using of the interpolation is find out the temperatures where S-value is 300 MPa and m-value is 0.3. At these
values bituminous binder can be cracked. So we get 2 different low critical temperatures. The bigger stress is put
on the low critical temperature according to the S-value = 300 MPa.
Multiple-Stress Creep-Recovery (MSCR): this test is designed to evaluate the reversibility changes occurring
under road load. The results of this test indicate the resistance to rutting. The test consists of two parts and each
of the parts consists of 10 cycles of repeated stress (applied for 1 second) and recovery (applied for 9 seconds).
In the first part the applied stress is 0.1 kPa while in the second part the applied stress is 3.2 kPa. The main
outputs of the MSCR test is the non-recovered compliance (Jnr) and recovery (R) that are calculated from the
strain that occurs in bituminous binder (elastic recovery and non-recovery creep compliance).

Results and discussion
A serie of 5 modified bituminous binders containing PPA (0.5, 1.0, 1.5, 1.75 and 2.0 % by weight) were prepared
using a high shear mixer. For the modification it was used a bituminous binder from standard refinery production
(70/100). The bituminous was heated to 175 °C and the requested amount of the PPA was added slowly (cca 1.5
g/minute) with constant stirring (2000 rpm). After addition of the calculated amount, the mixture was allowed
to stir for 45 minutes (stirring 2000 rpm).
Figure 1 illustrate the softening point and penetration. Binder gets harder up to the PPA content 1.5 % by weight.
Binder with 2.0 % of PPA has practically the same softening point as the binder with 1.0 % PPA. Upper critical
temperatures increase up to the PPA content 1.5 %, at higher content they start decreasing. Low critical
temperatures decrease with the PPA modification up to 2.0 %.

Figure 1. Softening point and penetration of modified binders (left) and their upper critical temperature and
low critical temperature (right)
Figure 2 illustrates complex shear modulus (G*) and complex shear modulus ageing index after short-term ageing
and long-term ageing. The highest complex shear modulus was found for the binder containing 1.5 % PPA by
weight. G* ageing index is higher for the modified binders after short-term ageing (in the range 3 – 4), and for
the binder modified with 1 % PPA it was almost 5. G* ageing index after long-term ageing increases with PPA
modification up to the content of 1.75 % but for higher content it decreases again.
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Figure 2. Complex shear modulus (G*) (left) and complex shear modulus ageing index after RTFOT and RTFOT +
PAV (right) for modified binders
Figure 3 shows retained penetration after short-term and long-term ageing and softening point increase after
short-term ageing for modified binders. Retained penetration after short-term ageing is between 30 – 40 % for
all modified binders, for unmodified binder it was 33 %. Retained penetration after long-term ageing is between
60 – 75 % for modified binders, unmodified binder had 62 %. The highest softening point increase (10 °C) is found
for binder with 1.5 % PPA after short-term ageing. For the unmodified binder, the softening point increase ca. 6
°C was found.

Figure 3. Retained penetration after short- and long-term ageing (left) and softening point increase after shortterm ageing (right) for modified binders
Figure 4 illustrates master curve for modified binders. The presence of PPA lowers phase angle at lower frequency
and therefore the binder becomes more resistant to slowly moving heavy traffic. The lowest phase angle at lower
frequency was found out for binder modified with 1.5 % PPA by weight. Vice versa, the highest phase angles at
lower frequency were find out for the unmodified binder.
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Figure 4. Master curve for modified binders
On the figure 5, there are represented graphs of two important values - elastic recovery (left) and non-recovery
creep compliance (right). The values of elastic recovery were increased due to the PPA modification. The best
elastic recovery was found for the binder containing 1.5 % PPA at both stress levels 0.1 and 3.2 kPa. The nonrecoverable creep compliance has been decreased by PPA modification. The best non-recoverable creep
compliance was found for the binder with 1.5 % PPA at both stress levels 0.1 kPa and 3.2 kPa.

Figure 5. MSCR test (elastic recovery – left and non-recovery creep compliance – right)

Conclusions
This study shows of effects of bituminous binder modification using polyphosphoric acid. Binder 70/100 was
modified using amount of the polyphosporic acid in the range from 0.5 % to 2.0 % of polyphosphoric acid by
weight. To the characterization of the bituminous binders the standard tests were used (Ring and Ball softening
point, penetration, etc.) as well as advanced tests that were performed on dynamic shear rheometer for the
determining complex shear modulus, upper critical temperature and MSCR test. For the low temperature
characteristic the low critical temperatures were measured using bending beam rheometer. The ageing of
bituminous binders was simulated by the methods RTFOT (for short-term ageing) and RTFOT + PAV (for longterm ageing). Based on the results from our study, the following conclusions can be drawn:
¥ High-temperature properties are improved by the PPA modification but the improvement is not
proportional – the optimum content of PPA is 1.5 %. The low-temperature properties are also improved
by the PPA modification and the improvement is proportional to the PPA content – the best results were
found for the content of 2.0 % PPA.
¥ Complex shear modulus ageing index, softening point increase and retained penetration are higher for
the modified binders compared with the reference 70/100 binder without PPA.
¥ The MSCR test results demonstrated improvement in the physico-mechanical properties of modified
bituminous binders at high temperatures (increased resistance to rutting).
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¥

The overall positive effect of the PPA modification was confirmed. The optimum content of PPA for
modification of the binder 70/100 was 1.5 %.
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Abstract
The possibilities of producing lower aliphatic trialkylamines & dialkylamines by nitrile hydrogenation are
discussed and potential problems of such a production method are described and summarized. The paper is
focused mainly on the possibility of manufacturing in continuous slurry stirred-tank reactors. Lower aliphatic
dialkylamines can be produced commercially by hydrogenation of nitriles in these reactors, but it is not possible
to produce trialkylamines, if sponge metal catalysts (Raney catalysts), incl. the modified types, are used.
Trialkylamines are formed in significant quantities only if supported palladium catalysts are used. Nevertheless,
this reaction path is unsuitable and inscrutable for the trialkylamine industrial production. In addition, the CSTR
mode cannot be applicable for the nitrile hydrogenation catalyzed with Pd. Opposite to Raney-Ni, where nitrile
hydrogenation follows the zero-order kinetics respect to the nitrile conversion, the kinetics of hydrogenation of
nitriles on Pd is of an order higher than one. The reaction rate decreases progressively with the nitrile
concentration in the reaction mixture and at nitrile concentrations lower than 1% it is in principle at zero. In
many cases, the reaction stops before the 100% nitrile conversion is achieved. The steep decrease in the reaction
rate along the nitrile conversion is caused by strong chemisorption of hydrogenation products to the Pd catalyst
surface. This sorption is so strong that it causes complete deactivation of the catalyst. The loss of activity is not
permanent, by washing the catalyst with a suitable solvent, it is possible to remove the strongly absorbed amines
from its surface and renew partially its hydrogenation activity. Although the supported Pd catalysts are highly
active for hydrogenation of unsaturated hydrocarbons at low temperatures already, their specific activity to
nitrile hydrogenation is, by contrast, very low. In the nitrile hydrogenation, Pd is far less active than Ni.

Introduction
With the exception of methylamines, lower aliphatic dialkyl- and trialkylamines (e.g. dibutylamine, tributylamine,
dipropylamine, tripropylamine, triamylamine, triethylamine) are usually produced commercially by (i) reductive
amination of corresponding carbonyl compounds / alcohols with ammonia, or sometimes (ii) ammonolysis of
alkyl chloride (diallylamine, triallylamine). All 3 amines (mono-, di- and tri-alkylamine) are often co-produced
together. In some cases, the production of dialkyl and trialkylamines by hydrogenation of nitriles may appear to
be more economical. In this paper, the possibilities of producing lower aliphatic trialkylamines (or their coproducing with dialkylamines) by nitrile hydrogenation are discussed and potential problems of such a
production method are described and summarized. This critical review is based on my long-term experience in
nitrile hydrogenation processes, including experimental research of syntheses of tertiary amines (trialkylamines)
conducted in the past at our department. The paper is focused mainly on the possibility of manufacturing in
continuous slurry stirred-tank reactors (CSTR).

Hydrogenation to a trialkylamine on supported noble metal catalysts
According to the literature, nitrile hydrogenation processes on palladium or platinum catalysts result in the
production of tertiary amines or, as the case may be, to a mixture of secondary and tertiary amines.1-3 However,
in reality the platinum catalysts are practically inactive for nitrile hydrogenation. Nitrile hydrogenation conducted
in a batch-wise arrangement on a supported palladium catalyst (e.g. Pd/γ-alumina) leads to a product containing
mostly a tertiary amine. For example, in the propionitrile hydrogenation on 5%Pd/C (catalyst K-0250 Heraeus,
100°C, 5 MPa H2, batch-wise arrangement, solvent free), we have carried out in past, the product contained 83
wt.% of tri(n-propyl)amine, 6.5 wt.% of di(n-propyl)amine and 1 wt.% of n-propylamine. The remaining amount
(up to 100 wt %) was formed by unreacted propionitrile and by-products. However, this synthesis path is not
suitable for industrial application for many reasons:
¥ Opposite to Raney-Ni, where nitrile hydrogenation follows the zero-order kinetics respect to the nitrile
concentration/conversion, the kinetics of hydrogenation of nitriles on Pd is of an order higher than one.
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The reaction rate decreases progressively with the nitrile concentration in the reaction mixture and at
nitrile concentrations lower than 1% it is in principle at zero. (Figure 1) In many cases, the reaction stops
before the 100% nitrile conversion is achieved.1,4 Therefore, the nitrile hydrogenation on Pd is not
possible to conduct in the CSTR arrangement (due to low nitrile concentration in the reactor).
The steep decrease in the reaction rate along the nitrile conversion is caused by strong chemisorption
of hydrogenation products (tertiary and secondary amines in particular) to the Pd catalyst surface.1,5-7
This sorption is so strong that it causes complete deactivation of the catalyst which is left totally inactive
for the further reaction cycle. However, the loss of activity is not permanent, by washing the catalyst
with a suitable solvent (e.g. 50% methanol in water), it is possible to remove the strongly absorbed
amines from its surface and renew partially its hydrogenation activity.8
Although the supported Pd catalysts are highly active for hydrogenation of unsaturated hydrocarbons at
low temperatures already, their specific activity to nitrile hydrogenation is, by contrast, very low. In the
nitrile hydrogenation, Pd is far less active than Ni.9

¥

¥

In hydrogenations in the CSTR, the sedimentation of heavy Raney-type catalysts is often used as a
method of separating the catalyst from the reaction mixture. However, the specific density of Pd catalyst
supports is significantly lower than that of Raney-Ni. Therefore, it would be probably difficult to separate
the supported catalyst from the reaction mixture in a CSTR by sedimentation.

¥

relative reaction rate

1
Pt, Pd
Ni, Co

0

0

50
nitrile conversion (%)

Figure 1. Typical dependence of the reaction rate of the heterogeneously catalyzed hydrogenation of the nitrile
on the conversion

Hydrogenation to a dialkylamine & trialkylamine using sponge metal catalysts
Only Raney-type catalysts (i.e. sponge metal catalysts: Raney-Ni, Raney-Co and Raney-Cu) can be used in the
CSTR slurry reactors utilizing a decanter to separate continuously the clarified crude amine product from the
catalyst. An example of such a reactor is a gas-lift slurry reactor.10 However, significant quantities of trialkylamine
cannot be obtained on Raney catalysts; only a mixture of monoalkylamine and dialkylamine may result. By a
suitable modification of the catalyst and/or suitable reaction conditions either formation of monoalkylamine or
dialkylamine can be maximised.
Table I shows a record of the batch-wise hydrogenation of propionitrile on a commercial Raney-Ni catalyst, we
have carried out in past. In a slurry arrangement and at 1000C and hydrogen pressure of 5 MPa and without any
addition of NaOH, we obtained a product containing 77 wt.% of n-propylamine, 20 wt.% of di(n-propyl)amine
and 0.4 wt.% of tri(n-propyl)amine. Under the same reaction conditions but with the Ni/SiO2 supported nickel
catalyst (Kata-Leuna KL 6503-P) we obtained a product containing only a little bit more of di(n-propyl)amine than
in the previous case (MNPA : DNPA : TNPA = 72 : 24 : 0.5 wt. %).
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Table I
Hydrogenation of propionitrile on Raney Ni. Kinetic course, GC analysis (%)
Sample number
1
2
3
Compound / Reaction time [min]
30
60
120
n-Propylamine (MNPA)
7.57
23.2
51.49
Propionitrile
85.32
63.3
27.15
Propylidenepropylamine
3.21
6.45
8.16
Di(n-propyl)amine (DNPA)
1.4
4.47
10.67
Tri(n-propyl)amine (TNPA)
0.22
0.28
0.35
Others
2.28
2.3
2.18
Propionitrile conversion
14.68
36.7
72.86
Reaction conditions: batch-wise arrangement, 100°C, 5 MPa, charge: 49.4g (64 ml)
Raney-Ni (K-0790 Heraeus)

4
5
180
300
76.7
77.13
0.43
0.07
0.85
0.06
19.11
19.79
0.43
0.42
2.48
2.53
99.57
99.93
of propionitrile, 0.9 g of

For the purposes of estimating what selectivity to dialkylamine and trialkylamine could be achieved by
hydrogenation of a nitrile in CSTR on the Raney-Ni catalyst, we have carried out several laboratory experiments.
The hydrogenation to propylamines was chosen as a model example. At a laboratory scale, the implementation
of experiments in CSTR is rather complicated, so we have to infer from the results of available batch experiments
in the autoclave.

Experimental
The hydrogenation experiments were conducted in a batch-wise method at 1000C and 5 MPa. In the first
experiment, the charge consisted of propionitrile only, while in the second experiment the charge was a mixture
of 10 wt% propionitrile, 60 wt.% of n-propylamine and 30 wt.% of di(n-propyl)amine. During both hydrogenation
experiments, ammonia was periodically (every 30 to 60 minutes) released from the reactor so that the reaction
equilibrium was shifted in favor of secondary and tertiary amines. Owing to the high vapor tension of npropylamine under the reaction temperature, the reactor had to be cooled down to the laboratory temperature
first and only after depressurized by releasing the gaseous atmosphere over the liquid reaction mixture.
Consequently, the gaseous atmosphere in the reactor was replaced with fresh hydrogen. Once the reactor was
heated up to the reaction temperature of 1000C again, the reactor pressure was set to 5 MPa. By the periodical
removals of ammonia, we simulated the situation, under which in a potential industrial application with the CSTR
reactor the ammonia formed there would be removed in order to increase dialkylamine formation.

Results
By the hydrogenation of propionitrile alone in the batch-wise arrangement on the Raney-Ni catalyst, we obtained
a product containing 72 wt.% of n-propylamine, 26 wt.% of di(n-propyl)amine and 0.2 wt.% of tri(n-propyl)amine.
Of course, in a continuous stirred reactor the selectivity for secondary amine will be higher than in the case of
the batch reactor with the initial nitrile charge. In the CSTR mode, the steady-state concentration of propionitrile
is low; the reaction mixture mostly consists of primary and secondary amines. This could support the
condensation of the reactive unsaturated intermediate (primary aldimine) with amines present there and lead,
as a consequence, to an increased formation of secondary and, as the case may be, tertiary amines. In the second
hydrogenation experiment (see Experimental), propionitrile (6.95 g) was hydrogenated in surplus of the mixture
of n-propylamine and di(n-propyl)amine (38.8 g and 19.9 g). Such an experiment can indicate to what extent the
selectivity to di(n-propyl)amine can be increased by the transition to the CSTR mode. It resulted, from the mass
balance in this experiment that the present propionitrile was converted by its 26% to n-propylamine, 71% to
di(n-propyl)amine and 1% to tri(n-propyl)amine.

Modifications of sponge metal catalysts
Catalyst manufacturers often advertise in their offers sponge nickel catalysts modified with Mo and Fe with the
aim of the increased formation of secondary amines in nitrile hydrogenation processes or processes by reductive
amination of carbonyl compounds. An example of such commercial catalyst is BK 111W Degussa/Evonik. It
results from our earlier experiments that the selectivity increase to secondary amines is not so high.
In past, we modified in our laboratory Raney-Ni catalysts with palladium and tested the effect of such
modifications in hydrogenation under semi-continuous conditions (the reactant - nitrile was dosed into the
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reactor containing primary amine and the catalyst). Raney-Ni containing 1 or 2% of Pd were prepared by treating
a commercial catalyst - B 113CW Degussa/Evonik - with an adequate quantity of stabilized PdCl2 solution. In the
hydrogenation test, 1% Pd/Raney-Ni showed by 30 rel. % higher selectivity to the secondary amine in a
comparison with unmodified Raney-Ni, without any decrease in the catalyst activity. On the other hand, the
Raney-Ni modification with 2% Pd resulted in a dramatic decrease in the hydrogenation activity.8 However, prior
to any decision to use the Raney-Ni catalyst modified with Pd for the dialkylamine production in the CSTR reactor,
it would be necessary to verify in long-term continuous laboratory experiments whether the increase in the
selectivity to the dialkylamine remains constant over a period of time or whether a positive effect to the
selectivity gradually vanishes. In addition, it would be also necessary to verify whether Pd does not influence
negatively the lifetime of the Raney-Ni catalyst (in other words: to verify stability of hydrogenation activity over
time).
Once we tried to verify whether an addition of a heterogeneous strongly acidic catalyst (aluminosilicate or
alumina) to Raney-Ni could increase the selectivity to secondary amines in hydrogenation of nitriles. This method
is sometimes used in reductive amination of ketones with amines in order to speed up the formation of Nsubstituted imine (the reaction intermediate) by condensation of ketone and amine. We found that the addition
of a solid acidic catalyst had no practical effect to the selectivity of hydrogenation of nitriles in the liquid phase.8
The reason is that - opposite to the reductive amination - all reaction steps in the hydrogenation of nitriles (incl.
condensation steps leading to the formation of secondary and tertiary amines) take place only on the metal
catalyst surface.1
For the sake of interest we would like to add that we studied in past also the influence of solvents to the nitrile
hydrogenation kinetics.11 Within the framework of this research, we found that the selectivity of propionitrile
hydrogenation on Ni can be somewhat shifted in the direction to di(n-propyl)amine and tri(n-propyl)amine by
the use of aromatic solvents such as toluene, xylene or anisole. For instance in batch-wise hydrogenation of 10%
propionitrile in anisole the resulting product contained amines in the ratio of MNPA : DNPA : TNPA = 51 wt.% :
42 wt.% : 7 wt.%. However, for the purpose of industrial production of dialkylamine & trialkylamine, this piece
of knowledge is unusable because the use of solvent would increase production costs unacceptably.
Raney copper also belongs among the sponge metal catalysts. It is a well-known fact that the copper catalysts
have a higher selectivity to secondary amines than the nickel ones. On the other hand, their catalytic activity is
much lower than that one of nickel catalysts - they are active only at temperatures abound 150 °C. We verified
the Raney copper selectivity in the propionitrile hydrogenation. We used a commercial catalyst (Raney 2900
GRACE Davison), the concentration of which in the reaction mixture was 5 wt.%. Propionitrile was hydrogenated
batch-wise under 5MPa and with periodical removals of ammonia (four times in total). From the analyses of
reaction mixture samples taken in the course of hydrogenation resulted that the catalyst was not active at the
reaction temperature 110 °C or even at 130°C. Therefore, the reaction temperature was increased after three
hours as high as to 150 °C. However, even after six hours at this reaction temperature, 10% of nitrile still remained
in the reaction mixture. The selectivity to separate amines was as follows: 52 wt.% of n-propylamine, 46 wt.% of
di(n-propyl)amine and 1.8 wt.% of tri(n-propyl)amine.11

Recycling of alkylamine to the nitrile hydrogenation process
In the case of the palladium-catalyzed hydrogenations, the recycled primary amine may provide quantitatively
the secondary amine (or further even the tertiary amine).9,1,3 However, amine chemisorption to nickel catalyst is
very weak if compared to that one on palladium.1,5-7,11,12 Therefore the ability of the primary amine present in
the bulk phase (i.e. in the liquid reaction mixture) as regards its engagement in the reaction steps of the nitrile
hydrogenation is - in the case of the Ni catalysis - somewhat limited. It is certainly expedient to return the formed
alkylamine back to the hydrogenation process but it will be to be reckoned with removing a part of the formed
alkylamine from the system.

Conclusion
In continuous slurry stirred-tank reactors, it is possible to produce selectively lower aliphatic dialkylamines by
hydrogenation of nitriles. However, according to our knowledge and findings, it is not possible to produce
trialkylamines in significant quantities, if sponge metal catalysts (incl. the modified types) are used. Trialkylamine
will be formed in significant quantities only if supported palladium catalysts are used. Nevertheless, this reaction
path is unsuitable and inscrutable for the trialkylamine industrial production. In addition, the CSTR mode cannot
be applicable for the nitrile hydrogenation catalysed with Pd. A viable trialkylamine production process (or a joint
production of dialkylamine & trialkylamine) consists e.g. in disproportionation of alkylamines in a tubular reactor
with a fixed bed of a metal catalyst.
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Abstract
A brief survey of 4-aminodiphenylamine (ADPA) technologies is discussed, whereas timeline of individual
technologies, research and implementation of rubber chemicals technologies in Slovakia is considered. Three
industrially interesting ways for the preparation of 4-ADPA are evaluated: (i) reaction of 4-chloronitrobenzene
(4-CNB) with aniline (An) and reduction of the formed 4-nitrodiphenylamine (4-NO2DPA) to ADPA; (ii) Nnitrosation of diphenylamine (DPA) followed by the Hepp’s rearrangement to 4-nitrosodiphenylamine (4NODPA) and its reduction; (iii) condensation of An with nitrobenzene (NB) in the presence of a base (the socalled NASH process). Atom economy (AE) with respect to benzene as the starting material for nitrobenzene
and aniline for individual processes is analysed. Complexity of technologies is discussed as well.

Introduction
Alkyl, arylalkyl and cycloalkyl derivatives of 4-amino diphenylamine (ADPA) belong to the most important
antidegradants-antiozonants for rubber goods. The start of application ADPA antidegradants was in the 50’ of
the last century and the world annual production (2017) of ADPA is about 300 000 t/a.1 Main representatives of
ADPA rubber derivatives are N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD) and N-isopropyl-N'phenyl-p-phenylenediamine (6PPD).2 In this contribution a brief survey of ADPA technologies is administered,
whereas timeline of individual technologies, research and technology implementation of rubber chemicals in
Slovakia is considered.

Chloronitrobenzene technologies
Reaction of CNB and An (the upper part in Figure 1) in the presence of a base catalyst is one the oldest procedure
for the preparation of 4-NO2DPA, which gives 4-ADPA by the subsequent hydrogenation. In the 60’, Research
department of CHZJD in Bratislava realized that utilization of a sulfonate derivative (down part in Figure 1) gives
higher yields of the corresponding sulfonitrodiphenylamine and sulfo group can be easily removed by boiling
with HCl.3

Figure 1. Condensation of CNB with An (upper part), and NaSO3CNB with An, followed by desulfonation
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Figure 2. Formation of formanilide (FormAn) and its condensation with 4-CNB
NO2DPA was directly used for the one pot hydrogenation/amination with cyclohexanone, or acetone (IPPD).4
Due to problems with technological equipment in the pilot plant, the technology was not designed for the large
scale production. Another possibility to enhance a yield of NO2DPA is to use formanilide (Figure 2).5

OUCHI proces
Ouchi process (Figure 3) has taken an inspiration from the high reactivity of diphenylamine (DPA) with NOx
forming N-nitrosodiphenylamine (N-NODPA) and easy transformation of N-NODPA to 4-NODPA by the FisherHepp’s rearangement.6,7

Figure 3. Principle of the Ouchi process for the production of 4-ADPA
From the 70’, development of technology following the Ouchi process has started in Slovakia (till 1993 a part of
Czechoslovakia). Researchers from Duslo, VUCHT and mainly from the Institute of University of Chemistry and
Technology – Prague (Prof. Pašek) performed a very systematic laboratory, pilot scale and large scale
optimization research. Original results have been protected by more than 30 patents, including preparation of
IPPD and 6PPD. The Figure 4 expresses main steps of the developed technology.

Figure 4. Reaction system of the modified Ouchi process, including preparation of DPA from An, for the
preparation of ADPA
Reactors with efficient mass transport for the nitrosation step, a specially designed cascade of reactors and
proper dosing of methanol for the Fisher Hepp’s rearrangement in the toluene solution of N-NODPA to 4-NODPA,
the hydrogenation in water organic phase carried out in bubble reactors with extraction of the formed ADPA to
the organic phase (toluene) are typical features of the optimized Ouchi process.8,9,10 The planned production
12 000 t/a of IPPD was achieved in 1987 – one year earlier in comparison with the plan.
The next improvement of the Ouchi technology was by introducing of a direct nitrosation with oxides of
nitrogen.11
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NASH Stern’s technology
The principle of the Nucleophilic Aromatic Substitution of Hydrogen (NASH) was described by Wohl and Aue in
1901.12 The described synthesis was aimed on the „ortho attack“ on NB by the anilide anion (formed in the
presence of a strong base), i.e. formation of phenazine (Figure 5).

Figure 5. Synthesis of phenazine (PhEN) by the NASH reaction
Stern et al. found conditions for the NASH reaction obeying the para attack of nitrobenzene, and with
intramolecular and intermolecular stabilization of the formed complex yielding 4-NODPA, 4-NO2DPA and
AzB.13,14 The mechanism was studied in details using deuterated An.15,16 The stoichiometry of the NASH system
for the preparation of 4-ADPA is expressed by Figure 6. A high yield of 4-NODPA is possible under the following
conditions: i) a strong base with affinity to An (e.g. tetramethylammonium hydroxide - TMAH); ii) low
concentration of NB in the reaction mixture (continual dosing of NB); iii) optimal temperature (below 90 °C); iv)
removal of water formed during the condensation (5 - 12 kPa at a given reaction temperature); v) intensive
mixing. Up to 96 % of ADPA precursors with respect to NB is possible to gain under proper conditions. It is worthy
to add that TMAH acts as a reactant, but having possibility to recycle it, it can be considered as a catalyst. Block
diagram (Fig. 7) shows a principal technological arrangement for ADPA.

Figure 6. Preparation of ADPA by the NASH and subsequent hydrogenation of intermediates. (Formation of PhEN
is in Figure 5, other intermediates, e.g. phenylaminoazobenzene, are omitted)

Figure 7. Block diagram of ADPA technology using the NASH
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NASH Betaine technology
Having inspiration from the Stern’s NASH ADPA technology, VUCHT, Research department of Duslo in
cooperation with the Department of Organic Technology (now the section of Institute of Organic chemistry,
Catalysis and Petrochemistry) FCHFT SUT (Prof. Hronec) and researchers from other institutions (Slovak Academy
of Sciences, Commenius University, University of Chemistry and Technology – Prague) started in 1994 to develop
an alternative route to the NASH process using Betaine ( (CH3)3N+-CH2-COO- ) and inorganic hydroxide (KOH, or
NaOH). Table I illustrates one set of successful results.17 In comparison with the TMAH process, a higher amount
of NO2DPA is formed and as expected, temperature increases the content of phenazine (PhEN). As denoted in
Figure 6, AzB can be relatively easily hydrogenolysed to An, which can be recycled. In spite of little drawbacks in
comparison with the NASH TMAH process, the Betaine technology should be for large scale elaboration.
However, the feasibility study has not proved competitiveness with the optimized Ouchi technology.
Table I
Table from the US US6388136.17 Condensation of NB with An. Amounts of reactants used for the reaction (mol):
KOH (0.052), Betaine (0.052), Aniline (0.49), NB (0.052) added gradually (1.5 h). Reaction conditions: 5.2 kPa for
distilling of water, the total reaction time 4.5 h. HPLC analysis.
Yield related to the introduced NB, %
Temperature, °C
4-NODPA
4-NO2DPA
AzB
PhEN
55
18.2
10.0
8.5
0.0
70
33.3
18.7
7.3
1.4
90
40.3
23.1
28.0
2.9
130
22.2
22.1
44.1
9.3

NASH TMAH VUCHT technology
In the 2011 the ERDF project HGLF aimed on the hydrogenations in the liquid phase started in the VUCHT. One
of activities was aimed on the preparation of ADPA by the NASH process under optimized conditions. After series
of batch condensations of NB and An in the presence of TMAH, continual experiments were carried out in a
condensation line depicted in Fig. 8. The operation of this model unit was complicated due to requirements for
low pressure (6 - 12 kPa), temperature control (± 1°C in the range of 60 to 90 °C) and low flowrates (from 1 to 15
dm3 h-1). Both the batch and continuous experiments possessed results enabling to prepare a PCT.18 As depicted
in Fig. 7, a chemoselective hydrogenation of the reaction mixture represented mainly by NODPA, NO2DPA,
TMAH, An and water is a necessary chemical step to design an efficient technology. It is well known from the
literature that nitro- and nitroso- compounds significantly contribute to deactivation of metal catalyst due to
oxidation capability and formation of soluble amine complexes with the formed amines.19,20 The deactivation
effect was fully proved by our batch experiments with Pd/C and supported nickel catalysts. The only way how to
minimize deactivation is a flow system keeping a low concentrations of substrates. Fig. 9 shows an interior of a
flow reactor used in the VUCHT. Experiments in a glassy reactor vessel of the same diameter as the stainless steel
vessel with water and colour tracer showed on lower mixing in the space close to the reactor wall, what was
caused by hindering of flow with filter candles. In spite of this fact, the activity of catalyst kept its high value for
about 200 h time on stream. As seen from Fig. 10, NODPA and NO2DPA were totally converted to ADPA,
hydrogenolysis of AzB decreased during time on stream. After discussion with experts for hydrogenation reactors
the BUSS circulation reactor was chosen for BEP (https://www.vucht.sk/en/references ).
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Figure 8. A part of the model unit. The low pressure working condensation cascade of 3 reactors for the reaction
of NB and An in the presence of TMAH. Volume of one reactor: 50 L. The view before insulation of reactors and
pipes.

Figure 9. The interior part of the high pressure hydrogenation Büchi reactor. Total volume: 1 L;
filter: 6 filter candles SIKA-R 1 AS (GKN, Germany), surface = 75 cm2; paddle stirrer with diameter D = 50 mm,
stirring rate during experiments: 1200 rpm.
The 4-ADPA product prepared by the NASH process had comparable properties with the ADPA product prepared
by the Ouchi process, which was demonstrated by preparation of alkylated ADPA, making a rubber specimen and
tests.21

Atom economy
Table II gives atom economies (AE) of various ADPA technologies with respect to benzene as a basic reactant.
The theoretical AE suggests a total conversion of reactants entering a certain reaction step with the 100 %
selectivity to the desired products. Real AE takes into account known selectivities of the reaction steps. For
example, in case of nitration of chloronitrobenzene to nitrochlorobenzene yielding ortho and para isomers, the
para isomer is formed with about 70 % selectivity. In literature is possible to find other values of AE.22 However,
principal differences among technologies remain at the same level.
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Figure 10. Conversion of ADPA precursors (NODPA, NO2DPA) and AzB hydrogenolysis in the continuous
experiment with Ni catalyst. Composition of the hydrogenated mixture (weight %): NODPA (17.4), ADPA (0.057),
NO2DPA (1.18), AzB (1.19), Water (18.98), An (49.50), TMAH (11.55), PhEN (0.14). 80 °C, 3.5 MPa H2. Production:
2.73 g ADPA/ g_Ni /h.
Table II
Summary of Atom economy (AE) for evaluated ADPA technologies (without solvents and catalysts)
M.W. – molar weight (g), n - number of moles, m – weight of a reactant (g)
Component M.W.
CNB
CNB-SO3
FAn-CNB
Ouchi
Ouchi_N2O3
ADPA
184.24
n
m
n
m
n
m
n
m
n
m
benzene
78.11 2.0 156.2 2.0 156.2 2.0 156.2 2.0 156.2 2.0 156.2
HNO3
63.01 2.0 126.0 2.0 126.0 2.0 126.0 2.0 126.0 2.0 126.0
Cl2
70.91 0.5
35.5 0.5
35.5 0.5
35.5
0.0
0.0
H2
2.02 6.0
12.1 6.0
12.1 6.0
12.1 8.0
16.1 8.0
16.1
SO3
80.07
0.0 1.0
80.1
0.0
0.0
0.0
NaOH
40.00
0.0 1.0
40.0 1.0
40.0 1.0
40.0 1.0
40.0
HCl
36.46
0.0 1.0
36.5
0.0 1.0
36.5 1.0
36.5
HCOOH
46.03
0.0
0.0 1.0
46.0
0.0
0.0
Na2CO3
105.99 0.5
53.0 0.5
53.0 0.5
53.0
0.0
0.0
NaNO2
69.00
0.0
0.0
0.0 1.0
69.0
0.0
H2SO4
98.08
0.0
0.0
0.0 0.5
49.0
0.0
N2O3
76.01
0.0
0.0
0.0
0.0 0.5
38.0
Sum
382.8
539.3
468.8
492.9
412.8
AE - theor, %
48.1
34.2
39.3
37.4
44.6
AE - real, %
33.3
26.8
32.3
32.0
37.2

NASH
m
156.2
126.0
0.0
5.0
10.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
292.3
63.0
57.9
n
2.0
2.0

Conclusions
According to values of the real AE (Table II) the NASH process is the best one for the production of ADPA.
However, this is the most complex and arduous technology with respect to number of apparatuses and their
control, mainly the condensation of An and NB, and the hydrogenation of resulting reaction mixture. The
requirements for special operation conditions were reasons why the NASH process was developed to
technological scale right up at the end of the 20th century, although the reaction is known from the start of that
century. In spite of the green feature of the NASH ADPA technology, having other technologies for ADPA (e.g.
the Ouchi – N2O3 process, or the formanilide chloronitrobenzene route), the feasibility studies can show not
sufficient competitiveness of the new NASH technology taking into account capital and operational expenses. Of
course in case of building a new technology the NASH process is the best choice. VUCHT has developed a BEP for
one variant of this technology, including treatment of wastewaters containing TMAH and its decomposition
products (https://www.vucht.sk/en/references ).
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Nomenclature
ADPA, 4-ADPA – 4-aminodiphenylamine, AE – Atom Economy, An – Aniline, AzB – Azobenzene, BEP – Basic
Engineering Package, CNB – 4-chloronitrobenzene, NASH – Nucleophilic Aromatic Substitution for Hydrogen,
NaSO3CNB - sodium 2-chloro-5-nitrobenzenesulfonate, NaSO3NO2DPA - sodium 5-nitro-2(phenylamino)benzenesulfonate, NB – nitrobenzene, NODPA – 4-nitrosodiphenylamine, NO2DPA – 4nitrodiphenylamine, PCT - Patent Cooperation Treaty, PhEN – phenazine, TMAH – tetramethylammonium
hydroxide.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

325

Meixia D., Cheng L.: China Chem. Rep. August 21, 21 (2014)
Lattimer R.P., Rhee C.K., Layer R.W.: Antiozonants. In: Kirk-Othmer Encyclopedia of Chemical Technology,
https://doi.org/10.1002/0471238961.0114200912012020.a01 (2000).
Čaplovič J., Čico S., Jaššo I., Řeřábek A., Kapišínska V.: Antioxydant 4010. Záverečná správa (Final report)
CHZJD závodný výskum. Bratislava 1963.
Čičo S., Mašek J., Čaplovič J.: Spôsob výroby N-substituovaných N’-fenyl-p-fenyléndiamínov. (Procedure for
the production of N-substituted N’-phenyl – p-phenylene diamines). Pat. ČSSR 119336. 15. VII. 1966.
Maender, O. W., & Wilder, G. R.: Process for making an amide of formic acid and forming nitrodiarylamine
therefrom U.S. Pat. 4,140,716 (Monsanto). Washington, DC, Feb. 20. 1979.
https://en.wikipedia.org/wiki/Smokeless_powder (20.3.2018).
Fischer O., Hepp. E., Ber Deutsch chem Ges 19, 2991 (1886).
Pašek J., Řeřábek A., Jaroš A., Mašek J., Kolár J.: Způsob výroby N-nitrózodifenylaminu. Method for the
production of N-nitrosodiphenylamine. ČSSR AO 183853. Pašek J. et al. 15. 06. 1980.
Pašek J., Řežábek A., Regula Š., Jaroš, A., Mašek J., Kollár J.: Způsob nepřetržité přípravy roztoku sodné soli
4-nitrozodifenylaminu. Method for the continuous preparation of 4-nitrosodiphenylamine sodium salt. ČSSR
AO 184930. Pašek J. et al. 15. 08. 1980.
Pašek J., Jarkovský L., Jaroš A., Marek T., Dlouhý J.: Způsob výroby 4-aminodifenylaminu. Method for the
production of 4-aminodiphenylamine. ČSSR AO 218444. 15. 03. 1985.
Mačák I. Lehocký P., Uhlár J., Králik M. Németh I., Protuš R.: Spôsob nitrozácie nesubstituovaných a
substituovaných alkyl-alkyl alebo aryl-aryl, alebo alkyl-aryl sekundárnych amínov. Method for the nitrosation
of non-substituted and substituted alkyl-alkyl or aryl-aryl or alkyl-aryl amines. SK 285 070. for Duslo. UPV
Banská Bystrica. 2.5.2006.
Wohl, A., & Aue, W.: Ueber die Einwirkung von Nitrobenzol auf Anilin bei Gegenwart von Alkali. European
Journal of Inorganic Chemistry, 34(2), 2442 (1901).
Stern M.K., & Bashkin J.K.: Method of preparing 4-aminodiphenylamine.U.S. Pat. 5,117,063. 26 May 1992.
Stern M.K., Cheng B.KM.: Process for preparing substituted aromatic amines. U.S. Pat. 5,382,691. 17 Jan.
1995.
Stern M.K., Hileman F.D., Bashkin, J. K.: JACS 114(23), 9237 (1992).
Stern M.K., Cheng, B.K.: J. Org. Chem. 58(24), 6883 (1993).
Beška E., Toman P., Fiedler K., Hronec M., Pintér, J.: Spôsob prípravy 4-amínodifenylamínu. Method of
preparation of 4-aminodiphenylamine. SK 283 209. Duslo, a.s. Šaľa, 18.2.2003. (AT257146, AU762752,
BR9916054, CA2354129, CN1330627, CZ298635, RU2224741, US6388136, ... - see ESPACENET).
Balko J., Vegh Zs.: Process for the preparation of 4-aminodiphenylamine. WIPO PCT WO 2015/094128 A1.
Int. Publ. Date 25 June 2015. Duslo, a.s. Šaľa, 18.2.2013.
Bartholomew, C. H.: Appl. Catal. A: General, 212(1-2), 17 (2001).
Kralik M., Kratky V., Hronec M., Zecca M., Corain B.: Deactivation of palladium catalysts supported on
functionalised resins in the reduction of aromatic nitrocompounds. In: Studies in Surface Science and
Catalysis (Vol. 130, pp. 2321 (2000).
Kosár K., Králik M., Wenchich Š. Uhlár J., Vègh Z., Nováková, M.: Elastomery, 18(1), 23 (2014).
Bochkarev V.V., Soroka L.S., Bashkin, J. K., Resource-Efficient Technologies, 2(4), 215 (2016).

ICCT 2018 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY
HYDROGENATION OF ESTERS OVER CuZnAl CATALYST
Aubrecht J.1, Pospelova V.1, Kubička D.1,2
Department of Petroleum Technology and Alternative Fuels, University of Chemistry and Technology,
Technická 5, 166 28 Prague 6, Czech Republic
2
Technopark Kralupy, University of Chemistry and Technology Prague, Žižkova 7, 278 01, Kralupy nad Vltavou,
Czech Republic
aubrechj@vscht.cz
1

Abstract
Copper-, zinc- and aluminium-based catalysts are an ecological alternative to the well-established Adkins
catalysts for the hydrogenolysis of esters. Although Adkins catalysts have many positive properties, the limiting
factor of their use is the toxic chromium content, which increases the safety risk during the work with them. The
CuO-ZnO-Al2O3 catalysts are currently used, for example, in the production of methanol or ethanol from syngas.
However, these catalysts have a high potential for further use. It is possible to obtain important mono- and
dialcohols by hydrogenolysis of esters and diesters to be used as the final product or for subsequent reactions
such as polymerization or polycondensation. For the production of polyurethanes, polyesters or in the
pharmaceutical and cosmetic industry, an important intermediate hexane-1,6-diol is produced by the catalytic
hydrogenolysis of dimethyl adipate.
Here we report a commercial CuO-ZnO-Al2O3 catalyst prepared by co-precipitation method and its use in
hydrogenolysis of dimethyl adipate (DMA) to produce hexane-1,6-diol. The catalyst was characterized by X-ray
diffraction, X-ray fluorescence and elemental analysis to get an information about elemental and phase
composition. Dimethyl adipate conversion and products distribution were studied over a reaction temperature
range of 145-190 °C, at a feed rate of 16 g.h-1 and 30 g.h-1 and at hydrogen pressure 160 bar.

Introduction
Soaps, lubricants, pharmaceutical products and plastics like polyurethanes and polyesters are very common and
useful things we meet and use every day. Many of them are manufactured thanks to diols which are used in
various reactions, for instance in polycondensation1. These bivalent alcohols are mainly produced by
hydrogenolysis of esters. Very often used Adkins catalyst2, which contains copper and chromium, is being
gradually eliminated due to toxic chromium. Especially, the waste containing harmful Cr5+ and Cr6+ produced
during preparation is a huge environmental problem. On the other hand, the chromium ensures mechanical and
thermal stability as well as good copper dispersion on the catalyst surface and protects it against sintering. The
copper (Cu0) carries a reduction activity.
However, hydrogenation in the presence of this catalyst requires high hydrogen pressures (10-25 MPa) at
temperatures around 250-350 °C. A suitable commercial catalyst replacement does not yet exist, although a
number of precious metal catalysts based on Ru, Rh, Pt or Pd and other transition metals such as Cu, Zn, Ni, Fe,
Al or Zr have been tested1,3,4.
In the industry, the dihydric alcohol hexane-1,6-diol is often used, which is produced exclusively by
hydrogenolysis of dimethyl adipate (DMA). This reaction has become a target of frequent study. Previous studies
conducted with RuSn/TiO2, Pt/Al2O3 and RuSn/Al2O3 catalysts have shown promising results, but have been
untenable from an industrial point of view. This is accompanied by an expensive and very complicated
preparation involving several discontinuous steps1.
An alternative may be hidden in the CuZn-based catalyst currently used for example in the synthesis of methanol
from CO25. The advantage of copper catalysts is the low, almost zero ability of subsequent dehydration of the
resulting alcohols after hydrogenation. At present, the main point of interest is to monitor the effect of the
composition/structure on the catalyst activity and to develop optimal pathways for the preparation of these
catalysts. In the study done by Dinga et al., a catalytic hydrogenation of the diethyl succinate produced from
biomass on a CuO-ZnO catalyst was carried out to provide butane-1,4-diol with full conversion and selectivity
of 86%6.
A very attractive and environmentally friendly alternative might be copper-, zinc- and aluminium based catalysts.
The Cu-Zn-Al catalysts have previously been tested in different applications. Many of them are various
hydrogenation7, hydrogenolysis and others8. For instance, hydrogenolysis of ethyl acetate to ethanol9 or butyl
butyrate to butanol10. Some promising results were gained in hydrogenation of palm oil in a batch reactor. The
results showed these were even more active catalysts than Adkins catalysts3.
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Experimental part
The commercial catalyst supplied by Ranido s.r.o, dimethyl adipate by Sigma Aldrich (purity 98%) and hydrogen
(SIAD, 99.999%) were used for the experiment.
The test was carried out in a co-current trickle bed reactor (16 cm x 0.85 cm i. d.) that was loaded with a layer of
the catalyst (8.5 g) sieved to a particle size of 0.25-0.3 mm and placed between two same silicon carbide layers.
The reactor was located in an electrically heated oven. A feedstock, dimethyl adipate, was fed to the reactor by
a piston pump. Samples were collected into vials by series of automatic valves. Whole process of testing was
monitored by PC software. Taken samples were analysed by gas chromatography.
GC analyses were carried out using a GC Hewlett Packard 5890t with a non-polar column (ULTRA 1, 0.32 mm i. d.,
15 m length). Elemental composition was obtained by analysis via spectrometer ARL 9400 XP equipped with a
rhodium lamp. X-Ray diffraction patterns were obtained using a diffractometer PANanalytical X’Pert3 Powder
and Cu Kα radiation. ASAP 2020 by Micromeritics was used as an instrument for adsorption of nitrogen at 77 K
measurement.

Discussion and result analysis
Using X-Ray fluorescence, the elemental composition of the catalyst was established. Other properties like
surface area, pore volume and diameter were obtained by nitrogen adsorption at 77 K. All results are showed in
Table I.
Table I
Chemical composition and textural properties
CuO
58.1%
Surface area
27.1 m2 ·g-1
ZnO
28.0%
Pore diameter 27.0 nm
Al2O3
13.0%
Pore volume
0.188 cm³ ·g-1
The catalyst was used in a model reaction of dimethyl adipate hydrogenolysis to produce hexane-1,6-diol (see
Fig. 1). The test was carried out in a Micro Catalyst Bed unit with 8.5 grams of the Cu-Zn-Al catalyst. Temperature
ranging from 145 to 190°C, hydrogen pressure of 16 MPa and dimethyl adipate flow rate of 16 g·h-1 and 30 g·h-1
were tested. The reaction occurred in a liquid phase.

Figure 1. Model reaction for the testing

Conversion

The maximal dimethyl adipate conversion of 58% was achieved at 195 °C and DMA flow rate of 16 g·h-1 (Figure 2).
60%
DMA flow 16 g/h
DMA flow 30 g/h
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Figure 2. Catalytic results
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The low selectivity of 19% to the main product was observed (Figure 3). Nonetheless, previously reported results
revealed that the selectivity to the main product, hexane-1,6-diol, is a purely conversion function. So the
selectivity to hexane-1,6-diol increases as the DMA conversion increases. Especially, when the DMA conversion
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is over 80%. It was found to be caused by the hydrogenolysis of formed by-products11. But in this work, the
maximal conversion reached only 58%.
During the test, two different DMA flow rates were tested. A significant difference in DMA conversion, e.g. 25.8%
and 60% at 205 °C, occurred at DMA flow rates of 16 g.h-1 and 30 g.h-1, respectively (Figure 3).

Selectivity to hexane-1,6-diol, %

20
16
12
8
DMA flow 30 g/h

4
0

DMA flow 16 g/h
0

20

40
Conversion, %

60

80

Figure 3. Dependence of selectivity to hexane-1,6-diol on conversion
The used catalyst was characterized by X-Ray diffraction. Interestingly, it had a higher percentage of preserved
metallic copper in contrast to the fresh one. There are some sharp reflections in Figure 4 at 2θ angle of 43.3°,
50.5° and 74.1° that are related to metallic copper (black line) while reflections at 2θ angle of 35.5° and 38.8°
related to CuO and copper bound in zincian malachite (grey line) are shifted or disappeared. This effect is
probably caused by a preservative effect of the product, hexane-1,6-diol, that is a crystalline solid at room
temperature.
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Figure 4. XRD pattern
Moreover, the catalyst was analysed by elemental analysis to observe a change in the amount of carbon and
hydrogen before and after the experiment. The results are summarized in Table II where a huge percentage
growth (approximately three times more) of carbon was revealed. It could cause a lowered activity of the
catalyst, as some of the active sites were blocked by the carbonaceous deposits and hence not accessible to
DMA.
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Table II
Organic elemental analysis results
Before test
After test

%C
1.75
5.05

%H
0.57
0.78

Conclusion
The commercial Cu-Zn-Al catalyst was tested in hydrogenolysis of dimethyl adipate to hexane-1,6-diol with the
maximal DMA conversion of 58% (reaction conditions: 190 °C, 160 bar, DMA flow rate of 16 g·h-1) and the
selectivity of 19% to the main product. The low activity represented by conversion could be caused by forming
of carbon deposits on the catalyst. The used catalyst contained preserved metallic copper, as revealed by XRD,
and three times higher carbon content than the fresh catalyst.
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Abstract
RHC (Residual HydroCracker) reactors are very complex reactive systems requiring appropriate level of process
control. The presented analysis was performed on an industrial residue hydrocracking cascade system consisting
of three ebulated-bed RHC reactors connected in series with reaction temperature ranging from 405 to 420 °C
at the pressure of 18-20 MPa. One RHC reactor was equipped with ca. 200 thermocouples distributed unevenly
on the reactor jacket and in the main flow core. In this paper, an improved reactor temperature control system
based on the construction of 3D temperature profile is proposed. The presented visualisation tool provided 2D
and 3D projections of temperature profile in each of the three RHC reactors. Different interpolation techniques
had to be applied to assign temperature values in spatial points without thermocouples and the calculation
results were evaluated with the emphasis on the quality of the resulting temperature profile. Examples of the
obtained temperature profile for different interpolation techniques are also provided. With the help of our tool,
potential cold and hot spots damaging catalyst were identified and approximate flow patterns of the reaction
mixture were distinguished.

Introduction
Crude oil is an unrefined liquid mixture of hydrocarbons and other organic materials naturally found within the
Earth. It is used mostly as an energy source in fuel industry, but also as a source of ethylene, propylene, benzene
and other valuable intermediate products. Components of crude oil can be divided into several fractions as
shown in Table I based on different boiling points1.
Table I
Crude oil fractions
Fraction
gases
light naphtha
heavy naphtha
kerosene
light gas oil
heavy gas oil
residue

Boiling point [°C]
<1
30 – 85
90 – 180
180 – 300
200 – 350
350 – 550
> 550

Hydrocarbons fraction
C1 - C4
C5 - C6
C7 - C10
C11 - C15
C16 - C20
C21 - C45
> C45

The first step of crude oil processing represents atmospheric distillation column where gases, gasoline, naphtha,
gas oil and atmospheric residue are separated. The atmospheric residue is further distilled in a vacuum distillation
column. The bottom product of vacuum distillation, heavy residue, consists of hydrocarbon fractions that contain
organic compound with high molecular weight, metals, sulphur compounds and asphaltenes. These components
are relatively low value chemicals, but can be upgraded into more valuable products by various enrichment
processes such as hydrocracking1. Hydrocracking converts high-boiling hydrocarbons to lower-boiling products
by catalytic cracking in the presence of hydrogen in a residual hydrocracker (RHC) reactor.
RHC reactor under review operated at temperature of 400 - 420 °C and pressure of 18 - 20 MPa. Ni-Mo/Al2O3
catalyst was used to crack the heavy molecules into lighter ones. The reaction mixture was contacted with
catalyst in the form of ebullated bed to overcome problems with catalyst deactivation, coke formation and
instability caused by the presence of heavy metals. Ebullation was maintained by continuous feeding of fresh
catalyst with reaction mixture and high-pressure hydrogen into the reactor, while the deactivated catalyst was
continuously removed for regeneration2. Part of the processed feed was recycled back in the reactor to adjust
hydrodynamic regime. The conversion mechanism in the reactor is composed from several chemical reactions
including heavy residue (HR) cracking into off gasses (G), naphtha (GLN), kerosene (Ke), gas oil (GO) and vacuum
distillates (VGO) and secondary cracking of VGO into GO, GLN and Ke. The proposed reaction scheme 3 is depicted
in Figure 1. Two main thermal processes are endothermic hydrocarbon cracking and exothermic hydrogenation.

330

ICCT 2018 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY
Overall heat effect of the process is slightly exothermic, but the heat is easily dissipated. With the amount of
chemical reactions occurring in the reactor, temperature represented an important process parameter to be
measured and to be used for appropriate control of such complex reactive system. Higher temperature was
favored to increase yield of desired products; however, the temperature increase was limited due to the
increasing coke formation. Stagnant zones might develop in reactor as well, thus precise temperature control
was necessary.

Figure 1. Reaction pathways in the RHC reactor under review3
Approximately 200 installed thermocouples per reactor were scattered on the jacket and in the core of the
studied cascade of three RHC reactors. The aim of the presented work to compare different data interpolation
methods to calculate temperature values inside the whole reactor and to visualize accurate temperature profile
in 2D and 3D space. Obtained visualizations represented fundamental basis for improved process control and
optimization. Furthermore, the process safety could be improved by supporting decision-making of the process
engineers and operators. Visualized temperature profiles were suitable for direct incorporation into control
panel display. Appropriate alignment and clarity of displayed process information make operation data more
accessible for the operators and could be crucial to avoid emergency reactor shutdowns and hazardous events 4.

Methodology
MATLAB software environment was employed to interpolate measured temperature data and to visualize a
temperature profile inside the reactor. Firstly, information containing thermocouples position within the reactor
had to be processed from P&ID schemes to the form suitable for data storage in MATLAB structures. In the next
step, measured temperature data had to be loaded. The company operating RHC reactors under review uses
Microsoft Excel spreadsheets for measured data extraction and analysis. Therefore, a communication
mechanism between MATLAB and Microsoft Excel was constructed.
For temperature profile visualization, a fine uniform grid of points was created in both directions, horizontal and
vertical. Then, the temperature was calculated for every grid point by interpolating measured temperature data.
The initial analysed interpolation method was the basic method of nearest neighbor interpolation. Firstly,
Euclidean distance di from every thermocouple to one particular grid point was calculated. In the next step, the
Euclidean distances were sorted from the closest one to the furthest one. Temperature of the closest
thermocouple was then assigned to the grid point. Every grid point underwent the same procedure.
To estimate grid point value by considering multiple thermocouples, the inverse distance weighting (IDW)
method5 was applied. In this procedure, factor hi was calculated based on the value of Euclidean distances and
the exponent k as shown in Equation 1. Factor hi was then used to calculate weights wi (Equation 2) of chosen
number of thermocouples. The number of thermocouples was optional. Based on the weights and measured
temperature data 𝑇𝑇𝑖𝑖𝑚𝑚 , temperature 𝑇𝑇̅𝑖𝑖 of a query point was calculated (Equation 3). The algorithm was repeated
for every grid point.
1

(1)

𝑤𝑤𝑖𝑖 = ∑𝑛𝑛

(2)

ℎ𝑖𝑖 = (𝑑𝑑 )𝑘𝑘
𝑖𝑖

ℎ𝑖𝑖

𝑖𝑖=1 ℎ𝑖𝑖

𝑇𝑇̅𝑖𝑖 = ∑𝑛𝑛𝑖𝑖=1 𝑤𝑤𝑖𝑖 × 𝑇𝑇𝑖𝑖𝑚𝑚

(3)

For more detailed analysis, advanced interpolation methods based on Delaunay triangulation and Voronoi
diagrams that are recommended for scattered data interpolation were tested. The typical results of Delaunay
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triangulation in a plane are depicted in Figure 2. In a plane, Delaunay triangulation creates triangles for which
the smallest angle overall has the maximum value. The temperature of a point inside a triangle is then
determined by the relative distance to its vertices. The Voronoi diagrams (solid lines in Figure 2) basically divides
plane in regions that contain all the points closer to the known point than to any other known point. Temperature
of a point inside a diagram is calculated based on the “stolen” territory from the original diagrams after a new
region is formed for the point6. One of the drawbacks of this method is the generation of convex hull. Convex
hull is an area bordered by the known points. The value for the grid point lying outside of this area cannot be
calculated by interpolation and an extrapolation method has to be used. The methodology was explained for a
2D situation, but it can be upgraded into higher dimensions. For the purposes of our visualization, Delaunay
tetrahedralization (triangulation in 3D space) and Voronoi 3D diagrams were implemented.

Figure 2. Delaunay triangulation (dashed lines) and Voronoi diagrams (solid lines) in a plane (X 1-X9 points
represent thermocouples and X point represents the grid point for which the value of temperature is calculated)8

Results and discussion
Previously mentioned methods were applied to a case study of RHC reactor. Colour scale representing
temperature was kept uniform for all visualized temperature profiles for easier comparison of achieved results.
Figure 3 provides the simple overview of temperature profile inside the reactor using nearest neighbour
interpolation and IDW method.
(a)
(b)
(c)

Figure 3. Comparison of using the nearest neighbor interpolation method (a) and IDW method
(b – 3 thermocouples considered, c – all thermocouples considered) to calculate the temperature profile
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The temperature profile obtained by the nearest neighbour interpolation (Figure 3a) was not continuous and its
use for process optimisation
(a) and temperature control system
(b) improvement was thus limited.
(c)Figures 3b and c
demonstrate examples of temperature profiles obtained by IDW method for different numbers of considered
thermocouples with the fixed value of exponent k in Equation 1 to be equal to one. The effect of value k on the
obtained temperature profile was also studied and the results for the case study of all thermocouples considered
are depicted in Figure 4. The use of IDW method significantly improved the profile continuity, although for higher
numbers of considered thermocouples, the measured temperature extremes had tendency to disappear. This
undesired phenomenon could be partially eliminated by increasing the value of k, but for higher values of k, the
profile continuity was decreasing. The optimum values of k were found in the range of 3 to 4. For values of k
greater than 20, the obtained temperature profile became similar to the temperature profile obtained by nearest
neighbour interpolation. Temperature profiles obtained by basic interpolation methods were still not satisfactory
and advanced interpolation techniques based on Delaunay tetrahedralization and Voronoi three-dimensional
diagrams were applied. The results are depicted in Figure 5.

Figure 4. IDW method – impact of the value of the exponent k on the temperature profile considering all
thermocouples – k = 2 (a), k = 4 (b) and k = 10 (c)
(a)

(b)

Figure 5. The temperature profile obtained using the principles of Delaunay tetrahedralization (a) and Voronoi
3D diagrams (b)
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Figure 5a depicts the temperature profile calculated using the principles of Delaunay tetrahedralization and
Figure 5b depicts the temperature profile obtained by implementation of Voronoi 3D diagrams. The temperature
profiles obtained by both methods were continuous while preserving all the measured cold and hot spots in the
reactor. Based on the process operation experience and discussions with process engineers, temperature profile
visualization utilizing Voronoi 3D diagrams was selected for the implementation into reactor temperature control
system and for further analysis of the reaction mixture behavior in the RHC reactors. The example of the final
temperature profile using the developed visualization tool is shown in Figure 6.

Figure 6. 3D model example of the RHC reactor in the visualization tool developed in the MATLAB environment

Conclusion
Goal of this study was to analyse interpolation techniques for the visualization of temperature profile in an RHC
reactor utilizing measured data from day-to-day process operation and to create software solution suitable for
implementation into the temperature control of the reactor. Several interpolation methods were tested to create
continuous temperature profile preserving important measured temperature extremes such as hot spots in the
catalyst bed. The nearest neighbor method offered an overview of the temperature profile but it was not suitable
for further application because of the poor continuity. Use of the inverse distance weighting method seemed to
be promising for temperature profile visualization with several issues to be considered, foremost the neglect of
measured temperature extremes. This method yielded best results when considering all thermocouples and
value of the exponent k was in the value range of 3 – 4. The best results were obtained in the case of Delaunay
tetrahedralization and Voronoi 3D diagrams utilization recommended for the interpolation of scattered data.
The interpolation method based on Voronoi 3D diagrams was selected for the implementation of the final
software tool that was used for improved temperature control system of the analysed RHC reactors.
Using the computational power of modern machines, many suitable ways to visualize temperature profile were
found. Obtained results can be used not only to improve process control, but also to verify and enhance existing
mathematical models and to improve process safety of the hydrocracking process. Real-time analysis of the
reactor performance can contribute to avoid process hazards and emergency reactor shutdowns. Proper
knowledge of temperature profiles inside the reactors can be also utilized in process optimization.
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Abstract
Leaf alcohol ((Z)-hex-3-en-1-ol) can be prepared by hydrogenation of sorbic acid, sorbic alcohol or butyl ester of
sorbic acid. Selective hydrogenation of mentioned C6 compounds was performed with high selectivity in the
presence of a ruthenium half sandwich complexes with the structure [Cp*Ru(diene)]CF3SO3. The influence of the
reaction conditions (temperature, pressure, catalyst amount, solvent type) on the reaction rate and selectivity
in the hydrogenation of dienic compounds have been studied in details. The influence of various diene ligands
and type of supporting materials, when heterogenized catalysts were used, on the process of hydrogenation has
not been studied yet.
This work was focused on the preparation of model ruthenium complexes of the type [Cp*Ru(butyl
sorbate)]CF3SO3, [Cp*Ru(COD)]CF3SO3 and [Cp*Ru(NBD)]CF3SO3 (COD = 1,5 - cyclooctadiene, NBD = bicyclo
[2.2.1] hepta-5-diene) and its immobilization on various smectite minerals (hektorite, montmorillonite,
bentonite) by means of ion exchange. The dependence of the immobilized amount of the complex on the support
type was monitored. Montmorillonite is the best support material. In all cases more than 70 wt. % of complex
was immobilized (15 mg/250 mg). Prepared complexes were then used for the hydrogenation of butyl sorbate
in homogeneous and heterogeneous arrangement. The hydrogenations were carried out at 50 °C, 4 MPa.
Influence of the support type on the activity and selectivity of the catalysts was studied. Best results were
obtained using ruthenium complexes immobilized on montmorillonite. The selectivity to the desired butyl (Z)hex-3-enoate was in a range 90-98%.

Introduction
Leaf alcohol ((Z)-hex-3-en-1-ol) is a colorless liquid with a strong, fresh odor of grass and leaves. This alcohol is
widely used in the production of fragrant compositions. (Z)-Hex-3-en-1-ol is a component of various flavors, such
as violet, nutmeg and lavender oil, it can be used to imitate mint and various fruit mixtures [1]. Literature offers
different ways to synthesize this alcohol, but they are usually difficult multistage procedures with small yields
[2]. Fifteen years ago, methods for preparation of (Z)-hex-3-en-1-ol from cheap and commercially available
starting materials such as sorbic acid (hexa-2,4-dienoic acid) and sorbol (hexa-2,4-dien-1-ol) were published [34]. Sorbic acid can be selectively hydrogenated to (Z)-hex-3-enoic acid and the obtained acid can be reduced to
the desired product. Selective hydrogenation of sorbol can provide directly (Z)-hex-3-en-1-ol. These reactions
were successfully catalyzed by a half sandwich ruthenium complex containing the
Cp*(pentamethylcyclopentadiene) ligand and diene compound coordinated to ruthenium (Figure 1).

Figure 1. Cationic complexes Cp*Ru
Butyl sorbate (butyl ester of sorbic acid) can also be used as an intermediate in the synthesis of leaf alcohol. Two
years ago, selective hydrogenation of butyl sorbate to butyl (Z)-hex-3-enoate was carried out in the presence of
ruthenium complex with the structure [Cp*Ru(butylsorbate)]CF3SO3. The influence of reaction conditions on
reaction rate and selectivity was studied [5]. Optimal conditions for the highest selectivity (up to 98%) were
achieved in methyl tert-butyl ether (MTBE) as a solvent at 4 MPa, 50 °C and 5 wt.% of catalyst on the amount of
butyl sorbate.
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The influence of various diene ligands on the process of butyl sorbate hydrogenation has not been studied in
details yet. The main aim of this work was to test the influence of diene ligand in the structure of Ru complexes
on catalytic activity and selectivity to the formation of butyl (Z)-hex-3-enoate. Also immobilization of complexes
on different smectite minerals was performed. Hydrogenation of butyl sorbate in homogeneous and
heterogeneous arrangements was carried out. Obtained results were compared with the results obtained from
hydrogenation of butyl sorbate using the Cp*Ru (butylsorbate)]CF3SO3 complex as a catalyst.

Experimental
Catalyst precursor [Cp*RuCl2]n, sorbic acid, 1,5-cyclooctadiene, bicyclo [2.2.1] hepta-5-diene, zinc powder, silver
triflate (AgOTf) were purchased from Aldrich. Sorbic acid butyl ester was prepared by esterification at UCT
Prague. All solvents were freshly distilled under argon atmosphere before use. Diethyl ether (DEE) (Penta) and
MTBE (Lachner) were distilled from sodium and were stored over 4Å molecular sieves. Catalyst preparation was
carried out under an atmosphere of nitrogen using standard Schlenk techniques.
Butyl sorbate preparation
A mixture consisting of sorbic acid (0.36 mol) and butyl alcohol (1.8 mol) was heated under reflux in presence of
p-toluene sulfonic acid (7 mmol) until the total conversion of sorbic acid was observed. Once the reaction has
been completed, the reaction mixture was neutralized by Na2CO3 (aq.) and then extracted twice by water. For
better phase separation hexane was added to the reaction mixture. The organic layer was dried over anhydrous
magnesium sulfate. Butyl alcohol and hexane were removed in vacuo. A yellow liquid of butyl sorbate was
obtained in 85 % yield.
[Cp*Ru(diene)]CF3SO3 preparation
The synthesis of ruthenium catalysts was adopted from literature [6]. [Cp*RuCl2]n (0.013 g, 0,08 mmol) was
dissolved in diethyl ether (5 ml) with an excess of diene (0.15 g, 0.89 mmol), zinc powder (0.15 g, 2.3 mmol) and
silver triflate (0.04 g, 0.15 mmol) and stirred at room temperature for 2.5 h under nitrogen atmosphere. A yellow
to orange solution of [Cp*Ru (diene)]CF3SO3 (0.08 mmol) was obtained (Fig. 2).

Figure 2. Scheme for the preparation of ruthenium half-sandwich complexes
Immobilization of Ru complexes
Montmorillonite K10, bentonite and hectorite (Aldrich) were calcined at 300 °C in nitrogen, then stirred in diethyl
ether (10 ml) for 30 min (usually 250 mg). The catalyst solution was injected into the suspension of the support.
The suspension was stirred for 1 h (RT). The solution, which was initially yellow to orange, was decolorized
gradually and the support took on the same color as the initial solution. The solvent was filtered off and the solid
was washed with ether (3x20 ml). Leaching was determined by UV-VIS (PE Lambda 35).The immobilized catalyst
was dried under vacuum (RT) for at least 3 h.
Hydrogenation
Due to the high sensitivity of the catalytic system to the presence of metals, hydrogenations of butyl sorbate
were carried out in a stainless steel autoclave (50 ml) equipped with a Teflon insertion piece. Prepared catalyst,
butyl sorbate and solvent (6 ml) were introduced into the autoclave. The reaction conditions were set to p =
4 MPa, T= 50°C, the catalyst amount was 5 wt. % of the amount of starting material. MTBE or DEE were used as
solvents. Samples were analyzed using GC (DB-5, non-polar column). The obtained data were used for calculation
of the selectivity and the reaction rate. The reaction rate was expressed by the coefficient TOF.
Selectivity: 𝑆𝑆 =
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Results and discussions
Half-sandwich ruthenium complexes I-III (Fig. 3) were prepared and used for the butyl sorbate hydrogenation.

Figure 3. Prepared ruthenium half sandwich complexes
The hydrogenation was carried out in homogeneous and heterogeneous arrangement. For heterogeneous
hydrogenation the immobilized form of catalyst was used.
Immobilization
Aluminosilicate or magnesiosilicate layered materials from the group of smectites were used for catalyst
immobilization. The main exchangeable cations in their structure were sodium, potassium and calcium.
Commercially available minerals montmorillonite K10, bentonite and hectorite were used as a support. The
immobilization was performed by means of ion exchange procedure as it was described above.
The dependence of the immobilized amount of Ru complex on the support type was monitored (Fig.4). The
highest leaching level (detected by UV-VIS) was detected when using bentonite, which was a mixture of different
minerals, some of them without the capability of an ion exchange. The highest immobilized amount was found
using montmorillonite K10 as the support.

Figure 4. The dependence of the immobilized amount of Ru complex on the support type (amount of catalyst 22 mg, support amount - 250 mg, DEE, RT)
Immobilized amount of complex was not influenced only by the type of the support, but also by the size of diene
ligand. Best results were achieved when complex I was immobilized on montmorillonite K10 (92% catalyst
immobilized).
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Hydrogenation
The ruthenium complexes I-III were used as catalysts for hydrogenation of butyl sorbate in homogeneous and
heterogeneous arrangement. Hydrogenation was carried out using reaction conditions described in the
experimental part. The obtained results from comparison of homogeneous and heterogeneous arrangement
using montmorillonite as a support are summarized in Table 1. It is obvious that reaction rate decreased with
increasing size of diene ligand.
Table I
Comparison of homogeneous and heterogeneous hydrogenations (1 h, 50°C, 4 MPa, DEE, 5 wt. % of the catalyst)
Homogeneous system
Complex

Heterogeneous system

Conversion, %

Selectivity, %

TOF, h-1

Conversion, %

Selectivity, %

TOF, h-1

I

54

99

40

80

98

72

II

19

93

20

26

90

25

III

25

95

28

45

92

41

The reason for choosing DEE as a solvent was the fact that the preparation of the catalyst itself was carried out
in the same solvent. The reaction conditions were set to 50 °C and 4 MPa according to the previous investigations
[5]. Hydrogenation of butyl sorbate using complex I was already performed and results for hydrogenation in
homogeneous and heterogeneous arrangements were published [5]. Despite of expectation, the rate of butyl
sorbate hydrogenation was higher in heterogeneous arrangement. It was explained by dimerization of active
complex in the homogeneous solution (Fig.5). The dimer formation leads to the limited access of dimer to
hydrogen molecules and substrate causing lower reaction rate.

Figure 5. Possible dimer of used catalyst
The same situation was observed using complexes II and III. Hydrogenation of substrate was higher in
heterogeneous arrangement, but the differences in reaction rates for homogeneous and heterogeneous
hydrogenations expressed by TOF were not so high.
The hydrogenation of butyl sorbate to butyl (Z)-hex-3-enoate proceeded with a high selectivity using complexes
I-III as catalysts. Butyl hexanoate and butyl (E)-hex-2-enoate were detected as by-products (Fig.6).

339

ICCT 2018 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY

Figure 6. Course of butyl sorbate hydrogenation
When heterogeneous hydrogenation was performed, the influence of the support type on reaction rate and
selectivity was also studied (Fig. 7, Fig.8). Amount of the catalyst was always based on [Cp*Ru (diene)]CF3SO3 as
the active component and in all cases it was 5 wt.% of the amount of butyl sorbate. Best results were obtained
using ruthenium complexes immobilized on montmorillonite. The selectivity to the desired butyl (Z)-hex-3enoate was in the range 90-98 % when total conversion of butyl sorbate was achieved.
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Figure 7. Influence of the support type on rate of hydrogenation (50 °C, 4 MPa, MTBE, catalyst amount – 5 wt.%
of the amount of butyl sorbate)
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Figure 8. Influence of the support type on selectivity (50 °C, 4 MPa, MTBE, catalyst amount – 5 wt.% of the
amount of butyl sorbate)
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Conclusion
Ruthenium half sandwich complexes with the structure [Cp*Ru (diene)]CF3SO3 was successfully prepared and
used for the selective hydrogenation of butylsorbate in a homogeneous and heterogeneous arrangement.
The influence of diene ligands (butyl sorbate, 1,5 - cyclooctadiene, bicyclo [2.2.1] hepta-5-diene) on the process
of hydrogenation has been studied. It was concluded that reaction rate decreased with increasing size of diene
ligand. The higher reaction rate was observed in the case when heterogenized catalyst was used. It was explained
by dimerization of active complex in the solution. The resulting dimer reduces the reaction rate in homogeneous
arrangement. Highest reaction rate in hydrogenation was achieved using complex [Cp*Ru(butyl sorbate)]CF3SO3.
Prepared complexes were immobilized on smectite materials (hektorite, montmorillonite, bentonite) by means
of ionic exchange. The lowest leaching level was detected using montmorillonite K10 as the support. Immobilized
amount of complex was also influenced by the size of diene ligand in complex structure. Best results were
achieved when complex [Cp*Ru(butyl sorbate)]CF3SO3 was immobilized on montmorillonite K10 (92% catalyst
immobilized).
The effect of the support type on the activity and selectivity of hydrogenation was also monitored. Best results
were obtained using a ruthenium complexes immobilized on montmorillonite. The selectivity to the desired
product was up to 98 % when total conversion of butyl sorbate was achieved (4 MPa, 50 °C).
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Abstract
Cyclohexene thermal decomposition includes reverse Diels-Alder synthesis (RDA) leading to ethylene and
butadiene. There is only a limited set of data about these reactions in the literature. Similar reactions can be
possibly significant during steam-cracking process when the cracking feedstock contains cycloalkenes or
substituted cycloalkanes. Kinetics of this reaction was studied using pyrolysis gas chromatograph. A kinetic-based
molecular model involving RDA and other decomposition reactions was constructed to describe the thermal
decomposition. Kinetic parameters were searched as a minimum of summed squared residues in the reaction
mixture composition. Finally, confidence area for kinetic parameters of RDA reaction was determined.
Determined parameters are in a good agreement with literature data obtained by other authors for similar
conditions. This allows the use of pyrolysis gas chromatography for kinetic study of RDA. Future possibility of
kinetic measurement for other feedstock molecules promises more kinetic data available about these reactions
and future models improvement.

Introduction
Diels-Alder synthesis is an important chemical reaction when reactants form a product containing C6 ring,
respectively derivate of cyclohexene. Reactants are usually called diene and dienophile. Mechanism represented
by one elementary step contains one cyclic transition state and no intermediate1. Reverse Diels-Alder reaction
(RDA, also called retro diene synthesis or more simply decyclization) is the same reaction in opposite direction
leading from cyclohexene derivative to original diene and dienophile. This reaction is endothermic, highlyactivated, typical for higher temperatures and completely differs in its mechanism2. Currently, its significance is
concentrated around the preparation of several reactive heterocyclic monomers in organic synthesis and
possibly during the cracking processes in petroleum processing industry. During development of a steamcracking model3, one partial investigation of substituted cycloalkanes cracking behaviour revealed that RDA
reactions may play a significant role during steam-cracking process. These reactions had been studied by several
authors and only on a limited set of feedstock molecules, but to our best knowledge, ones are not considered in
current industrial cracking models such as PYROL4 or SPYRO5. For sufficient implementation to any modelling
tool, there is not enough data about their kinetics in the literature. Since there is a limited set of kinetic data
about RDA reactions under the cracking conditions in literature, we decided to study this reaction using pyrolysis
gas chromatograph. As the first step, validation of experimental and modelling technique proposed for kinetic
data extraction is presented in this paper.
Cyclohexene RDA reaction
A cyclohexene was chosen as a model reagent for method verification because RDA reaction of cyclohexene had
been studied in the literature quite comprehensively. For example, one study2 was aimed at the cyclohexene
decomposition within the temperature range 423-535 °C, the most of cyclohexene was converted via RDA
reaction and about 10 % underwent parallel free radical decomposition forming C2-C6 hydrocarbons, mostly
non-saturated, a small amount of methane, and hydrogen. However, the total cyclohexene conversion was quite
low in these experiments. The authors proposed a biradical mechanism for RDA reaction shown in the Figure 1.
More studies2,6,7 were aimed at the mechanism verification, kinetic parameters determination or tracing of
atoms regrouping during the reaction using isotope marking of reactant on various places.

+
Figure 1. Illustration of biradical mechanism of reverse Diels-Alder reaction

342

ICCT 2018 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY
In the first step, the bond in beta position to the double bond is broken due to high temperature. A biradical is
formed in this step. Following decomposition via C-C beta-scission leads to ethylene and butadiene. There is also
certain probability of C-H scission in the biradical. Such a reaction forms hydrogen radical which then induces
cracking via free-radical mechanism including hydrogen abstraction, radical scission, isomerization and addition
leading to side-products. Detailed study about this reactions was compiled by Rozhon8, the kinetic data found
about the studied reaction being summarized in the Table I.
Table I
Summary of kinetic parameters of RDA reaction for cyclohexene
ln A, s-1 E, kJ·mol-1
Tmin, K
Tmax, K
Source
34.6
275
803
938
[9]
33.8
265
959
1300
[10]
34.9
278
710
1190
[11]
35.2
280
950
1100
[12]
34.9
274
1010
1190
[13]
35.0
277
814
902
[7]
34.6
279
900
1150
[14]
35.5
280
1000
1340
[15]
35.1
274
1020
1200
[16]
34.9
279
1080
1150
[17]

Experimental method and reactor modelling
A previously developed experimental method18 for the micro-scale pyrolysis using pyrolysis gas chromatograph
was utilized for this work. A palette of data about the cracking of various feedstock molecules and mixtures had
been published in several papers18,19, therefore we offer only brief description of the method in this paper.
Pyrolyzer Shimadzu PYR-4A is formed by quartz reactor heated by electrical furnace. Carrier gas (nitrogen) of
regulated flow is flowing through the reactor and continues to injector. After the splitting of the flowing gas, it
continues directly to the GC analysis formed by a system of switching valves and chromatographic columns.
Separated products then continues to detectors (3x FID). Temperature profile of the reactor is stable in time and
typical only for set-point of heater regulator. Temperature profiles were measured directly by a thermocouple3.
Sample of feedstock is fed directly to the reaction zone and continues to the system in flow of carrier gas. In our
recent papers3,20, it was shown the reactor can be considered as an isobaric plug-flow reactor in steady-state and
with a specified temperature profile. Therefore, it is described as follows
𝑑𝑑𝐽𝐽!
= 𝑟𝑟! = & 𝜈𝜈",! 𝑟𝑟"
𝑑𝑑𝑑𝑑

(1)

"∈%

𝑑𝑑𝑑𝑑
= 𝑓𝑓(𝑧𝑧, 𝑇𝑇& )
𝑑𝑑𝑑𝑑
𝑑𝑑𝑉𝑉̇ 𝑅𝑅𝑅𝑅 𝑑𝑑𝑑𝑑
𝑑𝑑𝐽𝐽!
=
23 4 & 𝐽𝐽! + 𝑇𝑇 & 3 46
𝑑𝑑𝑑𝑑
𝑝𝑝 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
!

(2)
(3)

!

where Ji is the intensity of component molar flow, ri is the rate of formation of component i, temperature T is
described by derivative of measured temperature profile (interpolated by spline B). This is depended only on the
length coordinate z and the set-point of heating regulator Tr. Formal description of volume flow V is based on
ideal gas equation, S is the intersection of the reactor and p is pressure.

Kinetic model
The main problem of determination of RDA reaction kinetic parameters is hidden in the fact that not only RDA
reaction is occurring in the reactor under given conditions. Cyclohexene was chosen as model compound for a
good reason because RDA reaction is dominant during thermal decomposition. As it is illustrated in the Figure 2,
there is a possibility of C-H scission in formed biradical which forms hydrogen radical. The hydrogen radical then
starts cracking via free radical mechanism. As this is only preliminary study, we did not try to scribe the behavior
of the system by a radical model but rather by a formal one (Figure 3), which is based on original radical
mechanism. All reactions were considered of the first order with respect to each one of reactants with rate
parameter given by the Arrhenius equation.
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Figure 2. Illustration of the essential reactions of the thermal decomposition mechanism
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Figure 3. Molecular model of the cyclohexene thermal decomposition used for modelling (RDA reaction 1)
Model optimization and analysis
As the first attempt to perform the simplified molecular model (Figure 3), literature data about these or similar
chemical reactions were used as initial estimation of their kinetic parameters. At this point, it was possible to
solve the model for initial composition of feedstock, known feed rate, temperature profile and pressure
corresponding to experimental conditions. Simulation provided simulated products composition on the outlet of
reactor which was then compared to experimental one. Residual errors between simulated and experimental
composition were obtained for each of watched compounds. After recalculating all the cases in experimental
dataset, there was a significant difference between expected and experimentally determined behavior. That was
the reason why an optimization of kinetic parameters was performed. This was done by the search of kinetic
parameters: rate coefficient for 740 °C (middle temperature) and activation energy for each of reactions in the
simplified mechanism. Adaptive-scale random search was utilized as an optimization method and summed
squared residues in products composition was chosen as an objective criterion. But the optimization procedure
was a challenge because of the possibility of local minima existence (reason for stochastic approach) and even
the stability of solver used for the model computation which failed on some parameters values combinations.
When the optimal parameters values were found, objective criterion was deeply investigated around the
minimum. At first, sensitive analysis shown, all reactions parameters have significant influence in the system.
Since the main goal was to determine the reverse Diels-Alder reaction, this reaction parameters were periodically
shifted, and remaining reactions parameters independently optimized to find the minimum of objective criterion
for each selection of RDA parameters. This approach allowed to establish confidence area of RDA parameters by
the F-test21.

Modelling results
Since the measured experimental data already has been published by Rozhon8, this contribution is intended to
comprise only their interpretation on the modeling level. Table II shows optimal values of kinetic parameters
obtained by the model optimization and relative sensitivity of objective criterion to individual parameters. As it
is documented, all parameters are relevant and they have an impact to the system even though some of them
are less important. Following plots with comparison of experimental and simulated products composition in the
Figure 4, shows main components – cyclohexene, butadiene and ethylene mass-fractions as a dependence of
flow-rate and temperature. The dependence of main components composition seems to be fitted quite well by
the model. Final comparison of all product mass-fractions is illustrated by scatter-plots in Figure 5.
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Table II
Optimal values of kinetic parameters (rate coefficient k for 740 °C and activation energy E) for designed model
(see Figure 3) and relative sensitivity of objective criteria to relative shift of k and E by 10 % of optimal value
Reaction k(740 °C)1) E, kJ∙mol-1 ΔrOFk, % ΔrOFE, %
1)
5.29
274.4
18.1
19.4
2)
1.62
225.3
4.5
2.5
3)
11.88
136.5
0.8
0.2
4)
0.03
210.4
0.8
0.4
5)
0.54
224.8
0.9
0.5
6)
0.07
226.3
0.3
0.3
-1
1) Physical dimension of k is s for reactions 1, 2, 3 and 5, and m3·mol-1·s-1 for reactions 4 and 6
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Figure 4. Products mass fraction on the outlet of reactor in dependence on flow-rate Vin for T = 700 °C (filled,
solid) and T = 740 °C (empty, dashed) and constant p = 4 Bar: cyclohexene (●○), butadiene (■□) and ethylene
(♦◊). Experimental data are represented by points, modelling results by lines.
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Figure 5. Scatter-plot of products mass-fraction on the outlet of reactor experimental vs. simulated: major
products left (cyclohexene ●, butadiene ■ and ethylene ♦) and minor products right (benzene ▲, hexadienes *,
cyclohexadienes ▼, butenes +, oil ♥)
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Confidence area and comparison to other sources
For better understanding of optimized problem, the objective criterion was deeply investigated near the found
optimum by the procedure explained above, so it was possible to establish confidence area of RDA kinetic
parameters, which is visualized in the Figure 6. As it can be expected, the confidence area is ellipsoidal with a
center in the minimum of objective criterion. Confidence intervals 95 % were determined to:
¥ Rate coefficient k (740 °C) in <4.8 ; 5.8> s-1, resp. pre-exponential factor A in <3.4; 2900> x1013s-1
¥ Activation energy E in <249; 305> kJ·mol-1
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Figure 6. Left: Visualization of 95 % confidence area of RDA kinetic parameters, right: comparison of rate
coefficient dependency on temperature obtained in this paper (dashed) to other authors (solid): a) [14], b) [11],
c) [9], d) [7], e) [12], f) [10], g) [15], h) [13], i) [16], j) [17]
The comparison to other sources is shown in the figure 6, the dependence of rate coefficient on the temperature
obviously match trends. There is some systematic deviation from our results but even between individual
authors. Interpolation of all sources and our data gives values of Arrhenius dependency parameters:
A = 1.2 x 1016 s-1, E = 279 kJ·mol-1 for T in <710; 1300> K.

Conclusion
Reverse Diels-Alder reaction was studied on the example of cyclohexene thermal decomposition using pyrolysis
gas chromatograph in the temperature range 700-780 °C, under constant pressure 4 Bar, and varying residence
time. The most of cyclohexene underwent RDA reaction to butadiene and ethylene, but free radical
decomposition influenced the system under these conditions as well. On the basis of radical mechanism, a
simplified molecular model of cyclohexene thermal decomposition was proposed. Its parameters were optimized
to fit experimental data. Found optimal values of kinetic parameters were investigated by a hypothesis testing
to establish confidence area of RDA kinetic parameters. The dependence of rate coefficient on the temperature
is in a good agreement with other authors. These results validate the experimental and modeling technique
introduced in this paper as an appropriate method for kinetic study of RDA and similar high-temperature
reactions in the gas phase.
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Abstract
Hydrogenolysis of organic esters to alcohols is commonly performed using Adkins catalysts based on copper and
chromium oxides. However, as a result of an increasingly tightening environmental legislation, efforts are being
made to replace the catalysts containing undesirable chromium by an environmentally-friendly option. Hence,
this study is focused on determining the activity of an alternative CuZnAl catalyst in the hydrogenolysis of
dimethyl adipate and the selectivity of the reaction to hexane-1,6-diol. The catalyst was tested in a flow reactor
over a temperature range of 145-190 °C under a hydrogen pressure of 16 MPa. All reaction intermediates and
products were identified by GC-MS. The influence of time-on-stream on the conversion of dimethyl adipate was
also investigated. The study showed that at the maximum temperature of 190 °C it is possible to obtain a
conversion of about 79 %.

Introduction
Hydrogenolysis of esters is a fundamental reaction for the manufacture of essential chemicals such as alcohols,
acids or ethers1, 2. The production of alcohols with two hydroxyl groups from dicarboxylic acids esters is an
industrial process of a particular interest. These diols are used to produce polymers for various applications1, 3.
Hexane-1,6-diol is used for the production of polyurethanes for food packaging4, or, for instance, as a
pharmaceutical coating material5. The hexane-1,6-diol manufacture is commonly performed by the
hydrogenolysis of dimethyl adipate (Figure 1) in the presence of the Adkins catalyst1. Adkins catalyst is a catalyst
based on cupric oxide and cupric chromite6.

Figure 1. Hydrogenolysis of dimethyl adipate
The use of Adkins catalyst is efficient, but it faces several problems. The first problem is high energy consumption
because of severe reaction conditions (200–300 °C, 20–35 MPa)1. The next is the toxicity of chromium, which
could oxidize from the safe trivalent to the toxic hexavalent oxidation state7. That leads to the difficult
manipulation with the catalyst, including its costly ecological disposal. Hence, due to the enforcement of an
environmental legislation, there is a need to replace chromium by an environmentally-friendly alternative8, 9.
Since Cu-containing catalysts exhibit a high activity for the selective hydrogenolysis, the strategy is to keep the
metallic copper, as an active site of the catalyst1.
Several studies reported the high hydrogenolysis activity of a Cu/SiO2 catalyst10, 11. For instance, this catalyst was
tested in the methyl acetate hydrogenolysis10, 11 and dimethyl succinate hydrogenolysis12. However, Cu/SiO2
supported side reactions yielding undesirable products, so a modification was needed to improve the
selectivity10, 11.
Another alternative that has been studied is Cu/ZnO/Al2O3 catalyst. This traditional catalyst for methanol
synthesis was successfully used for selective hydrogenation of cinnamaldehyde to cinnamyl alcohol13.
Nevertheless, the optimal composition of Cu/ZnO/Al2O3 catalyst was not sufficiently explored for ester
hydrogenolysis, particularly for the diols production. We aimed to determine the activity and selectivity of a
commercial CuZnAl catalyst for the application as a catalyst for ester hydrogenolysis. We tested the catalyst in
the liquid phase hydrogenolysis of dimethyl adipate (DMA).
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Experimental
Materials
Dimethyl adipate (99 %) was supplied by Sigma-Aldrich. Hydrogen (99.999%) was purchased from SIAD.
Catalyst characterization
The elemental composition of the catalyst was analysed by XRF on spectrometer ARL 9400 XP and by a CHNS
analyzer Vario EL Cube. The phase composition of the catalyst was estimated by X-Ray diffraction using a
diffractometer PANanalytical X’Pert3 Powder. The temperature-programmed reduction was performed by
Quantachrome ChemStar TPx instrument.
Catalyst testing
The commercial CuZnAl catalyst was tested in a flow reactor with a fixed catalyst bed. The catalyst was sieved to
obtain the required 0.25–0.30 mm particle size fraction. The reactor was loaded with 8.5 grams of the catalyst.
Prior to catalytic tests, the catalyst was reduced in a flow of a hydrogen in a nitrogen atmosphere at 220 °C. The
experiments were carried out over a temperature range of 145–190 °C and at a hydrogen pressure of 16 MPa.
The liquid DMA flow was 16 g·h–1 (WHSV=1.9 h–1). The influence of time-on-stream on the conversion of dimethyl
adipate was performed by repeating the same experiment after 24 hours on stream.
The reaction mixture samples were collected when the desired reaction conditions were stabilized. The samples
were diluted in butan-1-ol and analysed by GC. Also, reaction intermediates were identified by GC coupled with
mass spectrometry.
The conversion of DMA was used to present the catalyst activity and calculated as a ratio of consumed DMA
moles to initial DMA moles using Equation 1. The selectivity to products was calculated as a ratio of the product
moles formed to the total moles of products formed according to Equation 2.
𝑛𝑛!"#$ − 𝑛𝑛!"#
(1)
𝐷𝐷𝐷𝐷𝐷𝐷 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, % =
× 100%
𝑛𝑛!"#$
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡𝑡𝑡 𝑖𝑖, % =

𝑛𝑛&
× 100%
𝑛𝑛'()*+,-.

(2)

Results and discussion

Catalyst characterization
The composition of the CuZnAl catalyst determined by XRF was 54.8 at% of Cu, 25.8 at% of Zn, 19.2 at% of Al and
0.2 at% of Si. The phase composition of the as-received catalyst obtained from XRD is shown in Figure 2. The
major phase CuO was easily identified, but due to peaks overlapping it was not possible to identify the minor
phases. Most likely, there were two different hydroxycarbonate structures: the copper-zinc mineral phase and
the zinc-aluminium mixed oxide phase. Interestingly, the diffractogram corresponds to the results reported in
the literature for the calcined CuZnAl catalyst prepared by co-precipitation14. But the minor phases coincide with
the hydroxycarbonate phases present in the XRD pattern of the catalyst precursor, more precisely zincian
malachite and hydrotalcite14. The used catalyst was also characterized by XRD (Figure 3). Apparently,
copper (II) oxide was reduced mainly to copper and partly to cupric oxide. Also, the presence of ZnO was
indicated. Hydroxycarbonates, as well as aluminium, were no longer present in XRD pattern. The absence of Al
could be caused by its amorphous phase8.

349

ICCT 2018 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY
Figure 2. The X-Ray diffraction pattern for the as-received catalyst

Figure 3. The X-Ray diffraction pattern for the used catalyst
The TPR profile of the catalyst (Figure 4) showed a single peak with a maximum at about 220 °C that corresponds
to the CuO reduction8. This temperature is in a good agreement with the TPR profiles of the calcined CuZnAl in
literature8. According to the TPR results, the temperature of 220 °C was used as the reduction temperature
during the experiment.
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Figure 4. The TPR profile of the as-received catalyst
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Catalytic performance in DMA hydrogenolysis
The results of the catalyst testing, as a dependence of the DMA conversion on the reaction temperature is
reported in Figure 5. Evidently, the temperature has a significant influence on the feed conversion. The highest
conversion of 79% was obtained at the maximum tested temperature of 190 °C.
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Figure 5. Dependence of DMA conversion on the reaction temperature
Also we analysed the reaction mixture by GC-MS to identify the structure of compounds. Various by-products
formed by transesterification reactions were found. The complete reaction pathway for their formation was
presented by Kubicka et al.15. Clearly, the constantly flowing DMA feed could react with a newly formed molecule
of hexane-1,6-diol in the reactor, as shown in Figure 6.
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Figure 6. An example of the transesterification reaction occurred during the DMA hydrogenolysis15
The selectivity to hexane-1,6-diol and to the sum of transesterification products are presented in Table I. These
results show that at low conversions of DMA there is a higher probability of the transesterification products
formation. Beside the mentioned by-products there also a reaction intermediate, methyl 6-hydroxyhexanoate,
is formed, and there is a minor amount of cyclic products.
Table I
Selectivity to reaction products
DMA conversion, %

Selectivity to
hexane-1,6-diol, %

Selectivity to the sum of
transesterification products, %

11.1
25.5
50.9
79.4

1.82
3.78
8.20
23.92

91.97
83.08
77.70
58.63

We also investigated the time-on-stream effect on the catalyst activity. The results (Figure 7) showed that after
24 hours on stream the conversion decreased for all reaction temperatures. The deactivation was probably
caused by carbonaceous deposits formed on the catalyst surface. The elemental analysis determined the carbon
content of 11.7 wt% in a sample of the used catalyst in contrast to the 1.7 wt% in a sample of the fresh catalyst.
90%
80%
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DMA conversion, %

70%

Freshly charged
After 24 hours

69%

60%
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37%

40%
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30%

16%

20%
10%
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175

160
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Figure 7. Effect of 24 hours time-on-stream on the DMA conversion

Conclusion
We investigated the performance of a commercial CuZnAl catalyst as a potential catalyst for the dimethyl adipate
hydrogenolysis. During the experiment, it was possible to obtain the satisfactory 79 % conversion of DMA (190 °C,
16 MPa, WHSV=1.9 h–1). However, the selectivity to the desired product, hexane-1,6-diol, did not exceed 24 %,
therefore, it must be improved. That motivates us to further research on the relationship between the CuZnAl
catalyst structure and its activity. Moreover, this study provides a substantial foundation for a preparation of the
optimised CuZnAl catalyst.
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Abstract
Polyacetylene networks decorated with pendant ethynyl groups were tested as catalysts for isomerization of
β-pinene oxide (βPO). The crucial effect of the amount of terminal ethynyl groups on the reaction course was
confirmed, the final conversions of βPO were 93 % resp. 55 % using PN-CAT p(TEB) resp. p(DEB) as a catalyst. The
reaction rates were also affected by the reaction temperature, the achieved conversions of βPO were 100 % resp.
11 % (1 h) in the case of 100 °C resp. 50 °C. The basicity of used solvent influenced significantly the reaction
course. Using less basic solvents (toluene, 1,4-dioxane or acetonitrile) the conversions of βPO about 70 % were
achieved comparing to the more basic solvents (dimethyl sulfoxide, diphenyl sulfoxide or 2,4-dimethyl sulfolane),
where almost total conversions of βPO were obtained (4 h). PN-CATs could be possibly used as catalysts for this
type of reaction achieving good yields of desired products.

Introduction
β-Pinene is an important biomass product, which can be found e.g. in turpentine oil. Its transformation into
β-pinene oxide can be achieved by epoxidation. Due to the non-specific organoleptic properties of these two
compounds, β-pinene oxide is often transformed into more appealing substances, such as myrtanal, myrtenol or
perillyl alcohol.1
The selectivity to products of rearrangement of β-pinene oxide can be affected by the reaction conditions. Using
Lewis acids (e.g. Sn-MCM411, Zr-Beta2 or Sn-Beta3) as catalysts of this reaction, the formation of myrtanal and
myrtenol was preferred1 whereas the prior formation of perillyl alcohol was observed using the combination of
strong acid and base for catalysis.4,5 The selection of solvent can also affect the reaction course, using more basic
solvents (defined by the donor number) together with acid catalysts of BrØnsted type, the prior formation of
perillyl alcohol was observed.6 This reaction provides also other products apart from the above mentioned ones
(Fig. 1).

M
P
Figure 1. Reaction scheme of β-pinene oxide isomerization – I β-Pinene oxide, II Myrtanal, III Myrtenol,
IV Myrtanol (I + II + III labelled as “M”), V Perillyl alcohol, VI Perillyl aldehyde, VII Isoperillyl alcohol, VIII Anthemol
(V + VI + VII + VIII labelled as “P”)
Polyacetylene networks (PN-CATs) decorated with terminal ethynyl groups prepared by chain-growth
polymerization of multiethynylarenes7 are characterized by high specific surface area (over 700 m2 g-1) and
solvent independent micro/mesoporosity, which foreshadows their possible catalytic application in acid
catalysed reactions. These materials were successfully used as catalysts for acetalization of linear aldehydes with
methanol and esterification of carboxylic acid with methanol.8
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Experiments
Materials
1,4-Diethynylbenzene (DEB), 1,3,5-triethynylbenzene (TEB), tetrakis(4-ethynylphenyl)methane (TEPM) and
acetylacetonato(norborna-2,5-diene)rhodium(I) ([Rh(nbd)acac]) were purchased by TCI Europe and used as
obtained, dichlormethane (DMC) (Lach-Ner) was distilled from P2O5. Acetonitrile (ACN), 1,4-dioxane (1,4-DO),
dimethyl sulfoxide (DMSO), diphenyl sulfoxide (DPSO) and toluene (TOL) were purchased by Penta and
2,4-dimethyl sulfolane (2,4-DMS) from Lachema.
PN-CATs preparation
Polyacetylene networks (PN-CATs) were prepared according to the procedure described earlier.7 All chain homopolymerizations were catalysed by [Rh(nbd)acac] complex in DCM at 70 °C. Typical example of polymerization
reaction for PN-CAT p(TEPM): 1 g of monomer was dissolved in 15 mL of DCM (0.25 mol·L-1) and placed into a
sealed thick-wall ampoule under Ar atmosphere, then a solution of catalyst 0.059 g in 1 mL of DCM (0.018 mol·L1
) was added under stirring into the ampoule to start the polymerization. After 3 days of reaction at 70 °C, the
precipitated polymer was separated, washed repeatedly with DCM until the clear filtrate was obtained. The solid
catalyst was dried in vacuum at room temperature for 7 days and the yield of polymer was determined
gravimetrically.
PN-CATs characterization
For characterization of prepared PN-CATs CP/MAS NMR and nitrogen adsorption were used.
All 13C CP/MAS spectra were measured at 11.7 T using a Bruker Avance 500 WB/US NMR spectrometer in
a double-resonance 4 mm probe head at spinning frequency 20 kHz. The length of 90° (1H) pulse was 2.5 µs, the
strength of spin-polarization contact time was 3 ms to reach quantitative results. Active cooling was used to
compensate frictional heating of rotating samples.9
Nitrogen adsorption/desorption isotherms were measured at 77 K using a static volumetric adsorption system
TriFlex analyser (Micromeritics, Norcross, USA). The samples were degassed at 373 K for 12 h before the N2
analysis. The adsorption isotherms were fitted using the Brunauer-Emmet-Teller (BET) method to obtain specific
surface area (SBET) and t-plot method for obtaining external specific surface area (SEXT), consequently, the specific
surface area of micropores was calculated as Smicro = SBET – SEXT.
Catalytic tests
The isomerizations of β-pinene oxide were performed in a stirred batch reactor (600 rpm) according to the
following procedure: 10 mg of PN-CAT was placed into the 25 mL flask and 3 mL of solvent were added, then the
suspension was stirred for 20 min to solvate the surface of PN-CAT. Then, 100 mg of β-pinene oxide was added
drop-wise under stirring and the reaction course was monitored by Gas Chromatography (the taken samples
were centrifuged and the liquid phase was diluted by solvent and analysed).

Discussion and result analysis
PN-CATs characterization
The structures of monomers (tetrakis(4-ethynylphenyl)methane, 1,3,5-triethynylbenzene and 1,2diethynylbenzene) used for the preparation of polyacetylene networks and the structure of polyacetylene
network prepared from TEB monomer are displayed in Fig. 2. This type of polyacetylene networks are
characterized with intensive cross-linking of polyacetylene chains, conjugated character of whole material and
also with the content of pendant ethynyl functional groups. The structural characteristics, which were obtained
from adsorption of nitrogen and CP/MAS NMR analysis were summarized in following picture (Fig. 3. A, B) and
Table I.

Figure 2. The structures of used monomers and the structure of polyacetylene network PN-CAT p(TEB)

354

ICCT 2018 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY
Table I
Surface properties of polyacetylene networks (PN-CATs)
Polymer

SBET
(m2·g-1)

SMICRO

VMICRO

DP

(m2·g-1)

(cm3·g-1STP)

(nm)

Amount of residual
ethynyl groups
(mmol·g-1)

PN-CAT p(DEB)

1007

832

0.4

0.8

2.9

PN-CAT p(TEB)

914

741

0.2

0.8

6.7

PN-CAT p(TEPM)

711

699

0.3

0.7

4.1

Figure 3. Adsorption isotherms (A) and CP/MAS NMR spectra (B) of prepared polyacetylene networks (PN-CATs);
(PN-CAT p(DEB) line, PN-CAT p(TEB) dashed line, PN-CAT p(TEPM) dots)
All three prepared PN-CATs are characterized by large specific surface areas (over 700 m2 g-1), in the case of PNCAT p(DEB) even over 1000 m2 g-1 (Table 1). The shapes of adsorption isotherms (Fig. 3. A) of PN-CAT p(DEB) and
PN-CAT p(TEB) are typical for materials, which contain both micropores and mesopores, in comparison to the
shape of adsorption isotherm of PN-CAT p(TEPM), which was strictly microporous. The predominant content of
micropores in all mentioned materials is also visible from Table 1., where the external specific surface areas and
micropores specific surface areas were summarized. Based on the CP/MAS NMR analysis, the amount of residual
ethynyl groups was determined (from the intensity of signals in the region 150 – 100 ppm). There was no straight
trend between the amount of ethynyl groups in monomer and amount of residual ethynyl groups in prepared
PN-CAT. The highest amount of pendant ethynyl groups was detected in PN-CAT p(TEB) (6.7 mmol g-1) compared
to the lowest amount in PN-CAT p(DEB) (2.1 mmol g-1).
Catalytic test
The catalytic activities of above mentioned PN-CATs were tested in the isomerization of β-pinene oxide. The
combination of acid catalyst of Brønsted type (PN-CAT) and basic solvent should lead to the preferred formation
of group of products “P” (see Fig. 1.), the value of basicity of the solvent can also influence the reaction rate.
Influence of catalyst type
Firstly, the comparison of three prepared types of PN-CAT was carried out. In a following picture (Fig. 4.) the data
of these experiments were summarized. The catalytic activity was dependent on the amount of terminal ethynyl
groups in PN-CATs (Table 1.). The most active material was PN-CAT p(TEB) (6.7 mmol g-1) followed with PN-CAT
p(TEPM) (4.1 mmol g-1) and PN-CAT p(DEB) (2.9 mmol g-1). Using PN-CAT p(TEB) and p(TEPM), the relatively high
conversions of βPO were obtained (93 resp. 89 % in 4 h) comparing the use of PN-CAT p(DEB), where the
conversion of βPO was only 55 % after 4 h of reaction. The selectivities to the group of products “P” (see Fig. 1)
were comparable in all three cases (around 78 %). The results of catalytic activity of these materials corresponded
with results obtained earlier in another reaction, acetalization of aliphatic aldehydes with methanol.8
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Figure 4. Isomerization of β-pinene oxide using three types of PN-CAT (PN-CAT p(DEB) - circles, p (TEB) – triangles
and p(TEPM) – squares); 100 mg βPO, 10 mg PN-CAT, 3 mL DMSO, 80 °C
Influence of reaction temperature
Three reaction temperatures were tested using PN-CAT p(TEB) as a catalyst for isomerization of β-pinene oxide
(Fig. 5.). The obtained results showed the direct effect of increasing reaction temperature on the reaction rate.
In the case of 50 °C the conversion of βPO achieved only 11 % after 5 min of reaction and despite the prolongation
of the reaction time, the conversion remained the same. In the case of using two higher reaction temperatures,
markedly higher conversions of βPO were obtained. Using 100 °C the total conversion of βPO was achieved after
1 h of reaction and using the 80 °C the reaction was slower - conversion of βPO was 93 % after 4 h of reaction.
Further increase of reaction temperature was not possible, because of the stability of the catalysts used. The
long-term exposure of PN-CAT to temperatures above 100 °C induced the loss of pendant ethynyl groups and
thus the loss of catalytic activity.8 The selectivities to the group of products “P” were 77 % in the cases when
(almost) total conversions of βPO were achieved.

Figure 5. Dependence of β-pinene oxide conversion at three reaction temperatures (50 °C – circles, 80 °C –
squares, 100 °C – triangles); 100 mg βPO, 10 mg PN-CAT p(TEB), 3 mL DMSO
Influence of solvent type
As it was mentioned in the introduction part, the type of the solvent can affect the reaction course of
isomerization of β-pinene oxide. Six various solvents were used for the comparison, namely 1,4-dioxane (1,4-DO),
toluene (TOL), acetonitrile (ACN), dimethyl sulfoxide (DMSO), diphenyl sulfoxide (DPSO) and 2,4-dimethyl
sulfolane (2,4-DMS). The reaction rates and selectivities to the group of products “P” were summarized in Fig. 6.
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Figure 6. A: Reaction courses of isomerization of βPO using various solvents, B: Selectivities to the groups of
products “P” and “M”; 100 mg βPO, 10 mg PN-CAT p(TEB), 3 mL solvent, 80 °C
From the picture (Fig. 6.) the straight influence of solvent type is visible. Using solvents, which contain sulfoxide
or sulfolane functional groups (Fig. 6. - black curves) the higher conversions of βPO after 4 h of reaction were
obtained (above 90 %) in comparison to the commonly used solvents for organic reactions, TOL, ACN and 1,4-DO
(Fig. 6. – grey curves), where the obtained conversions of βPO were only about 70 %. Even in the case of using
2,4-DMS as a solvent, the total conversion of βPO was detected in the first taken sample (5 min). The reaction
proceeded only during the first 5 minutes of the reaction in the case of TOL, ACN and 1,4-DO. With increasing
basicity10 of used solvent increased the reaction rate. Selectivity to the group of “P” product was the highest in
the case of 1,4-DMS (91 %). Using TOL, ACN or 1,4-DO as a solvent none of “P” products was detected in the
reaction mixture.
Influence of solvent ratio
The influence of solvent ratio was tested with the aim of finding possible synergic effect between the solvents.
Three combinations were suggested, 2,4-DMS with TOL, 2,4-DMS with ACN and 2,4-DMS with 1,4-DO. In Table
II, the obtained results for the combination of 2,4-DMS with TOL were summarized. The combinations of 2,4-DMS
with AN or 1,4-DO showed the same trend.
Table II
Isomerization of βPO using various ratios of solvent mixture TOL:2,4-DMS; 100 mg βPO, 10 mg PN-CAT p(TEB), 3
mL solvent mixture, 80 °C
Conversion of
βPO (rel. %)

Solvent mixture

Selectivity to „P“
products (rel. %)

2,4-DMS (mL)

TOL (mL)

5 min

4h

4h

2

1

96

100

80

1

2

51

70

78

0.5
2.5
55
76
60
The obtained results in abovementioned table imply the negative influence of using TOL as an additive solvent.
Using only 2,4-DMS as a solvent (Fig. 6. A), the total conversion of βPO was achieved after 5 min of reaction (Fig.
6. A) and the selectivity to the group of products “P” was around 91 % (Fig. 6. B). Increasing the amount of TOL
the reaction rate and also the selectivity decreased. Adding only 1 mL of TOL the conversion of βPO was 96 %
after 5 min, which is comparable with results obtained using pure 2,4-DMS. Nevertheless, the selectivity to the
group of products “P” decreased rapidly and was only 80 %. No synergic effect between these solvents can be
found. The basicity of used solvent or solvent mixture has a crucial effect on the reaction course in combination
with PN-CAT type of catalyst.
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Conclusion
The possible application of PN-CATs as acid catalysts for isomerization of β-pinene oxide was confirmed in this
work. The amount of pendant ethynyl groups in the material had a crucial effect on the catalytic activity of
PN-CATs. The highest reaction rate was observed using PN-CAT p(TEB) as a catalyst. This material contained the
highest amount of terminal ethynyl groups (6.7 mmol g-1) from all three materials. The reaction rate can be also
affected by increasing the reaction temperature, markedly higher conversion (1 h) was achieved at 100 °C (99 %)
comparing to 50 °C (11 %). Basicity of used solvent influenced reaction rate as well as the selectivity to the group
of products “P”. Using less or non-basic solvents (TOL, 1,4-DO or ACN) the conversions of βPO were around 70 %
at maximum and the 100 % selectivity to the group of products M was observed. If a solvent with higher basicity
was used (DMSO, DPSO or 2,4-DMS), higher reaction rates (conversions of βPO about 100 %, 4 h) and higher
selectivities to the group of products “P” were achieved. The combinations of less-basic and more-basic solvent
did not show any improvement in the reaction course. PN-CATs exhibited good catalytic activity in the studied
reaction and these materials can be possibly used as catalysts for the production of “P” as well as “M” products
depending on the solvent type.
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Abstract
This work focuses on utilization of layered double hydroxides for aldol condensation of campholenic aldehyde
with propanal or butanal. The influence of reaction conditions (Mg:Al molar ratio and conditions of LDHs
activation) on reaction course were studied in order to produce aldehydes 2-methyl-4-(2,2,3-trimethylcyclopent3-en-1-yl)but-2-enal and 2-ethyl-4-(2,2,3-trimethylcyclopent-3-en-1-yl)but-2-enal. Campholenic aldehyde was
prepared by α-pinene oxide isomerization with ZnBr2 (total conversion, 89% selectivity to campholenic aldehyde,
70 °C, toluene). Layered double hydroxides (LDHs) with Mg:Al molar ratio ranging 2:1 – 3:1 were characterized
by various techniques (AAS, XRF). It was found, that catalysts were inactive in campholenic aldehyde and
propanal (butanal) condensation under tested reaction conditions. Only auto-condensation products of propanal
and butanal occurred in the reaction mixture (up to 79%).

Introduction
Traditionally, aldol condensations are catalysed by hydroxides (NaOH, KOH, etc.), but their use leads to
wastewater and corrosion problems.1 Various solid base materials are studied with the intention of eliminating
these problems. Layered double hydroxides (LDHs), or hydrotalcite-like materials (HT), are one promising group
of catalysts for aldol condensations.2 As examples of LDHs applications can be mentioned aldol condensations of
furfural with acetone in fuel intermediate production3, citral with acetone4,5 or methylethylketone5 and
benzaldehyde with heptanal in fragrance synthesis and many other reactions such as esterification, greenhouse
gas abatement or hydrogenation6.
This work focuses on utilization of LDHs for aldol condensation of campholenic aldehyde (CA) with propanal or
butanal (Fig 1, 2). If propanal (resp. butanal) is used, than the desired product is 2-methyl-4-(2,2,3trimethylcyclopent-3-en-1-yl)but-2-enal (resp. 2-ethyl-4-(2,2,3-trimethylcyclopent-3-en-1-yl)but-2-enal, also
known as Levosandal®). Subsequently these compounds can be hydrogenated to obtain fragrances like
Brahmanol® and Levosandol® from the sandalwood family. Other method that could be used for Levosandol®
preparation is Meerwein-Ponndorf-Verley reduction.
In this work the catalytic activity of hydrotalcite-like compounds with various Mg:Al molar ratios has been studied
in a model reaction of campholenic aldehyde with propanal or butanal in order to obtain aldehydes that can be
subsequently hydrogenated to fragrances.

Figure 1. Aldol condensation of campholenic aldehyde with propanal followed by hydrogenation to Brahmanol

Figure 2. Aldol condensation of campholenic aldehyde with butanal followed by hydrogenation to Levosandol
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Experimental
Catalyst preparation
Catalysts were prepared by co-precipitation method at constant pH = 10. Na2CO3 solution was heated to 70 °C in
a glass reactor and stirred. NaOH and nitrate solutions (with the given Mg:Al molar ratios) were added dropwise
into the reactor and pH of the mixture was maintained at constant level. After the addition of the entire volume
of solutions, the mixture was stirred for 1 hour. Than the solid phase was filtered, washed by distilled water and
filtered again. The last step was overnight drying at 110 °C.
Catalyst activation
Prepared precursors were calcined at 500 °C for 6 h. 0.5 g of calcined material (calc) was rehydrated in degassed
water (50 ml) at room temperature and N2 or Ar atmosphere for 2 h. Catalysts were dried using the vacuum
evaporator also under Ar atmosphere. Prepared rehydrated catalysts (reh) were used the same day or the day
after.
Catalyst characterization
For determination of actual Mg:Al molar ratios of prepared catalysts were used two methods atomic absorption
spectroscopy (AAS) and X-ray fluorescence (XRF).Using the AAS analytical technique, the samples were measured
on an Agilent 280 FS AA absorption spectrometer with a flame atomization technique. The source of
monochromatic primary radiation was a low-pressure, neon-filled discharge lamp with hollow cathode. The
evaluation of the results was performed by the calibration curve method. Measurement conditions were as
follows: Al (acetylene and nitrous oxide, wavelength 309.3 nm) and Mg (acetylene and nitrous oxide, 285.2 nm).
XRF analysis was performed by ARL 9400 XP sequential WD-XRF spectrometer. It was equipped with a Rh anode
end-window X-ray tube (4GN) fitted with beryllium window (50 μm). Data were collected by software WinXRF in
vacuum. The obtained data were evaluated by software Uniquant 4. The analysed powdered materials were
pressed into pellets (5 mm x 40 mm, no binding agent needed) and covered with supporting polypropylene film
(4 μm.) The time of measurement was approximately 15 min.
Preparation of campholenic aldehyde
The method taken from literature7 was slightly modified as follows. Campholenic aldehyde was prepared by acidcatalysed α-pinene oxide (APO, 100 ml) isomerization with ZnBr2 (3 wt%) in toluene (100 ml) at 70 °C. APO was
added dropwise for 1 h and the mixture was stirred for additional 1 h. After cooling down, the mixture was
washed by saturated aqueous NaHCO3 solution (5x50 ml) and brine (3x50 ml). Than it was dried over anhydrous
Na2SO4 overnight, filtered and the solvent was evaporated under vacuum. Product (CAraw) was obtained by
distillation performed under reduced pressure (bp 46 °C at 2.7 mbar).
Reaction procedure
Aldol condensation of campholenic aldehyde with propanal or butanal was carried out in a 25 ml flask equipped
with condenser. Catalyst (40 wt% with respect to CA) and propanal (resp. butanal) were heated to 50 °C (resp.
70 °C). Prepared CAraw was then added. Molar ratio of CA : propanal (butanal) was 1 : 10. The mixture was stirred
for 4 to 5 hours. Taken samples were diluted with methanol, centrifuged and liquid part analysed using a gas
chromatograph Varian GC equipped with CP-SIL 8 column (30 m, 0.25 mm diameter, 0.25 μm film).

Results and discussion
Synthesis and characterization of LDHs
A series of LDHs were prepared with different ratios of Mg:Al in the range from 2.0 to 3.0 (Tab. I). These catalysts
were prepared and then activated as described in the experimental section. For determination of Mg:Al molar
ratio of prepared catalysts were used two methods – atomic absorption spectroscopy (AAS) and X-ray
fluorescence (XRF). Determined molar ratios are slightly higher than intended, but the results are within the
measurement error.
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Table I
Mg : Al molar ratio of catalysts determined by AAS and XRF
Mg:Al molar ratio
Catalyst
Desired
AAS
XRF
HT2
2.0 : 1
2.17 : 1
2.26 : 1
HT2.5
2.5 : 1
2.65 : 1
2.79 : 1
HT3
3.0 : 1
3.07 : 1
3.23 : 1
Catalytic tests
Campholenic aldehyde was prepared by acid-catalysed isomerization of commercially available α-pinene oxide
with 89% selectivity (Fig 3). After purification, CAraw was obtained in the yield of 63 % with 93% purity. Impurities
included other isomers with the same molar mass. Calculations of catalyst amount and reactants molar ratio in
this work have been made with respect to actual content of CA in CAraw.
ZnBr2
Toluene

Figure 3. Preparation of campholenic aldehyde by acid-catalysed α-pinene oxide isomerization
Activity of Mg/Al layered double hydroxides with Mg:Al molar ratios ranging from 2:1 to 3:1 was tested in aldol
condensation of campholenic aldehyde with propanal or butanal. These reactions lead to a formation of
fragrance intermediates 2-methyl-4-(2,2,3-trimethylcyclopent-3-en-1-yl)but-2-enal and 2-ethyl-4-(2,2,3trimethylcyclopent-3-en-1-yl)but-2-enal. Results are reported at time, when reactions were stopped.
Unfortunately, obtained results showed that no product of cross-aldol condensation occurred in the reaction
mixture (Fig 4, 5). Only auto-condensation of propanal or butanal occurred (Figure 6). Therefore for further
evaluation CA concentration was neglected. As it can be seen in Figure 4, calcined catalyst in the form of mixed
oxides was not active even in propanal auto-condensation. Under chosen reaction conditions, 67% conversion
of propanal was achieved after 5 h using 80 wt% of rehydrated HT2, but with prolonged reaction time the
reaction would probably continue. Similar result was obtained using HT2.5. However, a small amount of 2,4dimethylhepta-2,4-dienal (trimer) was also detected in the presence of this catalyst. As shown in Figure 4b, the
higher the amount of rehydrated catalyst used, the higher propanal conversion was observed. This trend as well
as of trimer occurrence can be due to higher content of magnesium cations in the catalyst.
Due to higher boiling point of butanal, reactions could be performed at higher temperature of 70 °C. Using
butanal similar results were obtained (Fig 5). To study further trimer formation, a catalyst with higher Mg:Al
molar ratio 3:1 was used instead of 2.5:1. Calcined HT2 in weight amount of 40% to CA exhibited no catalytic
activity as same as in case of propanal auto-condensation (Fig 4a). However when higher amount of calcined HT3
(60 wt%) was used to catalyse the reaction a formation of small amount of butanal dimer and trimer was
observed. In the presence of rehydrated HT2 catalyst, only dimer occurred similarly as in the case of propanal
auto-condensation. As it can be seen in Figure 5b, product concentration has increased with the increasing
amount of catalyst. This corresponds to the results obtained from aldol condensation of campholenic aldehyde
with propanal. When using 80 wt% of HT3 (with respect to CA), 80% butanal conversion and 79% dimer
concentration was achieved.
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Figure 4. Aldol condensation of campholenic aldehyde and propanal over a HT2 (5 h) and b HT2.5 (4 h) (CA:PAL
1:10, 50 °C, 5 h, catalyst amount with the respect to CA)
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Figure 5. Aldol condensation of campholenic aldehyde and butanal over a HT2 and b HT3 (CA:BAL 1:10, 70 °C,
5 h, catalyst amount with the respect to CA)
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Figure 6. Auto-condensation of a propanal and b butanal leading to dimer in the first step and subsequently to
trimer
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Conclusions
Campholenic aldehyde was successfully prepared by acid catalysed isomerization of α-pinene oxide with 93%
selectivity and 63% yield. Prepared layered double hydroxides with various Mg:Al molar ratios were tested in a
model reaction of campholenic aldehyde with propanal or butanal. Under reaction conditions chosen for initial
experiments, catalysts both in calcined and rehydrated form seemed to be inactive in this reaction. Only autocondensation products of these aliphatic aldehydes occurred in the reaction mixture with up to 79% conversion
of butanal after 5 h.
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Abstract
Heterogeneously catalyzed nitrile hydrogenation is one of the basic methods of industrial production of many
important amines. Generally, this reaction leads to a mixture of primary, secondary and tertiary amines. The
chemical nature of metal in the catalyst has decisive influence on the reaction selectivity; the effects of other
reaction parameters are much less pronounced. In this study, the effect of palladium particle size in Pd/Al2O3
catalysts on the kinetics of hydrogenation of model nitrile, isobutyronitrile, has been studied. The mixture of
diisobutylamine and triisobutylamine was the product of the liquid-phase hydrogenation catalyzed by series of
2.9% Pd/Al2O3 catalysts varied in their size of elementary Pd crystallites with the range of 2.2 to 32 nm. The
specific activity of the catalyst in the hydrogenation was found to decrease with increasing value of particle size.
Further, an increase of Pd particle size resulted in a slightly increased formation of the secondary amine at the
expense of the tertiary one.

Introduction
Heterogeneously catalyzed nitrile hydrogenation is one of the basic methods of industrial production of many
important amines. It is usually performed in the liquid phase under an elevated hydrogen pressure. Generally,
this reaction leads to a mixture of primary, secondary and tertiary amines. Owing to the existence of reactive
intermediates, the nitrile hydrogenation is a complex process comprising several consecutive and competitive
reactions of different characters. Although the formal reaction scheme for the formation of primary, secondary
and tertiary amines is well known (Scheme 1), the detailed mechanisms of the reactions proceeding on the
surface of the hydrogenation catalyst and yielding the respective amines are much more complicated and are
discussed in detail in the comprehensive review1. While the hydrogenation steps necessarily require metal
catalysis, the condensation steps leading to secondary and tertiary amines are generally acid-catalyzed reactions.
However, it was proved that, in nitrile hydrogenation in the liquid phase, condensation reactions also proceed
on the metal surface with no participation of the acidic support of the catalyst.1

Scheme 1. Formal reaction scheme for the hydrogenation of nitriles1,2
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Depending on the catalyst chosen and the reaction conditions, a primary, secondary or tertiary amine can
predominate in the hydrogenation products. Cobalt and nickel show a high selectivity for primary amine
formation, whereas platinum and palladium act selectively to yield higher (i.e., secondary and tertiary) amines.
It is assumed that the differences in the selectivities of nitrile hydrogenation catalyzed by various metals are
caused by the different ways reactive intermediates are bound onto the metal surface.1,2,3 The chemical nature
of metal in the catalyst has decisive influence on the reaction selectivity; the effects of other reaction parameters
are much less pronounced. Even so, we wanted to find out to what extent the selectivity of the nitrile
hydrogenation can be affected by the size of the metal particles in the solid catalyst.
The effect of metal particle size d in supported metal catalysts on the catalytic properties has been extensively
investigated and reviewed.4,5 Most investigations have been confined to the rate of the reaction. No information
in the literature is about the effect of metal particle size in supported metal catalysts on the selectivity of nitrile
hydrogenation. In this study, the effect of palladium particle size in Pd/Al2O3 catalysts on hydrogenation kinetics
of model nitrile, isobutyronitrile (IBN), has been studied. Series of 2.9 % Pd/Al2O3 catalysts varied in their size of
elementary Pd crystallites with the range of 2.2 to 32 nm was prepared and tested in the hydrogenation.

Experimental
Catalysts were prepared by the optimized reverse microemulsion (water-in-oil) method using commercial gamaalumina (SBET= 313m2/g) as a catalyst support, 1M solution of PdCl2 and the molar ratio water : surfactant (IGEPAL
CO-520) 4: 1. Details of the procedure are presented in the study7. After washing, drying and calcinating at 350
°C the active component of the catalyst in the form of palladium oxide was reduced to metallic palladium in gas
phase using hydrogen7. A set of catalysts with the same Pd content but different Pd dispersion was prepared by
controlled sintering described in study7.Prepared catalysts were characterized by dynamic pulse chemisorption
of carbon monoxide according the study6 and by transmission electron microscopy (HRTEM).
Hydrogenation runs were carried out under a constant pressure of 5 MPa at 120 °C in the liquid phase. 10wt.%
isobutyronitrile in cyclohexane and the powder catalyst were the charge. All kinetic measurements were
performed in the kinetic regime. A laboratory stirred batch reactor (Parr 4564 + 4842) of volume 160 mL was
used. The reactor was equipped with a sampling probe with a frit of porous steel, which allowed sampling of
liquid free from catalyst solids. The hydrogenation course was monitored by measuring the time dependence of
hydrogen consumption and by GC analysis of reaction mixture samples withdrawn at suitable time intervals.
Shimadzu GC-17A gas chromatograph equipped with a flame-ionization detector was used for quantitative
analysis of liquid samples. A DB-5 capillary column of length 30 m was used for analysis. Components of the
reaction mixtures were identified by comparison of their elution times with those of analytical standards and by
GC-MS analysis using Shimadzu QP 2010 instrument.

Results and discussion
The effect of metal particle size in the catalyst on hydrogenation kinetics of model nitrile, isobutyronitrile (IBN),
was studied using Pd/gama-Al2O3 catalysts. By the optimized reverse microemulsion method were prepared
catalysts with the Pd content 2.9 wt.% and high Pd dispersion characterized by the mean value of particle size d=
2.2 nm (after reduction). Unlike an ordinary wet impregnation technique, the chosen microemulsion method
allowed preparing the catalyst showed a narrow particle size distribution, containing 80% Pd crystallites in the
range 1 – 3 nm (evaluated by HRTEM).7 The reduced catalyst was divided into 5 parts, which were treated in the
range from 500 °C to 950 °C in an inert atmosphere for 2 h. In this temperature range, changes of BET surface
area of the catalyst support were observed (constant SBET ~ 273 m2/g). Pd particle sintering proceeded very fast
at temperatures above 500°C. Catalysts calcined at higher temperatures in the range from 750 °C to 950 °C
showed almost the constant value of the d ~ 30 nm. Pd particle size after reaching a certain value did not further
increase. The largest particles were up to 80 nm. Thus, a set of 2.9% Pd/Al2O3 catalysts varied in their mean size
of elementary Pd crystallites with the range of 2.2 to 32 nm was prepared (see Table I) and the catalysts were
tested in isobutyronitrile hydrogenation.
The mixture of diisobutylamine (DIBA) and triisobutylamine (TIBA) was the product of hydrogenation catalyzed
by series of the catalysts. No isopropylamine (IPA) was formed. Steric factors on the side of the isobutyl chain
prevent to achieve 100% selectivity towards the tertiary amine as observed in the butyronitrile hydrogenation
on a Pd catalyst. A typical course of hydrogenation is shown in Figure 1.
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Figure 1. Concentration profile of isobutyronitrile using 2.9% Pd/Al2O3 with d= 2.2nm.
2g of catalyst, 5MPa, 120°C, 10% IBN in cyclohexane
Due to the high order of the nitrile hydrogenation respect to the nitrile conversion1,3,8,9, the activity of the catalyst
Acat was expressed as the initial rate of hydrogenation of IBN based on the weight of the catalyst. As shown in
Table I, the catalyst activity sharply decreases with the increasing mean Pd particle size of the catalyst used. This
phenomenon is caused by a decrease of the active surface of the catalyst. The catalyst activity corresponds to
the measured value of SPd.
Table I
Influence of calcination temperature on Pd particle mean size and the catalytic activity in hydrogenation of IBN
T calcination
Specific surface area of Pd: SPd
Pd particle mean size
Acat*105
2
[°C]
[m /gPd]
[molIBN/min/gcat]
[nm]
450 / 2 h
170
2.2
16.93
500 / 2 h
70
5.7
4.85
650 / 2 h
25
16.3
3.02
750 / 2 h
14
27.6
2.55
850 / 2 h
13
31.3
2.46
950 / 2 h
12
32.0
2.33
Catalyst preparation: water : surfactant ratio R = 4; csurf in solv. = 0.5 mol/l
Hydrogenation: 120 °C, 5 MPa, 10 % IBN in cyclohexane
To assess the effect of Pd particle size on selectivity, the molar ratio of secondary: tertiary amine was chosen as
the evaluating criterion. As the proportion of tributylamine increases slightly at the expense of dibutylamine
along the increasing nitrile conversion, DIBA/TIBA molar ratio was evaluated at total nitrile conversion, or at the
conversion close to 100%. Figure 2 shows that with the increasing mean particle size Pd of the catalyst used, the
ratio of secondary and tertiary amine increases, i.e. the formation of tertiary amine is slightly suppressed.
Unfortunately, based on these results, the observed phenomenon cannot yet be reliably clarified. Several
hypotheses can be imagined. Crystallite size can affect the binding mode/way of reactive intermediates on the
Pd surface, which may favor one surface step over the other. Another hypothesis operates with the fact that Pd
dissolves hydrogen in its volume to form a Pd-H acid system10-12 (Pd hydrides). With a change of crystallite size,
the amount of "dissolved" hydrogen in the bulk of palladium, and thus the acidity of the active centers, will
change. One could speculate that in smaller Pd particles hydrogen might be dissolved to a higher degree.
Therefore these particles have a more acidic character and the condensation reactions to tertiary amines occur
to a greater extent.
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Figure 2. Influence of Pd particle size on selectivity – molar ratio of secondary to tertiary amine at XIBN 98-99 %

Conclusion
The effect of palladium particle size in Pd/Al2O3 catalysts on the kinetics of hydrogenation of isobutyronitrile was
studied. The mixture of diisobutylamine and triisobutylamine was the product of the liquid-phase hydrogenation
catalyzed by series of 2.9% Pd/Al2O3 catalysts varied in their size of elementary Pd crystallites with the range of
2.2 to 32 nm. The specific activity of the catalyst in hydrogenation was found to decrease with increasing value
of particle size. The catalyst activity corresponds to the measured value of SPd. An increase of Pd particle size
resulted in a slightly increased formation of the secondary amine at the expense of the tertiary one. Explanation
of this phenomenon can only be speculative yet.
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Abstract
Nowadays, analysis of DNA plays an important role in molecular biology and diagnostics (such as diagnosis of
microbial infections, forensic analysis and molecular genetics). With the rapid development of analytical methods
such as NGS (Next Generation Sequencing) and DNA microarray followed by their use in various research and
clinical assays there is a need for techniques for fast isolation of DNA from tissue samples and PCR products.
Currently, isolation on a solid phase is preferred due to easier manipulation, short separation times and lower
cost. Presented work was focused on synthesis of superparamagnetic nanoparticles (Fe 3O4), their encapsulation
by silica shell and further functionalization with amino groups. Different precursors, solvents and their ratios
were used for synthesis of silica shell to obtain layers of various thickness. Those particles were then used for
DNA isolation from PCR products. Optimization of the isolation was carried out and subsequently the influence
of magnetic particles synthesis on the DNA isolation was studied.

Introduction
Magnetic nanoparticles nowadays represent an attractive tool in many fields (growing scientific interest in
magnetic nanoparticles is obvious from Figure 1)1. The broad range of magnetic nanoparticles application is due
to the possibility of their further functionalization by many types of materials. Possible applications of those
particles include water treatment, medicine and biotechnology for therapeutic and diagnostic applications2-4.
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Figure 1. Number of scientific papers on topic “Magnetic nanoparticles” in Scopus database
DNA sequencing using NGS technologies (next generation sequencing) nowadays represents an integral part of
modern research in many fields like medicinal diagnostics and biotechnology (for example inherited diseases
research, oncology research, etc.). Such technologies allow us to sequence DNA faster and cheaper than using
traditional methods5. As they are becoming more and more important there is a need for a fast, reliable and
robust method for DNA isolation and purification from PCR products6,7.
The aim of presented work was a preparation of such particles for isolation of DNA from PCR products.
Synthesis of superparamagnetic magnetite nanoparticles (Fe3O4), their subsequent encapsulation by silica shell
and further functionalization with amino groups were chosen for this purpose. Different silica precursors
(tetraethyl orthosilicate (TEOS), tetrabutyl orthosilicate (TBOS), 3-aminopropyltriethoxysilane (APTES)), solvents
and their different ratios (ethanol, butan-1-ol and methanol) were tested for synthesis of silica shell to obtain
layers of various thickness and therefore particles of different size (see Fig. 2). Optimization of the DNA isolation
was carried out and the influence of particle size on the DNA isolation was studied.
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Figure 2. Precursors used for silica shell synthesis (A) tetraethyl orthosilicate, (B) tetrabutyl orthosilicate,
(C) 3-aminopropyltriethoxysilane

Experimental
Materials
All reagents were used directly as received. Iron(II) sulphate heptahydrate (FeSO4·7H2O), iron(III) chloride
hexahydrate (FeCl3·6H2O), ammonia solution (NH4OH), sodium chloride (NaCl), poly(ethylene glycol) M n=6000
(PEG), (3-Aminopropyl)triethoxysilane, tetraethyl orthosilicate (TEOS) and 2-Amino-2-(hydroxymethyl)-1,3propanediol (Tris) were all purchased from Sigma-Aldrich (USA). Methanol, ethanol and butan-1-ol were from
Penta chemicals (Czech Republic). DNA ladders were purchased from New England Biolabs (USA). Tetrabutyl
orthosilicate was obtained from TCI (Japan). The high pure water used throughout this work was produced by
Milli-Q®Biocel system (Millipore, USA).
Magnetic nanoparticles synthesis
Synthesis of magnetic particles was carried out by coprecipitation of ferric and ferrous ions by a modification of
previously reported method resulting in creation of magnetite nanoparticles. Solution containing ferrous ions
was prepared by dissolving Iron(II) sulphate (0.225 g) in deionized water (22 mL) and the solution of ferric ions
was prepared by dissolving iron(III) chloride hexahydrate (0.425 g) in deionized water (12 mL). After mixing the
two solutions, 25% ammonia solution was added during vigorous stirring (650 rpm) with external stirrer until the
pH of the mixture reached 9. Oleic acid (0.2 mL) was then added to the reaction mixture. The reaction was carried
out for 1 hour at room temperature and then heated to 95 °C for 2 more hours. After that the reaction mixture
cooled was to 25 °C and subsequently acidified with nitric acid to pH 5. Prepared magnetite nanoparticles were
repeatedly washed with water (4 x 100 mL) and ethanol (4 x 100 mL) and then vacuum dried.
Silica shell synthesis and functionalization
Subsequently the magnetite nanoparticles were encapsulated by a shell of silicon dioxide using Stoeber method,
which was further functionalized by amino groups8. The synthesis was carried out using different silica precursors
in mixtures of solvents of various ratios. General synthesis proceeded as follows: 100 mg of the nanoparticles
prepared in the previous step were resuspended with an ultrasonic bath (20 min) in a mixture of solvents (15
mL). A solution of ammonia was added dropwise with vigorous stirring until the pH of the mixture reached 9.
Then silica precursor was added. The resulting mixture was stirred for 12 hours at room temperature. Then 3aminopropyltriethoxysilane was added dropwise. The reaction was continued at room temperature for 24 hours.
DNA isolation from PCR products
Modification of previously described method was used for DNA isolation9. A suspension of functionalized
magnetic particles (10 μL), binding buffer (10 μL) comprising of polyethylene glycol (Mw = 6000) and sodium
chloride (2.5 M) and sample containing polymerase chain reaction products (10 μL) were added to a test tube
for DNA separation. After 10 minutes, the mixture was placed in an external magnetic field to separate the
magnetic particles, subsequently the supernatant solution was discarded. The particles were then washed twice
with 80% ethanol (2x100 μL). Particles were then allowed to dry. Tris buffer (20 μL; 0.5 M, pH 9.5) was then used
as an elution buffer to elute the DNA adsorbed on the surface of the particles.
Characterization of magnetic particles
Two types of microscopy: transmission (EFTEM Jeol 2200 FS; JEOL USA, Inc.) and scanning electron microscopy
(LYRA3; TESCAN, Czech Republic) were used for morphology observation and size measurements. X-ray
diffraction was used to determine crystalline phase of nanoparticles with the Bruker AXS D8 (Bruker, USA)
diffractometer. Determination of oleic acid stabilization and was done using NICOLET 6700 FTIR
spectrophotometer (Thermo Fisher Scientific, USA). For size distribution measurements DLS technique
employing Mastersizer 3000 (Malvern Panalytical, United Kingdom) was used. Magnetic particles were separated
on a MPC-S magnetic particle concentrator (Dynal, Norway). Agarose gel electrophoresis were performed using
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a mini-300 power supply (Major Science, USA). The purification products were visualized on a BlueView
transilluminator MBE-200 (Major science, USA).
Characterization of DNA isolation
Isolated DNA samples were characterized by agarose gel electrophoresis. Agarose gel (0.75% (w/w)) was
prepared in TBE buffer. Samples were running for 150 minutes with voltage of 70 V. Visualization of the samples
was carried out by UV transilluminator.

Results and discussion
Nanoparticles characterization
The X-ray diffraction of magnetic nanoparticles (Figure 3) shows a pattern comprised of peaks, that are all
attributed to the characteristic peaks of magnetite structure (Fe3O4). The crystallite size of prepared
nanoparticles (approx. 9 nm) was calculated using Debye-Sherrer equation.
A TEM image of magnetic nanoparticles is shown in Figure 4. Agglomerates were formed during drying of the
sample.
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Figure 3. XRD pattern of synthetized magnetite nanoparticles

Figure 4. TEM image of synthetized magnetite nanoparticles
Measured FT-IR spectra of magnetite nanoparticles stabilized by oleic acid is shown in Figure 5.
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Figure 5. Stabilization of magnetite nanoparticles by oleic acid (FT-IR)
Silica shell synthesis
As mentioned before, multiple silica precursors and solvents were tested for silica shell synthesis. Detailed list of
all tested combinations exceeds the scope of this full-text. Nevertheless, samples of magnetic particles of various
sizes were successfully prepared; four of those products were chosen for further testing of DNA isolation from
PCR products (see Figs. 6,7 and Table I).
Table I
Magnetic particles used for DNA isolation
#

Approx. size

Solvent mixture

Precursor (mL)

1

10 nm

EtOH:MeOH (4:1)

None

0,2

2

100 nm

EtOH:MeOH (4:1)

TEOS (0,25)

0,5

3

1 µm

EtOH:MeOH (4:1)

TBOS (0,25)

0,5

4

10 µm

1-butanol:MeOH (4:1)

TBOS (0,9)

2,7

1

2

APTES (mL)

3

Figure 6. TEM and SEM analysis of samples 1, 2 and 3
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Figure 7. Size distribution analysis of sample 4
DNA isolation
Prepared particles were all tested for the application of DNA isolation from PCR samples. As we intended the
application of purified DNA sample for NGS analysis, primers from PCR reaction must be removed. We were able
to achieve such properties using high salt (NaCl) and crowding agent (PEG 6000) concentration in binding buffer
(see Figure 8).
It was noticed that not only the binding buffer affects the size selective properties of prepared particles. Size of
the particles influenced the binding of DNA fragments as well. DNA ladder was therefore used as DNA sample
and particles of different size were used for DNA isolation under the same conditions using binding buffer of low
concentration to minimize its effect (see Figure 9).

A

B

C

Figure 8. DNA isolation from PCR product: (A) DNA ladder
(B) PCR product before purification (C) PCR product after purification

Figure 9. DNA ladder isolation using magnetic particles of different sizes (1-5) 1 µm particles
used in different concentrations ranging from 0.3 to 40 mg·ml-1 (6) 10 nm particles (7) 100 nm particles (8) 1
µm particles (9) 10 µm
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It is visible that smaller particles prefer binding of smaller DNA fragments while particles of bigger diameter tend
to bind longer fragments. Isolation yields for fragments smaller than 500 bp and longer than 3 kb were obtained
using image analysis and are summarized in Table II.
Table II
Yields of DNA isolation for different sizes
Fragments
Bigger than 3 kb
Smaller than 500 bp
Particles
10 nm

11%

49%

100 nm

41%

62%

1 µm

92%

17%

10 µm

43%

84%

Conclusion
Magnetite nanoparticles with superparamagnetic properties were synthesized, encapsulated by silica shell and
further functionalized by amino groups. Optimization of different particle size synthesis was carried out. DNA
isolation from PCR products was carried out using prepared particles with the use of DNA precipitation by
polyethylene glycol and sodium chloride. Effect of particle size on DNA isolation was studied and results show
significant differences. For smaller particles a lower yield of longer fragments (more than 3 kb) should be
expected. On the other hand, particles of bigger diameter tend to bind smaller amounts of short DNA fragments
(less than 500 bp).
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Abstract
The study was focused on the measurement of interactions between the components in the binary mixtures in
terms of energy balance based on surface free energy and its dispersive and/or specific components. The binary
mixtures were prepared in the various ratios of poorly water-soluble Tadalafil and carriers, i.e. Kollidon® 12 PF,
Kollidon® VA 64, Parteck® MXP, or Soluplus® which are widely used in the solid dispersions, and Parteck® M DPI
which can be used in dry powder inhalers. Inverse gas chromatography (IGC) was used to assess the surface
parameters. The results indicate that energy analysis of binary mixtures obtained by IGC allows to predict the
preferred interactions between the components (i.e. drug-excipient interactions) or whether the surface energy
is utilized in another way (e.g. to form the particle agglomerates of one component) and therefore, the
components do not interact. The works of adhesion and cohesion were also determined.

Introduction
Since, most of drugs and excipients are formulated into the solid dosage forms, they are usually used in the
powdered form during their manufacturing1. Many phenomena occur at the surface and therefore, they can
relate to the unit operations, such as mixing, tabletting, dissolution, or to the drug stability2,3. Therefore, the
formulation of such forms is dependent on the particle properties, especially surface chemistry and energetics2,4.
Inverse gas chromatography provides useful information about surface properties and thus, it is suitable for the
complete description of powder surface energetics in order to manage their behaviour5. The surface properties
also determine suitable combinations of drug-carrier to achieve uniform mixtures, e.g. for solid dispersions or
dry powder inhalers5-7. Therefore, understanding the inter-particle interactions is very important to produce the
final solid dosage forms of a good quality8. IGC is versatile, powerful and sensitive method which requires no
special sample preparation and various forms of solids can be characterized9.
The aim of this study was to evaluate the interactions between the components in the binary mixtures of drugexcipient type using IGC via establishing the energy balance in terms of the surface parameters (surface free
energy and its components, i.e. dispersive and specific surface energy). The binary mixtures were mixed in
various ratios of poorly water-soluble Tadalafil drug and carriers. Kollidon® 12 PF, Kollidon® VA 64, Parteck® MXP,
or Soluplus® are widely used in the formulation of the solid dispersions and for this reason, they were chosen as
representatives of polymeric carriers. On the other hand, Parteck® M DPI was selected as the representative of
coarse sugar carrier which is used in the dry powder inhaler formulations. The works of adhesion and cohesion
were also calculated for all components and their binary mixtures in order to assess the Tadalafil dispersion in
the carriers.

Materials and methods
Materials
Tadalafil (TAD) was obtained from Zentiva, k.s. (Czech Republic). Kollidon® 12 PF (K12), Kollidon® VA 64 (K64) and
Soluplus® (SOL) were provided by BASF Pharma (Germany). Parteck® MXP (PMXP) and Parteck® M DPI (PDPI)
were obtained from Merck KGaA (Czech Republic). Pentane, hexane, heptane, octane, nonane, chloroform and
ethyl acetate were at least 99 % pure and were purchased from Sigma-Aldrich (Czech Republic).
Preparation of binary mixtures
Binary mixtures of drug and carrier were mixed manually in the ratios of 5:95, 10:90, 15:85, 20:80, and 30:70
(w/w). Moreover, prior to IGC measurements, prepared binary mixtures were conditioned by drying on Petri
dishes in an oven at 40 °C for at least 24 hours to remove the physisorbed water which could affect the values of
surface free energy10,11.
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IGC measurements
The surface free energy and its components, i.e. dispersive and specific surface energy, were determined by
standard gas chromatograph (Shimadzu GC 2010, Japan) equipped with a quadrupole mass analyser (Shimadzu
QP-2010, Japan) which was modified to allow installation of glass column. Prepared and dried binary mixtures
were packed into the glass column which was plugged at either end by silanized glass wool (Shimadzu, Japan)
and was tapped until there were no hollows in the body of the material. Due to the possible moisture adsorption
during handling, the samples were conditioned at 40 °C for 30 minutes to remove residual moisture after
installation of glass column into gas chromatograph prior to the measurements. The analysis was performed at
30 °C, the injector was heated at 150 °C and the detector at 250 °C. The flow rate of carrier gas (dried helium)
was 3-3.4 mL/min. The measurements were performed using pentane, hexane, heptane, octane and nonane
which were used for determining the dispersive component of the surface free energy, and chloroform and ethyl
acetate which were used for determining the specific components of the surface free energy. The dead time was
determined using inert nitrogen which was mixed with non-polar or polar probe in the vials. All vapour probes
were injected at a range of 3 % surface coverages (the specific surface area was determined via nitrogen
adsorption) at infinite dilution in direct or split mode of injector (it depended on the surface area values and
corresponding weight of the sample in the glass column). The probes were injected at least five times to give
measure reproducibility. The dispersive component was obtained using the Schultz et al. approach12 and the
specific component was calculated according to the van Oss et al. concept13.

Results and discussion
In our study, we assumed that the vapour probes preferentially interact with the highest energy sites on the
powder surface, as was described by Ho et al.14. Our evaluation was then based on the assumption that the
theoretical energy of binary mixture corresponds to the sum of the surface contribution of pure components
having their specific surface area and specific mass fraction in the mixture. The measured surface parameter is
then considered for the evaluation of measured energy. For better clarity, it is advantageous to assess the
interaction between the components if the difference (∆E) between theoretical and measured energy is
analysed. Based on this assumption, we can then predict the interactions between drug and carrier. If the
difference is negative, the interactions are present between the components. Therefore, we can suppose that
the components can form desired ordered (interactive) mixture. On the contrary, if this difference is positive,
the mixture has higher energy that its components in the separated states, which means some new surfaces
were exposed, e.g. by disruption of agglomerates, and for this reason, the components do not interact. If the
difference is equal to zero, the components maintain their behaviour as if they were in separated state, i.e. they
interact preferentially with themselves. Figures 1-3 show the comparison of the differences for dispersive and
specific surface components and for surface free energy of different binary mixtures containing the components
in various ratios.
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Figure 1. Comparison of the differences for dispersive surface components
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Figure 2. Comparison of the differences for specific surface components
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Figure 3. Comparison of the differences for surface free energy

Figures 1-3 clearly indicate that the interactions between the components were present in all binary mixtures
because the differences for the surface free energy and for their dispersive and specific components were
negative. However, binary mixture containing TAD-K12 in ratio of 5:95 (w/w) was an exception to this trend.
Dispersive surface energy is a major contribution to the surface free energy and it increases with increasing drug
content. Therefore, the dispersive interactions between the components predominated in all binary mixtures.
The weakest dispersive interactions were measured between TAD and K64 or K12 (Figure 1) and the strongest
specific interactions were observed between TAD and SOL (Figure 2). It could be caused by the different
molecular structure of the carriers. Therefore, the functional groups of TAD can then change the orientation
towards available carrier functional groups to form specific interactions.
Surface free energy and its components of solid materials can also determine the work of adhesion (Wa) and
cohesion (Wcoh) between them15. Figures 4 and 5 show their results.
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Figure 4. Work of cohesion for tested compounds and components thereof
150
specific component
dispersive component
Wa, mJ/m2

100

50

0

TAD-K64

TAD-K12

TAD-PDPI

TAD-PMXP

TAD-SOL

Figure 5. Work of adhesion for binary mixtures and the components thereof
Dispersive component is due to the dispersive interactions and specific interaction is due to the donor-acceptor
interactions. The work of cohesion or adhesion corresponds to the sum of these components15. As can be seen
in Figure 4, the values of dispersive component of the cohesion work are much higher than specific ones. Hence,
the work of cohesion between the TAD, K64, K12, PDPI and PMXP particles is largely due to the dispersive
interactions, with SOL being the single exception to this trend. Therefore, donor-acceptor (specific) interactions
between the SOL particles are much stronger. On the other hand, the work of adhesion results mainly from the
dispersive interactions between the components rather than from specific interaction for all binary mixtures
(Figure 5). Moreover, the value of adhesion work in TAD-SOL binary mixture is higher than the work of cohesion
between TAD. It can also indicate that particles can be well dispersed.

Conclusion
In this study, we have described TAD interactions with different carriers using surface properties obtained by
IGC. Our results indicate that the surface free energy is uniquely controlled by the dispersive surface energy in
all binary mixtures. Therefore, the dispersive interactions between the components predominate. Significant
specific interactions seem to be only between TAD and SOL. The experimental results revealed the binary
mixtures containing PDPI, PMXP, or SOL are capable of having an interactive character, while that capability for
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other tested polymers is limited. Moreover, the works of adhesion and cohesion were also calculated and it was
found that the contributions of the dispersive components to these works were much higher than the specific
ones and TAD can be well dispersed in SOL carrier. This provides a formulator the tool to rationally select the
best combination of drug and carrier for optimal solid dosage forms performance, such as solid dispersions or
dry powder inhalers.
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Abstract
The aim of this work was to compare the excipient flow property improvement using novel family of glidants magnesium aluminosilicate materials (MAS) - to the traditional colloidal silicon dioxide glidant. MAS are known
for their very low cohesive interactions and their utilization could avoid the disadvantages of using conventional
glidants. Several mixtures comprising the model excipient and glidant were prepared and their flow properties
were characterized using a powder rheometer FT4 (Freemantech, UK). The mixtures were formulated to
represent the effects of glidant types and various levels of glidant loading on the flow properties of the model
excipient. After pre-conditioning, the flow properties were measured using shear test and compressibility. The
MAS glidant action was found to be different compared to traditional glidant, having less process sensitivity, so
that MAS utilization as glidant could be advantageous for the formulation performance.

Introduction
Flow properties are one of the most important characteristics of pharmaceutical powder blends due to their
influence on the content and weight uniformity of the final product – tablets or capsules1. Since the flow
properties depend on various factors such as particle size, particle size distribution, particle shape, moisture and
electrical charge, optimizing flow properties of pharmaceutical powders is generally difficult2.
In order to improve flowability of powders, flow enhancers or glidants are widely incorporated in solid dosage
forms. The primary particles of the traditional glidants exist in the form of relatively large agglomerates (~ 10 μm)
which are broken down into smaller aggregates during the blending process. These smaller aggregates adsorb at
the surface of the other solid component grains and thus diminish attractive Van-der-Waals-forces by increasing
the roughness of the host surface3. Most widely used glidants in the pharmaceutical industry include talc,
colloidal silicon dioxide, calcium phosphates and various metallic stearates4. Recently, magnesium
aluminosilicate materials have been marketed as multifunctional excipients which are commercially available
e.g. as Neusilin in various grades to meet the diverse requirements of the formulation performance. The grades
differ in their bulk density, water content, particle size and pH (see Table I). The most widely used grades are US2
and UFL2, which could be applied both as binder and glidant. Grades S1 and S2 are more specific and particularly
useful for increasing tablet hardness5. Despite the intensive studies of glidants, the mechanism of glidant action
has not been fully elucidated, but it is believed that glidant action could be related to the decrease of surface
area of inter-particulate contact6, 7.
Table I
Typical properties of Neusilin grades
pH
Appearance
Average particle size, µm

S1
alkaline
white granule
112

S2
alkaline
white granule
115

UFL2
neutral
white powder
3.1

US2
neutral
white granule
106

Several methods have been developed to measure the flow properties of powder. For example, angle of repose
was used to study the effect of mixing conditions on the flow properties of the mixtures by Jonat et al.7 Moreover,
Lindberg et al. researched8 the flow properties measured by the different techniques (Hausner ratio, avalanching
behaviour, powder rheometer, uniaxial tester, and Jenike tester), which reflected the behaviour during
processing of the powder mixtures. In the last ten years the Freeman FT4 Powder Rheometer has emerged as a
novel powder flow testing device. In addition to patented dynamic methodology, the FT4 also includes a shear
cell for measuring the powder’s shear strength and accessories for measuring bulk properties, such as density
and compressibility. Consequently, the device enables more complex information with higher reproducibility and
sensitivity9-12. In terms of time and efficiency of the flow property study, the FT4 rheometer was then used in this
work.
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Materials and methods
The study involved binary compositions comprising pharmaceutical filler of controlled particle size distribution
and glidant. The flow properties of the composition were monitored using powder rheometer.
Materials
Microcrystalline cellulose (MCC - Avicel PH102, FMC BioPolymers, USA) was used as filler component for the
binary compositions. Anhydrous colloidal silicon dioxide (Aerosil®, Evonik Corporation, USA), Neusilin® US2 and
Neusilin® S2 (Fuji Chemical Industries, USA) were used as glidants.
Preparation of blends
Avicel PH 102 was sieved to separate the 100-150 µm particle fraction using a vibratory sieve shaker model AS
200 Basic (Retsch, Germany) using a set of sieves (250, 150 and 100 μm). It was operated for 10 min at amplitude
set to 60-70. Other raw materials, i.e. Aerosil®, Neusilin® US2 and S2 were used for experiments without further
treatment. In addition, a finer fraction of Neusilin® US2 with a few μm in size was obtained using the Polymix PX
– MFC 90 D mill (Kinematica GmbH, Switzerland).
The filler-glidant formulations were prepared by combining the selected filler with glidant in 1L plastic container.
The batch size of each sample was 500 ml. The concentrations of Aerosil® and milled Neusilin® US2 were set at
1 % and 5 % by weight based on the total formulation and the concentrations of Neusilin® US2 and S2 were set
at 1 %, 5 % and 10 %. The mixtures were prepared by mixing the prepared formulation in plastic container using
Turbula T2F blender (W. A. Bachofen, Basel, Switzerland) at 50 rpm for 10 min.
Flow properties and rheology of the powders and their mixtures
The flowability parameters of pure excipient as well as their binary mixtures were measured using the FT4
Powder Rheometer (Freeman Technology Ltd, UK). Compressibility test and shear test were carried out for
sample of each prepared blend. The test samples were pre-conditioned by drying overnight at 35 °C. The samples
were also conditioned using the built-in conditioning procedure to gently disturb the powder bed and create a
uniform, lightly packed test sample. Thus, any effects of test vessel filling on the initial sample packing were
removed and good reproducibility of measurement was facilitated9.
In order to measure the compressibility, an 80 mL sample was placed into borosilicate test vessel of 50mm inner
diameter, conditioned, and then slowly consolidated with a piston by applying a normal stress up to 15 kPa; the
changes in the volume upon compression were measured. The compressibility (CPS) was calculated as the ratio
of the volume change due to compression to the initial conditioned volume.
An automated, 18 segment, 48 mm diameter rotational shear cell accessory was used for all shear testing using
an 80 mL sample. Briefly, the powder sample was first conditioned by one passage of the dynamic blade to
achieve a homogeneous, reproducible state, and then slowly pre-compacted by applying the pre-shear normal
load with a piston, to allow the entrapped air to escape. This consolidated sample was pre-sheared to achieve a
critical state, after which the normal stress was reduced, and the sample was sheared further to obtain a yield
point. The pre-shear/shear sequence was repeated 5 times to obtain a yield locus, as recommended by Carson
and Wilms 13. For each blend, the yield loci were obtained for 9 kPa value of normal stress. Each yield locus was
analyzed using Mohr stress circle to obtain the values of major principal stress (σ1), unconfined yield stress (σc),
and cohesion (τc), as described by Carson and Wilms and Freeman11, 13.
All applied procedures are recommended as standard operation procedures by the FT4 rheometer manufacturer.
Further details and theoretical background of the methods are provided for example in Freeman et al. 11, 14.

Results and discussion
The flow properties of the prepared mixtures were observed using a representative selection of tests provided
by powder rheometer. The compressibility test was used for observing the glidant effect on the mixture overall
ability to re-arrange particles under pressure, the shear test was employed to evaluate the internal friction.
Effect of glidant on compressibility of binary mixtures
Evaluating of the mixture compressibility was selected as a test, indicating their ability to consolidate under
mechanical stress. The normal stress range of 1 – 15 kPa is too low to affect any deformation or breakage of
individual particles and thus any compression observed is due to the particle rearrangement. High compressibility
means, the particle movement towards the dense packing is hindered by inter-particle friction, thus indicating
poor flow properties, while low compressibility indicates the particles can approach more dense packing without
being hindered by internal friction in particulate solid. Therefore, high and low compressibility indicate poor and
good flow properties respectively.
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The compressibility curves for pure micro-crystalline cellulose (MCC) and its mixtures with colloidal silicon
dioxide or various magnesium aluminosilicate grades (Neusilin US2, S2 and milled US2) are presented in Figure 1.
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Figure 1. Compressibility for mixtures MCC – glidant (left) and detailed view thereof (right). Samples are identified
by A-YZ abbreviation, where A = Avicel or MCC (solid line), Y = 1, 5 and 10 - 1 % (empty markers), 5 % (diagonal
striped markers) and 10 % (filled markers) of glidant, Z = AE, US2, S2 and us2 – Aerosil® or colloidal silicon dioxide,
Neusilin® US2, Neusilin® S2 and Neusilin® US2 milled (circles, squares, triangles and squares with dashed line,
respectively). (Standard deviation was not presented due to the graph readability).
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Figure 2. Compressibility for mixtures MCC – glidant at 15 kPa. Samples are identified by A-L abbreviation, where
A = Avicel or MCC, L = AE, US2, S2 and us2 – Aerosil® or colloidal silicon dioxide, Neusilin® US2, Neusilin® S2 and
Neusilin® US2 milled, respectively.
As shown in Figure 1, the compressibility of pure MCC (A) as well as mixture containing 5 % of colloidal silicon
dioxide (A-5EA) intensely increased with rising normal stress, i.e. CPS values in the range of 2.22–13.14 % and
3.11–18.25 % for pure MCC and A-5AE, respectively. In contrast to that, other mixtures exhibited only a slight
increase in compressibility, i.e. in the range of 1–7 %. It could be explained by the fact that the MCC and the
colloidal silicon dioxide themselves are not well flowing materials, but their compressibilities are high.
Consequently, the CPS values were two time for pure MCC and three time for A-5AE as high as the CPS values of
other mixtures under the same normal stresses. Furthermore, there is no significant difference in the
compressibility profiles of mixtures, excepting two above mentioned samples, e. i pure MCC and A-5AE. The
behaviour of testing mixtures was then compared using only compressibilities at 15 kPa as shown in Figure 2. For
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MCC–colloidal silicon dioxide mixtures, 1 % glidant content decreased the CPS value of MCC, then the CPS value
of mixture containing 5 % of glidant (A-5EA) exceeded the CPS of pure MCC. In other words, 5 % glidant content
deteriorated the positive effect of lower concentration of glidant on the flow properties of MCC. It corresponds
to the common practice of optimizing the glidant loading to maximize its flow-enhancing effect. On the contrary,
the addition of up to 10 % of Neusilin® US2 or S2 to MCC proportionally decreased its CPS values. However, glidant
activity of S2 seems to be slightly weaker than US2 due to its properties, see Table 1. The difference between the
mode of Neusilin and colloidal silica action is likely associated to the difference in their particle sizes. From this
aspect, the comparison of mixtures containing colloidal silicon dioxide (A-AE) and those containing milled MAS
(A-us2) is interesting due to the similar particle size. Similar trends were observed in the mixtures, but the
increase in CPS value with increased glidant loading for a-us2 was by far not as strong as that in case of A-AE
mixtures.
In general, the results obtained from compressibility measurements provide only the overall flow behaviour of
powder. Hence, shear test measurement, which is more strictly related to the friction on inter-particle contacts,
was performed to observe more detailed information.
Effect of colloidal silica on surface friction of filler particles
The inter-particle friction was observed using standard shear test measurement. Values of the effective angle of
friction φE were used as a key parameter to compare the flow properties of all mixtures reported in previous
section. The resulting φE values are provided in Table II and Figure 3. Generally, the lower the φE, the less friction
there is among the particles, and the better flow properties of the mixtures.
Table II
Effective angle of friction for mixtures MCC–glidant. Samples are identified by A-L abbreviation, where A = Avicel®
(MCC), L = AE, US2, S2 and us2 – Aerosil® (colloidal silicon dioxide), Neusilin® US2, Neusilin® S2 and Neusilin® US2
milled, respectively.
φE, °

cglidant, %

A-EA
40.4 ± 1.8
32.9 ± 0.3
36.5 ± 0.4
-

0
1
5
10

A-US2
40.4 ± 1.8
33.3 ± 0.0
31.3 ± 0.0
30.1 ± 0.1

A-S2
40.4 ± 1.8
34.5 ± 0.6
35.6 ± 1.6
31.5 ± 0.1

Effective angle of internal friction, ˚

45

A-us2
40.4 ± 1.8
34.2 ± 0.5
34.8 ± 2.3
0 % glidant
1 % glidant
5 % glidant

30

10 % glidant

15

0

A-AE

A-US2
A-S2
Mixture MCC - glidant

A-us2

Figure 3. Effective angle of friction for mixtures MCC – glidant
As shown in Figure 3, with any addition of glidant to MCC powder, the φE values decrease. As expected, mixtures
having 5 % colloidal silicon dioxide loading (A-5EA) and 5 % milled Neusilin® US2 loading (A-5us2) exhibited a
higher φE values than their counterparts having 1% glidant loading (A-1EA and A-1us2). On the contrary, the
increased glidant loading lightly decreased the φE values in the MCC-MAS mixtures. Moreover, for the same
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glidant loading, A-S2 mixtures provided higher φE than A-US2 mixtures. According to the mean φE values in Table
2, in order to achieve the same effect as 1 % colloidal silicon dioxide, the glidant loading added to the powder
should be in the range of 1-5 % for US2 and 1-10 % for S2. On the whole, the results correspond to the results
obtained by compressibility tests in previous section.
In summary, for the MCC–colloidal silicon dioxide mixtures, the optimum percentage of glidant to achieve the
highest flowability is 1 %, whereas the mixtures containing MAS exhibited proportional improvement of flow
properties without any maxima, the mixtures containing milled Neusilin® US2 being the only exception. The main
reason of this difference could be various characters of the glidants. As mentioned above, the glidant action
could be related to the decrease of surface area of inter-particulate contact by increasing the distance between
host particles. It is known that primary particles of colloidal silicon dioxide exit in the form of aggregates with a
diameter of a few tens of µm which are broken down into smaller particles during the blending process. Then
nanosized silica particles adsorbed on the surface of MCC particles increase the distance between MCC particles.
On the other hand, if the content of colloidal silica is too high, the larger contact surface area is formed, leading
to an increase in the inter-particle friction. Whereas, in the MCC-MAS mixtures the increase of distance between
MCC particles is realized only by the large volume of MAS particles, see Table 1. This hypothesis was supported
by the results for mixtures having milled Neusilin® US2, where the particle size of Neusilin US2 was reduced to a
few microns in size. As a result, the glidant action of milled Neusilin® US2 was similar to the action of traditional
glidant.

Conclusion
In conclusion, flow properties of mixtures comprising microcrystalline cellulose (MCC) and one of two glidants –
colloidal silicon dioxide and magnesium aluminosilicate materials (MAS) were examined using powder rheometer
to compare their glidant action.
Unlike colloidal silicon dioxide, which is effective only in narrow range of glidant loading, the mixtures
incorporating MAS exhibited proportional improvement of flow properties without any maxima. Therefore, there
is no risk of glidant overloading for those excipients. The difference in the activities of colloidal silicon dioxide
and MAS may be explained by their various action mechanisms. While colloidal silicon dioxide, a traditional
glidant, seems to be surface – active particle, glidant activity of MAS is believed to be related to their volume.
Moreover, due to the nature of the multifunctional excipient, MAS could be not only suitable candidate for
utilization as a glidant, but also provide other application benefits at the same time for formulation technology
of solid dosage forms. However, the only disadvantage is that a higher concentration of MAS is required to
achieve a comparable effect on the flow properties of power compared to the conventional glidant.
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Abstract
Palladium complexes represent a promising group of compounds with potential cytostatic activity. These
complexes in most cases exhibit similar cytotoxicity but on the other hand they suffer from less side effects. The
mayor problem of palladium complexes is their relatively low stability in a biological fluids and high reactivity
rate (105 faster than Pt complexes). To overcome these effects it is necessary to stabilize the central atom of such
molecule. For this purpose N-donor containing ligands were chosen for synthesis. In this work, we prepared a
serie of palladium complexes with different pyridines ligands(Picolylamine, [(Methylamino)methyl]pyridine,
Picolinamide and Picolinimidamide). Final complexes have been tested in vitro both for antitumor activity on
leukemic cell line (RAW 264.7) and the determination of toxicity on healthy cells (the human epithelial cell line
MRC-5). All prepared complexes were prepared with high yield (>74 %) and in high purity (>95%). Final products
and intermediates were characterized by means of FTIR spectroscopy, XRD powder diffraction and ESI-MS
spectrometry in the positive ionization mode.

Introduction
Transition metal compounds are nowadays widely used in different fields of chemistry, especially in
petrochemical chemistry, catalysis and last but not least in pharmaceutical industry. Their unique properties are
well known. Compounds of gold, copper and silver exhibit unique properties in different medical applications.
Milestone in research of transition metal compounds came after the discovery of cytostatic activity of Cisplatin.
After that many chemotherapy agents were prepared and tested against different types of tumors.
Chemotherapy is a cancer treatment method which is based on medication of drugs for destruction of tumor
cells or to stop the grow of a tumor. The main representative drug is a complex called Cisplatin (cisdichlorodiammino platinum(II)) (Figure 1), which was developed by American scientist Rosenberg in the 1960's
1, 2
. This complex has a high cytostatic activity against many solid tumors (lung, neck, ovarian) and many years it
was a drug of first choice in the battle with cancer 3. Unfortunately the application is limited by dosage, several
side effects (neurotoxicity, nephrotoxicity) and gradual cell resistance. To overcome these side effects many
different strategies were developed, such as analogues of Pt(II) complexes, new generation of Pt(IV) complexes,
new dosage forms or complexes with different transition metals (palladium, ruthenium, gold) 4. Complexes of
Pd(II) with similar structure and properties represent a promising group of cytostatic agents. In several cases,
these complexes exhibit even higher cytotoxicity than Pt(II) analogues without any side effects 5. On the other
hand, the major disadvantage is higher ligand exchange (105 faster than Pt(II) complexes) and relatively low
stability in physiological conditions 6-8. For this reason, design of Pd(II) complexes is focused on stabilization of
central atom using either proper N- and S- donor containing ligands or bulky lipophilic ligands which protect the
central atom and simplify the transport to the cell across the cell membrane. In this work we focused on
preparation of a serie of Pd(II) complexes with different donor ligands such as analogues of pyridine. Different
substituted R-pyridines ligands were chosen for this purpose. These complexes were prepared as analogues of
promising platinum cytostatic Picoplatin (Figure 1) which is currently in clinical trials. Prepared complexes were
characterized by different analytical methods for structure confirmation (MS, FTIR) and also for determination
of purity (HPLC-UV). Cytostatic properties have been tested in vitro on murine leukemic cancer cell line and
fibroblasts representing a control line of healthy cells.

Figure 1. Clinically used platinum cytostatic Cisplatin (left side) and clinically tested cytostatic Picoplatin (right
side)
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Experimental
Chemicals
The palladium precursor K2PdCl4 (98%) and pyridines ligands used in synthesis: 2-Picolylamine (PIC) (99%), 2[(Methylamino)methyl]pyridine (MAMP) (97%), Picolinamide (PAM) (98%) and Picolinimidamide (PIM)
hydrochloride (99%) were purchased from Sigma-Aldrich® (Germany). Hydrochloric acid (35 %) and acetone (p.a.)
were acquired from PENTA s.r.o. (Czech Republic). Water was obtained from Lach-Ner (Czech Republic) in
reagent quality. Prior to use, all solvents were filtered through 0.22 µm nylon membrane filter.
Instrumental methods
All prepared complexes (final products and intermediates) were analytically characterized by ESI-MS and FTIR.
Analyses were recorded on system consisting of Accela 600 pump, Accela AS and TSQ Vantage mass spectrometer
equipped with ESI ionization (Thermo Scientific, USA). The spectra were obtained in positive full scan mode in
100-1000 Da mass range. Infrared spectra were recorded on FT-IR Nicolet 6700 spectrophotometer (Thermo
Scientific, USA) using ATR crystal in the 400-4000 cm-1 wavelength range. The X-Ray powder diffraction analyses
were performed on XRD 3000 P (Seifert, Germany) in the 0-60° (2Theta) range. Cu anode lamp was used for
measurements and collected spectra were compared to PDF-2 crystallography database. Results were evaluated
in X’Pert Data Viewer.
Synthesis of complexes
The complexes were obtained by addition of proper ligand (Figure 2) dissolved in 1 mL 0.1M HCl to a solution of
K2PdCl4 (100 mg; 0.306 mM) in 5 mL of water. The reaction mixture was heated to 70 °C and stirred for 3 hours.
A yellow solid precipitate (A1-A4) was obtained after the mixture was cooled and filtered. Obtained products
were washed with acetone.

Figure 2. Ligands used for synthesis of palladium complexes; from left: 2-Picolylamine PIC, 2[(Methylamino)methyl]pyridine MAMP, Picolinamide PAM and Picolinimidamide PIM
Synthesis of [Pd(PIC)Cl2], A1
K2PdCl4 (0.10 g; 0.31 mmol), PIC (0.04 g; 0.40 mmol). Yield 79 % (0.07 g). ESI-MS [M+DMF-CL]+ expected mass:
285.46; Mass founded: 321.99. FT-IR (ATR, cm-1): 3198 ν(NH2); 1565 δ(NH2); 1285 ν(C-N); 1110-1038 ρ(NH2); 3035
ν(CH); 1612 ν(C=C); 1487 ν(C=C); 1448 ν(C=C) and 760 γ(CH).
Synthesis of [Pd(MAMP)Cl2], A2
K2PdCl4 (0.10 g; 0.31 mmol), MAMP (0.05 g; 0.40 mmol). Yield 87 % (0.08 g). ESI-MS [M+DMF-CL]+ expected
mass: 299.49; Mass founded: 337.92. FT-IR (ATR, cm-1): 3435-3347 ν(NH); 1612 δ(NH); 1298 ν(C-N); 1115 ρ(NH2);
3105 ν(CH); 1612 ν(C=C); 1481 ν(C=C); 771 γ(CH); 3029 νas(CH3); 2930 νs(CH3) a 1449 δas(CH3).
Synthesis of [Pd(PAM)Cl2], A3
K2PdCl4 (0.10 g; 0.31 mmol), PAM (0.05 g; 0.40 mmol). Yield 74 % (0.07 g). ESI-MS [M+DMSO-CL]+ expected mass:
299.45; Mass founded: 342.92. FT-IR (ATR, cm-1): 3390 νas (NH2); 1644 δ(NH2); 1594 δ(NH2); 1401 ν(C-N); 11131035 ρ(NH2); 1697 ν(C=O); 1546 δ(NH); 1303 ν(C-N); 3081 ν(CH); 1594 ν(C=C) and 1430 ν(C=C).
Synthesis of [Pd(PIM)Cl2], A4
K2PdCl4 (0.10 g; 0.31 mmol), PIM (0.05 g; 0.40 mmol). Yield 96 % (0.09 g). ESI-MS [M+ACN-Cl]+ expected mass:
298.46; Mass founded: 304.93. FT-IR (ATR, cm-1) ν: 3487 νas(NH2); 3394 ν(NH2); 1648 ν(NH2); 1565 δ(NH); 1268
ν(C-N); 3079 ν(CH); 1583 ν(C=C); 1520 ν(C=C) and 1464 ν(C=C).
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Biological assay
Final complexes were tested against murine leukemic cell line RAW 264.7. The determination of toxicity against
healthy tissue was performed on healthy epithelial cell line MRC-5. The tests were performed at the Faculty of
Food and Biochemical Technology of UCT Prague, Centrum for testing of biologic active compounds. Each test
was performed twice to clarify the results and to avoid possible mistakes. The assay was performed in a 96 well
plate where the cells were cultivated. Cells were cultivated in EMEM medium with 5 % of FBS (Fatal bovine
serum) in atmosphere of 5% CO2 at 37 °C. Then the sample dissolved in DMSO was added to the cells at five
concentration levels. Authenticity of the test was verified by negative control samples present together with
tested substances. Negative control samples were pure DMSO and blank sample containing only the culture
medium. Then, the cells were incubated for 72 hours and subsequently the resazurine contrast agents were
added to the cells. The results were acquired after 2 hours of exposition using a spectrometer at a wavelengths
of 560 nm and 590 nm. Results were evaluated by software. The required parameter of these assays was the IC50
value, the inhibitory concentration.

Discussion and results
Synthesis and characterization

Intensity (counts)

The complexes A1-A4 were synthetized by reaction of K2PdCl4 with proper ligands (PIC, MAMP, PAM and PIM)
at the presence of hydrochloric acid. All complexes were obtained as yellow-orange solids and were stable on
air. Complexes were prepared in high yields and purity. Complexes A1-A4 are insoluble in water, slightly soluble
in methanol and ACN and soluble in the DMSO and DMF.
All products were analytically characterized using of FT-IR spectroscopy, ESI-MS spectrometry and X-Ray powder
diffraction. Infrared spectra in the range of 4000-400 cm-1 region for ligands (PIC, MAMP, PIM, PAM) contain
bands in the 3081-3035 cm-1 range; these bands are associated with ν(CH) absorptions of pyridine aromatic ring.
Typical bands for palladium complexes were found in the 1038-1035 cm-1, these bands are associated with
absorption of Pd-Cl bonds. Spectra contains also bands in the 3390-3198 cm-1 which belong to ν(NH2) absorption.
For complex A2 were found typical band in the 2979 cm-1 which is associated with ν(CH3) absorption and for the
complex A3 were found band in the 1594-1644 cm-1 range which correspond to ν(C=O) absorption. ESI-MS
analyses were performed for each complex. The data were acquired in positive scan mode in the range of masses
100-1000 Da. Palladium complexes were measured in DMF, DMSO and ACN. Each platinum cluster corresponded
with respective theoretical calculation. X-ray powder diffraction was measured for final complexes. All complexes
were crystalline and diffractograms were obtained as seen in Figure 3-6.
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Figure 3. Diffractogram of complex A1
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Figure 4. Diffractogram of complex A2
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Figure 5. Diffractogram of complex A3
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Biological activity
The cytostatic activity of prepared complexes was investigated using in vitro assays. Cell lines used for tests were
murine leukemic line RAW 264.7 and human epithelial cell line MRC-5. Assays were performed with the presence
of 2 % DMSO as a stock solvent. The determined IC50 values, the concentration of complex needed to inhibit 50 %
of cell growth, are summarized in Table I. The values were compared with platinum cytostatic Oxaliplatin.
Prepared palladium complexes were non-cytotoxic active but complex A1 shown similar cytostatic activity.
Prepared complexes were also inactive on health human cell line MRC-5.
Table I
Results of determination of cytotoxicity of palladium complexes with comparison to clinically used platinum
cytostatic Oxaliplatin
IC50 [µM]
RAW 264.7
MRC-5
A1
2.02
>50
A2
>50
>50
A3
>50
>50
A4
>50
>50
Oxaliplatin
3.69
>50

Conclusion
A serie of four palladium complexes with a different pyridines ligands: 2-Picolylamine A1, 2[(Methylamino)methyl]pyridine A2, Picolinamide A3 and Picolinimidamide A4 were prepared. The biologic
activity was tested on the murine cell line RAW 264.7 (leukemic). The results were compared to healthy epithelial
cell line MRC-5. The best result showed complex A1 with IC50 comparable with platinum cytostatic Oxaliplatin.
The other complexes exhibit cytotoxicity more than 50 µM. Prepared complexes also exhibit low cytotoxicity
against control cell line MRC-5. No significant correlation between structure and cytotoxicity was found.
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„GREEN“ SILVER NANOPARTICLE PRODUCTION USING VITIS VINIFERA EXTRACTS
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Abstract
Currently, silver nanoparticles are gaining attention in the medical field, in particular, thanks to their significant
antimicrobial activity against many (opportunistic) pathogens. Their antimicrobial effectiveness was already
described in the case of Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa and many
more possible human pathogens. However, the prevalent (mechanical and chemical) methods of silver
nanoparticle production are both economically and ecologically ineffective. In this study, we observed the
possibility of silver nanoparticle production using Vitis vinifera cane extract and silver nitrate solution. Two
different solvents (ethanol and distilled water) and various reagent ratios were used for the attempted
nanoparticle production. UV/VIS spectra were used to evaluate the presence of nanoparticles. The results
showed that both water and ethanol Vitis vinifera extracts indeed mediated the silver nanoparticle formation.

Introduction
Silver nanoparticles present a hope in the face of emerging antibiotic resistance of many human pathogens.
Their possible use lies predominantly in the medical field, thanks to their significant antimicrobial activity
against many (opportunistic) pathogens. They have already been proven to be effective against Staphylococcus
aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa and many more possible human pathogens1–3.
The commonly used synthesis method (mechanical, physical, chemical) are unfortunately not very cost
effective and some can be even dangerous for the environment if used massively. There is, therefore, a great
need for a more sustainable approach to nanoparticle production4–6. In this study, we explored the effectivity
of Vitis vinifera cane extract in this regard.

Materials and methods
Materials
Vitis vinifera canes, silver nitrate (Sigma aldrich), ethanol (40%), distilled water.
Extraction method
The Vitis vinifera canes were homogenised using a kitchen blender. 150 mg of the homogenised canes were
mixed with 600 ml of 40% ethanol solution or 600 ml of distilled water. This mixture was macerated for 24
hours; then it was filtered through a common filter paper (8 μm) and, in some cases, again through a 0.2 μm
filter paper. The extract was stored in the fridge for further experimentation.
Biosynthesis and detection
The Vitis vinifera extract was added to a 1 mM silver nitrate solution (extract: 10 %; silver nitrate solution: 90
%). The experiments were carried out in 96-well microtiter plates in 8 parallels and the reaction mixtures were
left at room temperature for 48 h. After that, UV-VIS spectrometry was carried out using a TECAN Reader. The
spectral analysis (250-700 nm) results were evaluated and plotted.

Results and discussion
In this study, we observed the possibility of using water/ethanol based Vitis vinifera cane extracts for the
production of silver nanoparticles. The data acquired from UV-VIS spectrometry were then averaged and
plotted (Fig. 1 and Fig. 2).
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Figure 1. Biosynthesis of silver nanoparticles using the water based extract of Vitis vinifera canes; UV-VIS
spectrum (250-700 nm); A: control - 10 % of extract, B: 10 % of extract + 90 % of 1 mM silver
nitrate solution (filtered only once through the common filter paper), C: 10 % of extract + 90 %
of 1 mM silver nitrate solution (filtered twice, once through every filter paper mentioned in the
methodology)
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Figure 2. Biosynthesis of silver nanoparticles using the ethanol based extract of Vitis vinifera canes; UV-VIS
spectrum (250-700 nm); A: control - 10 % of extract, B: 10 % of extract + 90 % of 1 mM silver
nitrate solution (filtered only once, only through the common filter paper), C: 10 % of extract +
90 % of 1 mM silver nitrate solution (filtered twice, once through every filter paper mentioned in
the methodology)
When it comes to the water based extract of Vitis vinifera, there was a characteristic peak at 450 nm compared
to the control, which is representative of the presence of silver nanoparticles, according to literature4,7.
Similarly, we observed the above mentioned characteristic peaks even with the use of ethanol based extract. In
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regards to the influence of further filtration on the biosynthesis, we found it to be minimal; the water based
extract performed slightly better when filtered only once through a common filter, whereas the ethanol based
extract performed slightly better when filtered once through a common filter and once through a 0.2 μm filter.

Conclusion
The results showed that Vitis vinifera extract is, in fact, effective when it comes to mediating the silver
nanoparticle production. Moreover, we observed that the additional filtration, potentially needed for the
future antimicrobial activity experiments, did not severely influence the biosynthesis.
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Abstract
This work studies interactions between multimodal adsorbent and proteins depending on pH and NaCl
concentration. The aim was to use the obtained dependences in the purification of human recombinant
erythropoietin. The amount of adsorbed protein depending on pH within a scale from 6 to 9 and NaCl
concentration from 0 to 1000 mmol l-1 for three model proteins: α-lactalbumin, lysozyme and fetuin, was
experimentally monitored. The work was implemented by design of experiment specifically by central planned
experiment. For each protein, 12 experiments were carried out. Results were evaluated by the response surface
method. Experimental data were described by quadratic regression, which adequacy was verified by the ANOVA
analysis. Based on all results obtained, dominant interactions between the adsorbent and the target molecule
were identified under different conditions.

Introduction
Nowadays, therapeutic proteins prepared by recombinant technology are an important part of pharmaceutical
industry. Production of these proteins is based on cell cultivation, after which diluted solution of the protein and
other substances is obtained. To obtain pure therapeutic protein, purification of the post-cultivation broth is
needed. Liquid chromatography is the most frequently used purification method for therapeutic proteins.
Multimodal chromatography is more and more used in protein separation. The main idea of this method is the
combination of several types of interaction between adsorbent and protein. Adsorbents used in multimodal
chromatography have ligands which allow proteins to bond via ion interactions, hydrophilic or hydrophobic
forces, hydrogen bond or thiophilic forces. The advantage of these multimodal adsorbents in comparison with
the classic ones is that they provide different selectivity and high bond capacities even at increased salt
concentration. These days, almost every important producer of chromatographic media offers one or multiple
types of multimodal adsorbents. Multimodal chromatographic adsorbents have been developed primarily for
monoclonal antidotes separations. Possibilities of their use in the purification of other proteins have not been
explored yet. Complexity of protein interactions on multimodal adsorbents requires deep study to clarify their
mechanism and their potential. Many works on multimodal adsorbent characterization have been carried out
using model proteins. Only little information on their use in real separation of therapeutic proteins is known. This
work is a part of an erythropoietin separation project. Our ambition was to verify appropriate use of Eshmuno
HCX for protein separation and to determine the process conditions. Adsorbent characterization and its primary
properties are listed in application letters from the producer1. Patent CN201713432462 describes the purification
of recombinant factor that stimulates human granulocytes colonies. Lee. et al.3 presented a model of gradient
elution of lysozyme on multiple adsorbents including Eshmuno HCX. However, in their publications, the
mechanism of protein bonding to adsorbents is not clarified. In our work, characterization of the main adsorbentprotein interactions for three model proteins and different adsorption conditions was attempted.

Materials and methods
Adsorbent
Adsorbent Eshmuno HCX (Merck, Germany) is a multimodal ion exchanger on polymer matrix. Multimodal ligand
(Fig.1) contains functional groups which provide ionic and hydrophobic interactions with proteins and groups
able to create hydrogen bonds.
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Figure 1. Eshmuno HCX ligand structure, A - Carboxyl group - weak ion interactions, B – Sulfidic group - strong
ion interactions, C - Phenyl group - hydrophobic forces, D - Hydrogen bonds
Model proteins
As model proteins α-lactalbumin present in beef milk, lysozyme obtained from chicken eggs and fetuin (Sigma Aldrich) were used. Molecular properties of model proteins are shown in Table I.
Table I
Properties of model proteins
Protein
Mw [kDa]

pI

Glycosylation

Disulfide bridges

α-Lactalbumin

14.2

4.2 - 4.5

no

4

Lysozyme

14.3

11.35

no

4

Fetuin

48.4

3.5-4.2

yes, 26%

6

Batch adsorption experiments
Model protein solutions were prepared by dissolving pure proteins in buffers with the required composition and
pH. Influence of pH and NaCl concentration was monitored in the pH range of 6-9 and the salt concentration of
0 – 1000 mol l-1. Adsorbent (25mg) was added to microfiltration syringes, washed three times with 1ml of
redistilled water, and equilibrated with an appropriate adsorption buffer five times.
Adsorption on a rotary shaker at room temperature lasted for 20 hours. When the adsorption was done, liquid
was sucked by vacuum, samples were taken, and protein content was analyzed. Adsorbent was regenerated with
1M NaOH, precisely washed with water and stored in 20%-ethanol.
The adsorbed amount of protein based on the weight of the adsorbent was calculated from the material balance,
Eq. (1)
('( )').,
(1)

𝑞𝑞"#$ =

-./0

where 𝑞𝑞"#$ is adsorbed amount of protein [mg.mg-1], 𝑐𝑐3 protein concentration in sample before adsorption
[mg.ml-1], 𝑐𝑐 protein concentration in sample after adsorption [mg.ml-1], V volume of liquid phase [ml], 𝑚𝑚"#$
weight of adsorbent in syringe [mg].

Design of experiment
Design of experiment is a statistic technique for planning experiments where several experimental parameters
are systematically simultaneously varied to obtain sufficient information. Effect of two parameters: pH (X1) and
NaCl concentration (X2), has been studied. Measured response was the adsorbed amount of protein. Twelve
experiments for each protein were performed. Matrix of the experimental plan is described in Tab. II.
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Table II
Matrix of experimental plan with codded (X1, X2) and real values of variables
Experiment
1
2
3
4
5
6
7
8
X1
-1.41
-1
-1
0
0
0
0
0
X2
0
-1
1
-1.41 0
0
0
0
pH
6
6.44 6.44 7.5
7.5
7.5
7.5
7.5
c (NaCl)
500
146
854
0
500
500
500
500

9
0
1.41
7.5
1000

10
1
-1
8.56
146

11
1
1
8.56
854

12
1.41
0
9
500

Protein concentration assay
Concentration of model proteins in solutions was determined by absorbance UV light measurement via flow
injection analysis (FIA) in an HPLC system Agilent 1200 without attached column. The analysis was done at 280
nm and the feed volume was 5 μl. In case of α-lactalbumin and fetuin, water was used as a liquid phase and for
lysozyme it was the adsorption buffer. For each solution, calibration dependences were measured using standard
solutions of proteins with concentrations of 1.5, 1, 0.5, 0.1 g.l-1.

Results and discussion
Experimental pH range was chosen considering the main aim of the work, which is the separation of
erythropoietin. Erythropoietin supernatant can be precipitated at pH of the solution below 5.5 and at pH above
9 it may lose its biological activity because of denaturation. This fact determined the pH range of 5.5 – 9.
Concentration of NaCl in the tested solutions was 0 - 1000 mol l-1 according to the conventional values in similar
applications.
Experimental data were evaluated by the response surface method. The response function was described by a
second-order polynomial model
𝑌𝑌 = 𝛽𝛽3 + 𝛽𝛽8 ∙ 𝑋𝑋1 + 𝛽𝛽< ∙ 𝑋𝑋2 + 𝛽𝛽> ∙ 𝑋𝑋1 ∙ 𝑋𝑋1 + 𝛽𝛽?8 ∙ 𝑋𝑋1 ∙ 𝑋𝑋2 + 𝛽𝛽@ ∙ 𝑋𝑋2 ∙ 𝑋𝑋2
(2)

In this equation, Y is the response, X1 and X2 are the coded factors and β(i) are the regression coefficients
Based on the Student test, important parameters were determined, and the unimportant ones were excluded
from the regression. Coefficient values for each protein are shown in Table III.

Table III
Values of regression parameters 𝛽𝛽A , appropriate values of lack of fit variance, pure error variances and Fisher
criterions for each model protein. Unlisted parameters were excluded based on Student test.
𝛃𝛃 0
𝛃𝛃 1
𝛃𝛃 2
𝛃𝛃 3
𝛃𝛃 4
𝛃𝛃 5
Protein
S2LF
S2p
F
6.10
-2,23
1.20
̶
-0.53
̶
α-Lactalbumin
0.21
0.43
0.49
36.41
-1,04
-1.50
̶
-1.44
-1.39
Lysozyme
0.92
1.45
0.63
5.90
-3.27
1.42
1.76
̶
̶
Fetuin
3.98
0.82
4.83
In the next step, we had to determine the model adequacy by ANOVA analysis. The test was made by the
comparison of pure error variance S2P and lack of fit variance S2LF 4. The pure error variance was evaluated from
the replicated runs in the center of design.
𝑆𝑆𝑆𝑆F
(3)
𝑠𝑠D< =
𝑓𝑓F
where 𝑆𝑆𝑆𝑆F represents the pure error sum of squares (Eq. 4) and 𝑓𝑓F is degrees of freedom of pure error variance
(Eq. 5) where n0 represents the number of experiments (n0 = 4), yi0 is the measured response in the centre of
design and 𝑦𝑦
JJJJ
I3 is the average of response in the centre of design
(4)
𝑆𝑆𝑆𝑆F = ∑M3
𝑦𝑦I3 <
AN8(𝑦𝑦A3 − JJJJ)
𝑓𝑓F = 𝑛𝑛3 − 1
(5)
The lack of fit variance, S2LF, was obtained from an equation analogous to Eq. (3):
RR
<
(6)
𝑠𝑠PQ
= U ST
ST

The lack of fit sum of squares, SSLF, was calculated from the total residual sum of squares, SSR and the pure error
sum of squares:
𝑆𝑆𝑆𝑆PQ = 𝑆𝑆𝑆𝑆V − 𝑆𝑆𝑆𝑆F
(7)
<
𝑆𝑆𝑆𝑆V = ∑X
W)
I
AN8(𝑦𝑦A − 𝑦𝑦
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where N was 12, the degrees of freedom, 𝑓𝑓PQ is calculated from Eq. (9), yi is measured response and 𝑦𝑦WI is the
estimated response
𝑓𝑓PQ = 𝑁𝑁 − 𝑘𝑘 − 𝑓𝑓F
(9)

k is the number of regression coefficients in the statistical model. Obtained values of S2P and S2LF are shown in
Table 3 for each series of experiments. Ratio of lack of fit variance and pure error variance is Fisher criterion, F.
\_
(10)
𝐹𝐹 = ]^
\_
`

Tested null hypothesis states that the model is adequate when the calculated value of the Fisher criterion is less
than the critical value. Critical value of the Fisher criterion at the level of 0.05, F0.05(3, 3), is 9.277 and therefore
it is clear (Table III) that the obtained models for every protein were adequate. The results obtained from
modified regression equations were plotted as dependencies of the adsorbed protein amount on pH and salt
concentration (Fig.2).

Figure 2. The influence of salt and pH concentration on adsorption, A-α-lactalbumin, B-lysozyme, C-fetuin, black
points represent experimental conditions
The interaction study was focused on ionic and hydrophobic interactions. Ionic interaction is depended on
protein and ion exchanger charge. Adsorbent contains acidic negatively charged carboxyl and sulfidic groups
which cause ion exchange. Due to its ampholytic protein character, surface charge of the protein is influenced
by pH. It is important to realize that net surface charge is the result of partial charges of amino acids located on
the protein surface. Hydrophobic interactions occur between the phenyl groups of the adsorbent and the
hydrophobic regions/areas of the protein molecule. Protein hydrophobicity is affected by the presence of salt in
the solution depending on the type of salt and its location in the Hofmeister series. High concentration of sodium
cations increases the occurrence of hydrophobic interactions but competitively weakens the ion ones.
Value of the lysozyme isoelectric point is higher than 9, so the net surface charge of the protein is positive in the
whole studied pH range. Experimental values of adsorbed protein amounts shown in Fig. B vary from 32 to 38
mg g-1 in the range of pH while the highest value was obtained at the lowest pH. Adsorption of lysozyme is caused
by strong ionic bonds at low salt concentration and by hydrophobic forces at high salt concentration. In case of
α-lactalbumin and fetuin, the situation is different; their net surface charge is negative in the whole pH range
studied. These two model proteins were chosen because of their pI value which is similar to that of
erythropoietin. Fetuin is the most similar to erythropoietin because it is also glycosylated by sialic acid. Best
conditions for adsorption of proteins with negative net surface charge were determined at the lowest pH
probably due to the protein surface being more positively charged at lower pH and/or it became more
hydrophobic as the proteins get closer to their isoelectric points. The second option is supported by the increased
amount of adsorbed protein with the increasing NaCl concentration; Fig. 2. Adsorbed amounts of fetuin and αlactalbumin are comparable and less than a half of the adsorbed lysozyme amount. These results suggest that
ionic capacity of adsorbent Eshmuno HCX is higher than its hydrophobic and hydrogen bonds capacity.
The obtained results are important for the design of chromatographic separation of erythropoietin from a real
protein mixture where adsorption and desorption conditions have to be known. It is obvious that the adsorption
capacities of different proteins are significantly different under the same conditions. This fact means that we are
able to achieve selective distribution of different proteins.

396

ICCT 2018 | PROCEEDINGS

PHARMACEUTICAL TECHNOLOGY
Conclusion
Based on the performed experiments, various types of interaction between the adsorbent and the molecule of
protein were analyzed depending on pH and NaCl concentration. Measured dependencies are important for
understanding the adsorption behavior of different types of model proteins which may later be required in the
process design of protein purification from real protein mixtures.
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Abstract
Ovarian cancer belongs among the most dangerous forms of cancer diseases in the world because of the frequent
diagnosis in the late stages. This is mainly caused by asymptomatic course of the disease in its early stages.
Therefore, development of simple diagnostic test for a general public would help to detect such disease in early
stages. Lateral Flow Immunoassay technology (LFIA) is considered as a promising method for this purpose. Basic
principle of LFIA is a combination of the paper chromatography and the specific immunochemical reaction, based
on the interaction between antibodies and antigen. In this case the observed antigen is a cancer biomarker,
whose increased concentration in biological matrix is connected with ovarian cancer. To find a suitable pair of
primary antibodies, which bind with the cancer biomarker and they do not compete for the same epitope, is a
key for assembling of functional LFIA diagnostic test. Studies of specific antibodies interaction with the cancer
biomarker provided two promising combinations of primary antibody.

Introduction
Ovarian cancer belongs among the most dangerous forms of cancer diseases in the world because of the frequent
diagnosis in the late stages (Figure 1). This is mainly caused by asymptomatic course of the disease in its early
stages1. Therefore, development of simple diagnostic test for a general public, which would be suitable for home
testing of at-risk individuals, would help to detect such disease in early stages and improve the prognosis of the
patients2. Lateral Flow Immunoassay technology (LFIA) is considered as a promising method for this purpose3.
Basic principle of LFIA is a combination of the paper chromatography and the specific immunochemical reaction,
based on the interaction between antibodies and antigen. In this case the observed antigen is a cancer
biomarker, whose increased concentration in biological matrix is connected with ovarian cancer3. As examples
of ovarian cancer biomarkers we can name protein CA 125, protein HE 4 or protein Osteopontin4.
To find a suitable pair of primary antibodies, which bind with the cancer biomarker and they do not compete for
the same epitope, is a key for assembling of functional LFIA diagnostic test. One of the primary antibodies are
labelled by gold nanoparticles as they are used for colorful signalization of the observed antigen. For a synthesis
of gold nanoparticles can be used Turkevich method, which is based on a reduction of tetrachloroauric acid by
sodium citrate5.
The second primary antibodies are firmly immobilized on a diagnostic test as capture antibodies, on which the
first primary antibodies labelled by gold nanoparticles are bound. For research can be used primary monoclonal
antibodies and primary polyclonal antibodies, whose difference is in a process of their preparations6. Antibodies
prepared by immunisation of different types of laboratory animals (mouse, rabbit, goat) can be also selected.
Appropriately selected antibodies are tested with each others to find mutual compatibility, which would be used
for preparing of LFIA test.
Not classified
12 %

I. Stage
17 %
II. Stage
7%

IV. Stage
29 %

III. Stage
35 %
Figure 1. Percentage representation of diagnosed clinical stages of ovarian cancer in Czech Republic1
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Experiment
Synthesis of gold nanoparticles
The first step of the research was to prepare of gold nanoparticles, which were used for colorful signalization of
the observed antigen. For LFIA diagnostic test was necessary to prepare gold nanoparticles in required size
(approximately 20 nm). For this case was selected the synthesis according Turkevich method, which could be
used for preparing nanoparticles in size 10 – 150 nm. Reaction was based on the reduction of tetrachloroauric
acid by sodium citrate (Figure 2)5. It was possible to observe a color change of solution during the reaction.
In a clean flask, 570 ml of deionized water was brought to the boil and it was added 6 ml of 1.14 % sodium citrate
solution during the constant stirring. The solution colored to yellow. After 2 minutes was added 11 ml of 1.14 %
tetrachloroauric acid into the boiling solution. The solution became to be colorless. The solution turned black
after 1 minutes of boiling. During anothere boiling the color of solution was changing from black to ruby red
color. Prepared solution was stored in a fridge.

Figure 2. Synthesis of gold nanoparticles5
Obtained solution had ruby red color, which signalised the emergence of gold nanoparticles in required size and
form. Prepared nanoparticles were observed under a transmission electron microscopy (Figure 3). Gold
nanoparticles were also subjected to particle size distribution (Figure 4) and UV/VIS spectrometry (Figure 5).

Size [nm]
Figure 4. Size distribution of gold nanoparticles
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Figure 5. UV/VIS spectrum of gold nanoparticles
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Conjugation of primary antibodies and gold nanoparticles
Conjugation of primary antibodies and gold nanoparticles is carried out of pH, which is near of an isoelectric point
of used antibodies. It was necessary to find an optimal pH value of the gold nanoparticle solution, which was
close to an isoelectric point of all tested antibodies.
The pH of the gold nanoparticles solution was adjusted to value 7.0 by a 0.2 M solution of K2CO3. It was removed
1 ml of the solution (pH 7.0) to the clean test-tube and immediately 3 µl of primary antibodies (c = 1 mg · µl-1)
were added. Prepared conjugate was regularly stirred every 5 minutes on a minishaker for 30 minutes. This time
was necessary to create a bond between gold nanoparticles and antibodies. After that 50 µl of 10 % blocking
solution (100 mg of BSA was dissolved in 900 µl of 0.05 M phosphate buffer pH 7.4) was added into the conjugate.
This solution was used for blocking residual free binding sites of gold nanoparticles. After an incubation time (30
minutes) conjugate was centrifuged in a cooled centrifuge (4 °C, 10 000 rpm, 20 minutes) and redundant
supernatant was removed (approximately 1 000 µl). Finally, 25 µl of stabilizing solution was added into the
conjugate. This solution was used for increasing stability of protein and to improve flow properties of conjugate.
All conjugates were prepared in this way. Before the first using all conjugates were stored 24 hours in a fridge.
Immobilization of primary antibodies
The second primary antibodies from the searched compatible pair were firmly immobilized on diagnostic strips
as a capture antibodies. Primary antibodies were diluted on a concentration 500 µg · µl-1 in a 6 % solution of
ethanol, which was prepared by diluting 0.05 M phosphate buffer (pH 7.4) to the desired concentration. The
solution of primary antibodies was immobilized on a part of diagnostic strips as a line (1 cm strip x 1 µl solution).
Material, where was immobilized solution of primary antibodies, was nitrocellulose membrane High Flow Plus
HF75. The line was immobilized on strips by printer Camag Linomat 5. After the process was completed, strips
were dried in a drying machine one hour under the constant temperature (37 °C).

Results and discussion
To find a suitable pair of primary antibodies, which bind with the cancer biomarker and they do not compete for
the same epitope, was a key for assembling of functional LFIA diagnostic test. The first primary antibodies were
labelled by gold nanoparticles in prepared conjugates. The second primary antibodies were firmly immobilized
on diagnostic strips as capture antibodies, on which the first primary antibodies labelled by gold nanoparticles
are bound of the observed antigen. For testing were prepared positive solutions with a high concentration of the
observe antigen (c = 1 µl · ml-1) in a distilled water. For negative samples was used distilled water. All
combinations of primary antibodies were tested with each others. The summary of result represent a Table I.
Table I
Tested combinations of primary antibodies
First antibodies à
Second antibodies ↓

Mouse
MAB 14330

Mouse MAB 14330
Mouse MAB 14331

x

Mouse MAB 14332

x

Mouse ab58231

x

Goat AF1433
Rabbit sc20788

Mouse
MAB 14331

Mouse
MAB 14332

Mouse
ab58231

Goat
AF1433

Rabbit
sc20788

x

x

x

x

x

x

x

x

x

x

x

x

x

x

✓

x

x

x

x

x

x

x

x

x

✓

x
x

Two combinations of primary antibodies with the desired properties were successfully found. First pair was
combination of monoclonal primary antibodies Mouse MAB 14331 labelled by gold nanoparticles in conjugate
and monoclonal primary antibodies Mouse MAB 14332 immobilized on the diagnostic strip. When the negative
sample was tested, conjugate was not caught on the line of the diagnostic strip. When the positive sample was
tested, the line became visible by naked eyes (ruby red color). Second pair was combination of monoclonal
primary antibodies Mouse ab58231 labelled by gold nanoparticles in conjugate and polyclonal primary
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antibodies Rabbit sc20788 immobilized on the diagnostic strip. Results of these tests were the same as for
previous combination of primary antibodies.
Both found pairs of primary antibodies will be used in another development of detection tool for ovarian cancer
diagnostic.

Conclusion
This work was conducted by studying primary antibody interactions and cancer biomarker which helped to find
a compatible primary antibody pair that is key to the further development of the diagnostic test LFIA. Tested
antibodies were primary monoclonal and primary polyclonal antibodies. Also tested antibodies were prepared
by immunisation of different types of laboratory animals (mouse, rabbit, goat). Firstly, gold nanoparticles were
prepared by Turkevich method in required size (approximately 20 nm). Then, primary antibodies were
conjugated on gold nanoparticles. It was necessary to find an optimal pH value of the gold nanoparticle solution,
which was close to an isoelectric point of used antibodies. Then, a monitored antigen was captured on the
complex antibody – nanopartical and the compatibility of primary antibodies were tested. All possible
combinations of primary antibodies have been tested in this way. Two combinations of primary antibodies have
been successfully found for the further development of the diagnostic test.
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Abstract
The article describes the preparation and subsequent testing of composite sorbents for the capture of a cesium
cation from an aqueous solution. The aim is to find sorbents that are highly selective for the cesium in strongly
salted solutions (concentrates from evaporators = liquid rad-waste).
The composites will consist of an active material (responsible for sorption properties) and a filling material
(ensuring good mechanical properties). Natural materials will be used: natural zeolite with the high content of
clinoptilolite (active compound) and cellulose (filling). The natural materials are used particularly to be modified
by attaching functional groups that will be carried out by chemisorption or ion exchange. The functional groups
will be, for example, ammonium phosphomolybdate or potassium cobalt hexacyanoferrate.
Equilibrium batch sorption tests will be carried out to evaluate sorption properties (e.g. cation exchange capacity)
of synthetized composites. During these experiments, the best fit of Langmuir's isotherms will be used to find
the maximum absorption capacity of every tested material.
Furthermore, material characterization of synthetized composites will be performed by SEM/EDX techniques,
BET-surface area measurement, Raman microspectroscopy and FT-infrared spectroscopy.

Introduction
Artificial radioisotopes entrance environment also due to anthropogenic activities. In our case, these
radioisotopes are 134Cs and 137Cs. Both radioisotopes can be classified as medium-lived isotopes, where the halflife of 134Cs is two years and 137Cs is 30 years. Both isotopes are fission products of 235U. They are released into
the environment as a result of nuclear tests or nuclear accidents. During a reactor campaign, these isotopes
dissolve to the primary cooling circuit of WWR NPP due to microcracks of fuel roads. As ones among others
radioisotopes increase the collective dose therefore, it is necessary to remove isotopes form cooling water.
This work is focused on the production of composites designed for cesium removal. These composites containing
inorganic compounds are tested for their sorption efficiency. Three composites were produced: Cobalt
hexacyanoferrate (II) / strong base anion exchange resin; Cobalt hexacyanoferrate (II) / natural zeolite;
Ammonium phosphomolybdate / Cellulose (Iontosorb FM).
Cobalt hexacyanoferrate(II)/strong base anion exchange resin
This composite was prepared according to the following reaction:

Amberlite IRA 900 was used as a strong basic anion exchanger. This macroporous ion exchanger was washed
with 0.5 mol/L solution K4[Fe(CN)6] and washed with demineralized water.
The ion-exchange was then washed with a solution of 0.3 mol/L Co(NO3)2 to precipitate the cobalt
hexacyanoferrate (II) both on the bead surface and inside the ion-exchange itself (see Figs. 1-3).
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Figure 1. Composite of cobalt hexacyanoferrate(II)/SBA
Cobalt hexacyanoferrate(II)/natural zeolite
This composite was prepared by mixing 0.3 mol/L solution of Co(NO3)2 with a natural zeolite (Zeocem) that
contain higher content of clinoptilolite. The particle size of the zeolite was about 20 µm. This mixture was stirred
with a magnetic stirrer and heated to 50 °C. 0.5 mol/L solution of K4[Fe(CN)6] was added to the mixture using a
dropper. Precipitation occurred especially on the surface of the zeolite grains.

Figure 2. Cobalt hexacyanoferrate(II)/natural zeolite

Ammonium phosphomolybdate/Cellulose (Iontosorb FM)
The company Iontosorb form the city of Ústí nad Labem took part in the production of this composite. It has
been prepared by the addition of ammonium phosphomolybdate during beads formation. The simultaneous
preparation ensures incorporation into the cellulose matrix.

Figure 3. Ammonium phosphomolybdate/Cellulose

Material characterization
All produced composites were characterized by the following techniques: FTIR attenuated total reflection (ATR),
Raman Spectroscopy (excitation laser wavelength of 532 nm), Scanning Microscope (SEM), and Elemental X-ray
X-ray Spectroscopy (EDX)
SEM/EDX
A scanning electron microscope (SEM) LYRA3 GMU from a company Tescan with autoemission cathode (FEG) for
chemical analysis (EDX, WDX) was used to obtain following results:
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Figure 4. SEM/EDX - Composite of cobalt hexacyanoferrate(II)/SBA
FTIR
FT-IR spectrometer (Nicolet iS50) for the medium and distant infrared range with the ATR diamond crystal
measured the following spectra:

Figure 5. FT-IR spectrum of ammonium phosphomolybdate/Cellulose (right) and K2Co[Fe(CN)6]/natural zeolite
(left)
Raman microscopy
A Raman microscope (Nicolet DXR2) was used to measure sorbents. Produced spectra were evaluated. The
sample spectra are in Fig. 6.

Figure 6. Raman spectrum of K2Co[Fe(CN)6]/natural zeolite
Batch tests
Batch tests were performed to monitor the effect of pH on sorption efficiency. An example of one of the results
shows Fig. 7.
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Figure 7. Determination of optimal pH value for sorption Cs

Conclusion
Three types of sorbents (sorbents) for sorption of Cs were performed. Two sorbents (composites) contained
potassium cobaltnatate ferfokyanate and one contained ammonium phosphomolybdate. Each of the composites
was based on different matrix in which the sorption group was incorporated. various analytical techniques were
used to qualification of prepared composites. Batch tests were performed to determine the optimum pH for the
sorption of Cs from the aqueous solution.
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Abstract
Soda pulp cooked from rapeseed straw was subjected to a four-stage elemental chlorine-free bleaching under
laboratory conditions using chloride dioxide, hydrogen peroxide, and peracetic acid as bleaching agents. The
alkali extraction enhanced with hydrogen peroxide addition followed the first chlorine dioxide delignification.
For comparison, an oxygen-predelignified kraft softwood and sulphite spruce pulps, as well as once-dried kraft
softwood pulp were undergone to the same bleaching sequence DEPPPaa. The brightness, zero-span breaking
length, and degree of polymerisation were measured for unbleached and bleached pulps. The preliminary results
showed that bleachability of soda rapeseed pulp was lower in comparison with kraft softwood pulps and sulphite
spruce pulp. The final brightness of 80.0, 84.1, 83.4, and 88.3 % ISO was achieved for soda, once-dried kraft,
oxygen-predelignified kraft and sulphite pulps, respectively. However, an increase in brightness was
accompanied by a decrease in strength of soda rapeseed pulp fibres. The zero-span breaking length decreased
from 4.2 km to 3.4 km for soda pulp, while, for oxygen-predelignified kraft softwood and sulphite pulps, a
noticeable decrease in fibre strength was not found.

Introduction
The main objective of bleaching is to remove encrusted substances to obtain a pure white product, therefore,
the manufacturing process requires further delignification and bleaching of the fibres, as residual lignin is a major
contributing factor to colour. During bleaching, the cleanliness of the pulp improves when the fibres of the fibre
bundles, or shives, are released as the last of the residual lignin is removed from the pulp and any bark debris
dissolves. The chemicals used in bleaching also effectively dissolve extractives contained in the pulp. Multistage
bleaching gives the best results regarding both quality and economy, and there are alkaline and acidic bleaching
stages. With only alkaline or acidic stages, the target brightness would not be attained, so both are always used
in bleaching1.
Since turning from chlorine to ECF bleaching technologies, chlorine dioxide has become the main agent for kraft
pulp bleaching1. Moreover, chlorine dioxide is a multi-purpose bleaching agent. It is efficient in delignification,
but it is still more important in brightening pulp by reducing or eliminating residual lignin content without
significant carbohydrate losses and by reducing chromophores in pulp. At first, chlorine dioxide in combination
with subsequent alkaline extraction was used as a first bleaching stage after cooking or oxygen delignification.
The purpose of an alkaline extraction stage is to dissolve and then remove compounds made alkali-soluble in the
preceding acidic delignification treatment. Extraction can be enhanced by adding oxidants such as oxygen and/or
hydrogen peroxide2. 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 a nucleophilic agent2. 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. Transition metals
like copper, manganese, and iron can induce severe peroxide decomposition2. The decomposition of peroxide
can be controlled by using mildly alkaline conditions, stabilizing the hydrogen peroxide by adding magnesium
salts, and removing transition metals by prior acid washing or chelation8–14. Hydrogen peroxide is usually used to
brighten pulps during the final bleaching stages to prevent the pulp from losing brightness over time.
Comparing with hydrogen peroxide, the reaction of peracids with lignin following mainly an electrophilic pathway
is both more rapid and more selective under weak acidic conditions. Hence, peracids, such as peracetic acid, are
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preferred for elemental chlorine-free sequences, as well as for totally chlorine-free bleaching with a final
peracetic acid stage11,12,15–18.
In this comparative study, the soda pulp cooked from rapeseed straw was subjected to a four-stage elemental
chlorine-free bleaching sequence DEPPPaa under laboratory conditions. The pulp brightness was measured after
each bleaching stage in order to examine its changes during the bleaching process. The zero-span breaking length
and degree of polymerisation were determined for unbleached and bleached pulp. For comparison, the kraft
softwood pulp and sulphite spruce one from an industrial source were bleached under the same laboratory
conditions.

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 chopped into 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 earlier19.
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 (o. d., for short) raw material.
The pulping process including temperature regime was described in detail in our preceding paper20. The soda
pulp was stored cold at a temperature of 6 °C before bleaching experiments. The kappa number of unbleached
soda pulp determined according to the standard TAPPI test method T 236 om-99 had a value of 17.9.
Samples of unbleached pulp comprising 22 g of o. d. pulp were subjected to the DEPPPaa bleaching sequence.
The chlorine dioxide solution was prepared by acidification of a sodium chlorite (NaClO2) solution under
laboratory conditions. The first chlorine dioxide stage, D, was performed at a temperature of 60 °C for 60 min.
The volume of chloride dioxide solution was added to obtain a dose of the active chlorine equal to twice the
kappa number of the pulp to be bleached. Then, the pH value was adjusted to 2.2. The following alkaline
extraction stage, EP, was carried out at a temperature of 70 °C for 120 min. This stage was enhanced by hydrogen
peroxide addition in the amount of 4 kg per 1 tonne of o. d. pulp. The NaOH charge was 0.7 % on the basis of
oven-dried pulp. Then, the pH value was adjusted to 10.8.
Commercial products of hydrogen peroxide having a concentration of 30 mass % and of peracetic acid as a 34
mass % equilibrium solution of peracetic acid, hydrogen peroxide and water were used as further bleaching
chemicals. The hydrogen peroxide stage, P, was carried out at a temperature of 70 °C and at the pH value of 10.9
for 120 min. The hydrogen peroxide dose was 25 kg per 1 tonne of o. d. pulp. The peracetic acid charge of 10 kg
per 1 tonne of o. d. pulp was applied in the Paa stage operating at 65 °C and pH level of around 4.4 for 90 min.
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 1 tonne of o. d.
pulp to protect cellulose in the pulp samples from degradation was added in the EP and P stages. The samples
were thereafter washed repeatedly with distilled water until a washing solution with a neutral pH was obtained.
For comparison, the kraft softwood pulps and sulphite spruce pulp obtained form an industrial source were
undergone the same bleaching sequence. The kappa number of once-dried kraft softwood pulp, never-dried
kraft softwood pulp after oxygen delignification, and never-dried sulphite pulp after oxygen delignification was
18.8, 10.5., and 12.5, respectively. The pulp consistency, i. e., mass fraction of moisture-free fibres in suspension
expressed in mass %, in each bleaching stage was kept at a value of 10 %.
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 stage. 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. The
average degree of polymerisation was determined by a viscosity test using a FeTNa solution (iron (III) sodium
tartrate complex) as a solvent for pulps according to ISO 5351/2-1981 (ref.21).

Results and discussion
The soda pulp delignified to the kappa number of 17.9 under laboratory conditions was undergone a four-stage
bleaching sequence DEPPPaa. The starting brightness of soda rapeseed pulp had a value of 28.6 % ISO. For
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comparison, three sorts of pulps produced industrially, namely the once-dried unbleached kraft pulp and neverdried oxygen pre-bleached kraft pulp cooked from a blend of spruce and pine, as well as oxygen-predelignified
sulphite pulp with an initial brightness of 33.6, 40.7, and 53.7 % ISO, respectively, were undergone the same
bleaching stages simultaneously.

Figure 1. Pulp brightness after bleaching stages for soda, kraft, and sulphite pulps
The pulp brightness attained after bleaching stages is shown in Fig. 1. After last bleaching stage, the final
brightness of soda, once-dried kraft, never-dried pre-bleached kraft and sulphite pulps were found to be 80.0,
84.1, 83.4, and 88.3 % ISO, respectively. The final brightness achieved for the soda rapeseed pulp was lower
comparing to kraft and sulphite pulps. The reason can be different anatomic and chemical characteristics, as well
as the relatively high ash content in rapeseed straw comparing to coniferous and deciduous wood. However, the
total brightness increment of 51.4 % ISO attained for the soda rapeseed pulp was greater comparing to that of
50.4, 42.7, and 34.6 % ISO for once-dried kraft, never dried oxygen-predelignified kraft and sulphite pulps,
respectively. Our results can be compared with those by Enayati et al.22 who reported 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.
For a more synoptical comparison, the brightness increments achieved in each bleaching stage are illustrated in
Fig. 2. For soda rapeseed pulp, the brightness increment in the first D stage as a delignifying stage is lower than
that in the second alkaline stage EP in which lignin compounds formed by preceding acidic treatment are
solubilised and removed under alkaline extraction enhanced by the addition of hydrogen peroxide. It was
confirmed that the D chlorine dioxide bleaching stage followed by the alkaline step EP has predominant influence
upon the final brightness of pulps treated by the ECF bleaching. However, for soda rapeseed pulp, the alkaline
extraction stage is clearly beneficial from a brightness point of view.
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.4). Moreover, the pH governs the proportion of each reactive
component (ClO2, HClO2, HClO/Cl2) present in the solution6. 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 dioxide5. It was found that a lower
pH results in less chlorate formation. Thus, lower pH value of 2.5 in the first D stage may result in a slight loss in
delignification efficiency, but, on the other hand, in a substantial removal of non-process metals. This improved
metals removal may reduce peroxide decomposition in the subsequent EP stage4. Nevertheless, the difference in
bleachability between various pulps is not easy rationalised particularly when they have approximately the same
kappa numbers and brightnesses.
In contrast to chlorine dioxide, peracetic acid used in the last bleaching stage brought a brightness increment of
2.1 % ISO for soda rapeseed pulp, whereas for kraft and sulphite pulps, the contribution of peracetic acid stage
was less than 0.7 % ISO (cf. Fig. 2).
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Figure 2. Brightness increments in bleaching stages for soda and kraft pulps
It is worth mentioning that the final brightness measured for soda, kraft, and sulphite 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 acid11, 12.
During sequential bleaching operations, pulp fibre properties are gradually changed due to mechanical and
chemical treatment. Hence, besides brightness, the zero-span breaking length and average degree of
polymerisation of unbleached and bleached pulp were 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 jaws23.
The influence of the ECF bleaching sequence on the zero-span breaking length (ZSBL) of pulps is shown in Fig. 3.
The DEPPPaa bleaching sequence had a negative impact on the fibre strength of soda pulp. The loss in zero-span
tensile strength of bleached pulps may be attributed to weakening or deterioration of the fibre matrix by the
removal of lignin and the degradation of carbohydrates23. It is evident that the initial zero-span breaking length
of rapeseed pulp fibres was comparable with that for kraft softwood pulps. However, the final zero-span breaking
length of 3.4 km seems to be acceptable for using soda rapeseed bleached pulp to paper production. Of course,
soda rapeseed fibres are short, predominantly below 1 mm (ref.19). Their use in paper production will be based
on their contribution to surface smoothness and sheet optical properties. Using the D0EPD1 bleaching sequence
comprising two chlorine dioxide stages, Enayati et al.22 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.
In the case of kraft softwood and sulphite spruce pulps produced industrially, the ECF bleaching sequence had
no substantial effect on the pulp fibre strength so that changes in the zero-span breaking length influenced by
bleaching are within the experimental errors. As expected, the lowest strength was found for the oxygenpredelignied sulphite spruce pulp fibres.
Figure 4 illustrates that the ECF bleaching had a substantial effect upon the average degree of polymerisation
expect for once-dried kraft softwood pulp. Of course, a reduction in the degree of polymerisation by 33, 46, and
45 % was found for soda rapeseed pulp, oxygen-predelignified kraft softwood and sulphite pulps, respectively,
with an initial average degree of polymerisation of 811, 888, and 760, respectively. It should be noted also that
the loss in the degree of polymerisation achieved at an ECF bleaching of soda, kraft, and sulphite pulps was
comparable to that ranging of 31 to 50 % after a TCF bleaching sequences using hydrogen peroxide and peracetic
acid for oxygen-predelignified kraft softwood pulp with the intrinsic viscosity of 867 mL/g in the preceding
papers11,12.
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Figure 3. Influence of ECF bleaching on zero-span breaking length for soda, kraft, and sulphite pulps.
Error bars – 95% confidence limits.

Figure 4. Influence of ECF bleaching on degree of polymerisation for soda, kraft, and sulphite pulps

Conclusions
The results obtained enabled that some conclusions valid within the framework of our study can be made. The
soda pulp cooked from rapeseed straw seems to be difficultly bleachable in comparison with kraft softwood and
sulphite spruce pulps.
The final brightness of soda pulp with the initial kappa number of 17.9 and the initial brightness of 28.6 % ISO
subjected to the four-stage DEPPPaa sequence was found to be 80.0 % ISO, while for kraft softwood and sulphite
spruce pulps the greater values by 4 and 8 % ISO, respectively, were attained. However, the total brightness
increment of 51.4 % ISO was greater than that attained for once-dried kraft softwood pulp having the initial
kappa number of 18.8, never-dried oxygen-predelignified kraft softwood pulp with the kappa number of 10.5,
and never-dried oxygen-predelignified sulphite spruce pulp with the kappa number of 12.5.
The DEPPPaa bleaching sequence brought a reduction in the zero-span breaking length from 4.2 to 3.4 km for the
soda rapeseed pulp fibres. However, the final zero-span breaking length is comparable with that measured for
sulphite spruce pulp. Also, relatively great loss in the degree of polymerisation was found for soda rapeseed pulp,
as well as for kraft and sulphite pulps except for once-dried kraft softwood pulp.
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With respect to the final brightness and fibre strength, the soda rapeseed pulp subjected to the DEPPPaa
bleaching sequence seems to be acceptable for paper production. Nevertheless, in order to obtain soda rapeseed
pulp with brightness above 83 % ISO, the ECF bleaching sequence comprising at least two chlorine dioxide stages
will be necessary24.
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Abstract
Process hazard analysis techniques are often very time-consuming tasks requiring experienced expert teams and
thorough discussion meetings. Software tools for computer assistance in process hazard identification seems to
be essential for the enhancement of these techniques and thus for the reduction of their time and labour
requirements. Our work is focused on the development of such software tools implementing HAZOP (HAZard
and OPerability) study and process simulations based on complex mathematical models. In this paper, challenges
in hazard identification automation are discussed. Issues such as mathematical model parameter uncertainties
and their impact on the safety analysis results, interpretation variability of quantitative HAZOP deviations for
process simulations, limitations of built-in solvers in commercial process simulators for safety analysis and
computing time dependence on the complexity of the mathematical model are discussed. As a part of this
contribution, review of the application of a software tool developed by our research to novel industrial plants is
demonstrated. Mathematical models of the considered case studies had various depths and included not only a
reaction step, but also feed preparation and products separation steps. Output from the simulation-based HAZOP
study carried out by the proposed tool is a simplified HAZOP-like report consisting of analysed HAZOP deviations
and classification of their consequences.

Introduction
With the increasing level of automation in chemical industry, demand for implementation of complex hazard
identification into a robust software solution had grew dramatically. Computer-aided hazard identification based
on rigorous mathematical modelling of chemical processes represent a significant part in the research of hazard
identification automation 1,2. In recent years, different approaches for incorporation of mathematical models
were published, e.g. combination of safety engineering education and process simulation in MATLAB 3, analysis
of process hazards in a novel three-phase hydrogenation reactor4, risk assessment of membrane reactor for
hydrogen production5, advanced fault propagation study employing bifurcation analysis coupled with dynamic
simulations6,7, development of hazard identification extensions for industrially used commercial simulators8,9 etc.
Common denominator of these approaches is the adoption of HAZOP (HAZard and OPerability) study which is
considered as one of the most used and complex hazard identification techniques in chemical industry10. HAZOP
study is a qualitative procedure to identify not only process hazards, but also operability problems based on
generation of process parameter deviations from design intent by the logic combination of standardised guide
words (NO, MORE, LESS, etc.) with suitable process parameters (pressure, flow, pump frequency, etc.) 11.
In this paper, issues related to the use of software tool utilizing process simulations in commercial simulator and
HAZOP study principles are discussed. Identification of these issues is based on the vast experience of the
Department of Chemical and Biochemical Engineering of Slovak University of Technology with the development
and application of such tool to case studies differing in depth and complexness12,13,14,15. Commercial simulator is
represented by a steady state simulator widely used for simulation of processes in gas and oil industry, Aspen
HYSYS. Detailed analysis of obtained results of simulation-based HAZOP study performed by developed software
tool is provided to determine the robustness of the proposed approach and to identify challenges associated
with hazard identification automation.

Challenges in simulation-based HAZOP
Four main challenges related to implementation of the proposed simulation-based HAZOP approach into
industrial practice were identified (Figure 1) based on previous experiences with its application. The goal of this
contribution is to discuss following questions:
• How to properly define deviation?
• Is the mathematical model accurate enough?
• What are the limitations of numerical solving capabilities of commercial simulators?
• How long does it take to perform hazard identification based on process simulation?
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Following four chapters are dedicated to detailed analysis of these questions and to formulation of suitable
answers using knowledge gained by application of the developed software tool to three case studies and by
verification of its results.

Figure 1. Challenges in hazard identification automation utilizing simulation-based HAZOP

Deviation definition
In conventional HAZOP study, HAZOP deviations are generated only by combining guide words and process
parameters. The use of rigorous mathematical modelling and consequent computer simulations of the HAZOP
deviations effect on the process operation, conventional HAZOP deviation is not sufficient as a simulation input.
To start a simulation, a value of HAZOP deviation is required. Therefore, conventional procedure of HAZOP
deviation generation has to be modified in order to obtain suitable simulation input. The amount of data
necessary to be processed geometrically increases when the size is assigned to conventional HAZOP deviation.
Furthermore, the increase is even more evident when the duration of HAZOP deviation is considered. Figure 2
illustrates the issue of proper HAZOP deviation for simulation-based HAZOP.

Figure 2. Increase in the amount of data to be processed with implementation of HAZOP deviation size and
duration
By assuming the HAZOP deviation size and duration, the possibility of overlooking process hazards can be
reduced. Results from simulation-based HAZOP of case study of nitroglycerine production in continuous stirred
tank reactor were analysed to demonstrate this effect. Detailed overview of mathematical model parameters
and design intent conditions was introduced in our previous work9 in which the proposed software tool was able
to identify hazardous consequence for a deviation of heat removal from reactor, i.e. cooling medium flow
disturbance (Figure 3). Two qualitatively the same HAZOP deviations could lead to two qualitatively different
consequences – Safe operating regime and hazardous operating regime caused by runaway effect. This
phenomenon was observed only by considering also quantitative aspect of HAZOP deviation. Heat removal lower
by 10 % led only to increased temperature in the reactor, with no possible runaway. However, for heat removal
lower by 11 %, runaway could occur in the reactor. As it was depicted, it is important to define HAZOP deviations
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properly in order to identify possible hazardous events that could be otherwise neglected by insufficient
knowledge of the process by HAZOP team members.

Figure 3. Deviation definition effect on the quality of simulation-based HAZOP results in the case study of
nitroglycerine production (square – design intent, x mark – limit runaway temperature, circle – last numerical
solution in Aspen HYSYS)

Model reliability
The results of safety analysis based on process simulation can be significantly affected by the mathematical
model parameter uncertainties16. Small change in sensitive model parameter value could lead to mislabelling
safe operating regime as hazardous one and vice versa. This conclusion was supported by the analysis of model
parameter uncertainties in case study of 3-methylpyridine N-oxidation17. N-oxidation operated in novel
technology, closed continuous stirred tank reactor under elevated pressure, has to be carried out in small
temperature interval to maintain process safety. Determination of the safety region boundaries was strongly
dependent on the value of reaction enthalpy used in calculation. Figure 4 depicts the location of safe operating
regime for combination of two process parameters, feed temperature and molar ratio of reactants in the feed
stream, for five different values of reaction enthalpy. There was no such operating point that was satisfactory for
every examined value of reaction enthalpy from the safety point of view. Additionally, only one of the identified
economically optimised operating points for the original value of reaction enthalpy lied in the safe operating
regime simulated for the reaction enthalpy value increased by 5 %. If the original value of reaction enthalpy was
underestimated, the process optimisation and safety analysis recommendations could cause dangerous
operation of the process. Thus, mathematical model reliability and validity should always be thoroughly
examined and the results of process simulation should always be verified.

Solver capabilities
Aspen HYSYS built-in solver employs advanced numerical solving procedures to ensure convergence of solution
of differential-algebraic equations forming a mathematical model. However, its solving capabilities are limited in
the case of strongly nonlinear process behaviour. To analyse this effect, case study of ammonia synthesis known
for steady state multiplicity phenomenon was selected for hazard identification performed by the developed
tool9. Detailed overview of mathematical model parameters and design intent was presented in previous
papers9,14. Complete solution diagram for systems with steady state multiplicity could be compiled by using
continuation and bifurcation analysis. It is necessary to employ such techniques to determine quality of steady
states and to distinguish between stable and unstable steady states. However, using only Aspen HYSYS built-in
solver, identification of at least part of the solution diagram is achievable. Figure 5a depicts the solution diagram
obtained by process simulation in Aspen HYSYS. It was possible to simulate location of higher and lower solution
branches that are composed of stable steady states. It was not possible to reveal process behaviour in the region
created by unstable steady states. Because of the inability to affect the calculation process in Aspen HYSYS, own
mathematical model of the ammonia synthesis reactor had to be created and continuation and bifurcation
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analysis had to be applied to obtain complete solution diagram (Figure 5b). To complement hazard identification
based on process simulation in Aspen HYSYS and to ensure completeness of the nonlinear process behaviour
analysis, implementation of advanced numerical solving methods into the proposed software tool are crucial.

Figure 4. Effect of reaction enthalpy uncertainty on safe operating regime location (bright region – safe operating
regime, dark region – hazardous operating regime)

Figure 5. Solution diagram of steady state multiplicity in ammonia synthesis obtained by simulation in Aspen
HYSYS (a) and by continuation and bifurcation analysis (b)

Computing time
The last challenge in computer-aided hazard identification represent the compromise between mathematical
model range and computing time requirements. The higher the number of unit operations in mathematical
model, the longer the calculation lasts. Comparison between three different cases was made to analyse
computing time dependence on the complexness of mathematical model. Case A was presented by simplified
ammonia synthesis reactor model which was used also for previous analysis of Aspen HYSYS built-in solver
capabilities. Case B presented ammonia synthesis model extended by steam reforming of natural gas and syngas
purification unit18. Model configuration for case C was identical to case B. The difference between case B and
case C was the number of iterations allowed for calculation of recycled streams parameters. In the case B, the
number of iterations was set to 10 iterations. In the case C, the number of iterations was increased a 100-fold,
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to 1 000 iterations. Case A consisted of ca. 13 500 variables and 1 recycle stream with 10 iterations. Case B
consisted of ca. 63 000 variables and 3 recycle streams with 10 iterations. Case C also consisted of ca. 63 000
variables and 3 recycle streams, but the number of iterations was set to 1 000. The convergence efficiency (Figure
6) and computing time (Figure 7) were monitored for computer simulations consisting of four HAZOP deviations
in the interval of 1-30 % with the step of 1 % – “lower feed pressure”, “higher feed pressure”, “lower feed
temperature” and “higher feed temperature”. The convergence efficiency was calculated as the number of
correctly calculated steady states to overall number of simulations. The computing time represent time from the
start of the simulation of the first HAZOP deviation to the end of the simulation procedure (simulation of the last
HAZOP deviation and saving of steady state parameter values to the database). Figure 6 proves that increase in
the number of iterations was necessary to ensure sufficient convergence efficiency. Figure 7 demonstrates how
the computing time increased with increasing size of mathematical model (increasing number of variables to be
calculated) and increasing number of iterations. Best results were achieved for the case A, however case A
represented only simplified mathematical model of reviewed process and in case of requirement for more
complex model to simulate whole plant, case A would not be satisfactory. In the case C, the 100-fold increase of
iterations enabled convergence efficiency over 98 %, i.e. only 2 simulations were not calculated successfully.
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Figure 6. The convergence efficiency for cases A, B and C
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Figure 7. The computing time for cases A, B and C
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Conclusion
In this contribution, four challenges in hazard identification automation based on rigorous mathematical
modelling and process simulation were introduced and analysed. It was demonstrated how deviation definition,
model reliability, solver capabilities and computing time can affect hazard analysis results. By assuming the
HAZOP deviation size and duration, the scope of HAZOP study is significantly enhanced and the possibility of
overlooking process hazards is reduced. However, if the HAZOP deviation size is not simulated in sufficient value
range, hazardous consequences can remain unidentified. It was shown how mathematical model parameter
uncertainties could lead to false conclusions from simulation-based HAZOP. Therefore, use of mathematical
models in hazard identification requires always proper model verification. Solving capabilities of commercial
simulators can also represent bottleneck in hazard identification automation. Limitations of built-in solvers in
industrially used commercial simulators are more noticeable if the examined process exhibits strong nonlinear
behaviour such as steady state multiplicity. In such case, implementation of advanced numerical algorithms
seems to be crucial. In the last analysis, computing time dependence on the complexity and size of the
mathematical model was studied. It was revealed that with increasing model complexity in the case of nonlinear
processes, adjustments of calculation settings in the form of iterations number increase were necessary to
ensure solution convergence. However, with a 100-fold increase of number of iterations, computing time have
increased by almost 50 %.
Computer-aided hazard identification based on rigorous mathematical modelling represent a suitable way for
hazard identification automation. There are several phenomena challenging successful implementation of this
approach into industrial practice and it is inevitable to properly address these challenges in order to achieve
industrial application of software tools incorporating mathematical models and process simulation for safety
assessment of chemical processes.
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Abstract
This paper discusses the relation between hazard and operability study – HAZOP, mathematical modelling of
process and process control presented as the first layer of protection within general Layer of protection analysis
(LOPA). In this work, these aspects are integrated in a new concept of automated software tool to provide hazard
identification and operability study of the investigated process. The main benefit of this approach is its ability to
perform detailed safety analysis for systems operated near or within nonlinear behaviour regimes which involve
process control and so enhance the simulation-based HAZOP technique. This concept is also able to identify
hazardous regimes under conditions when control loop bring unpredictable situations or even acts synergic and
so to provide validation of the applied process control itself. In the presented analysis, both steady state and
dynamic analysis are integrated in the methodology. The concept is applied on the CSTR chemical production
process under Proportional-Integral-Derivative (PID) actions.

Introduction
Hazard and operability (HAZOP) study is one of the best and highly disciplined techniques for identification of
hazards and operability problems in chemical plants. HAZOP reports include all deviations, their causes,
consequences in equipment performance, analysis of such consequences, implemented layers of protection and
resulting suggestions. Unfortunately, even such widely used systematic method has drawbacks and is often also
time-consuming and labor-intensive, thus a computer-support tool to guide the study is needed. The latest
overview of recent developments including support by CAPE (computer aided process engineering) methods and
combination of HAZOP with other PHA has been provided1,2. However, only a minority of such extended HAZOP
studies are case studies based on mathematical modeling supported by dynamic simulations and other risk
assessment techniques3. Regarding simulation part of published automated safety analyses, the use of
commercial process simulators appears as an effective option. However, especially those discussing possible
dangerous situations resulting from the existence of multiple steady states of the investigated chemical system4,5
refer about strong limitations for the simulation of processes operated near or within these nonlinear behavior
regimes. To be rigorous, control and regulation systems need to be also integrated to the simulation
environment. Basic process control is the first of various protection layers used to lower the frequency of
undesired consequences6. Here, LOPA provides a consistent basis for judging whether there are sufficient IPLs
(Independent Protection Layers) to control the risk of an accident for a given scenario. Problem is that feed
forward and feedback control as well as other safety loops unpredictably affect the propagation of disturbances
mainly within the nonlinear behavior regimes of the process. Testing only processes with implemented process
control in a commercial simulator by HAZOP deviations and their consecutive evaluation can bring situations
where it is not possible to identify the root cause of a dangerous consequence. In other words, in these situations
it is difficult to distinguish consequences caused by parameter disturbance itself from those caused by
inadequate process control loop intervention. Thus, it is very important to test both layers: process itself and
basic process control individually - layer by layer. Subsequent classification of root causes reveals parameter
disturbances for which the investigated protection layer failed. Based on these findings, main aim of this work is
to develop a compact methodology for new numerical engine adapted for both linear and nonlinear processes.
Following the proposed methodology, process and its first layer of protection – basic process control were tested
individually by a series of reasonable HAZOP deviations.

Methodology
The proposed hazard identification methodology combines two unique approaches of standard safety analysis
study. Concept of LOPA with its IPLs structure (Fig. 1) and simulation-based approach for automated HAZOP,
completed with simulation and hazard identification techniques proposed in this work. Strategy of the hazard
identification methodology in this work is based on the integration of these two aspects by systematical testing
of IPLs in LOPA by HAZOP deviations. These numerical deviations define parameter disturbances propagating
through the investigated system during simulation testing. Testing of IPLs is performed individually - layer by
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layer. First, generated deviations are simulated and applied just to the production process itself, providing
reliable prediction of parameter disturbance effect on the process. Then, the same deviations simulation is
applied to the process “covered” by a basic process control system while recording the control loop intervention.
When the final list of process variable deviations is simulated, the next step of evaluating HAZOP simulations by
hazard identification techniques is initiated and will be discussed in the following sections.

Figure 1. Onion diagram of typical LOPA, where first two layers: process and process control are highlighted as
they will be tested by HAZOP simulations.
Process and control system description
First stage of the methodology includes the construction of an accurate mathematical model of the investigated
process as well as building and verification of a designed control system. Mathematical model of the process
investigated in this work consists of standard material balances of compounds, enthalpy balances of the reactor
and the cooling medium for CSTR. Mathematical model of steady-state simulation performed in the following
steps is represented by a standard system of nonlinear algebraic equations:
(1)
F ( X , X f ,a ) = 0
where Xf represents the vector of inlet reactor conditions as concentrations of components and inlet
temperatures of the reactor and cooling medium, X represents the vector of reactor outlet conditions in the
same manner and α the vector of investigated operating parameters. Dynamic simulation of the reactor start-up
and shut-down procedure, analysis of the process parameter ﬂuctuations effect (continuous, step, impulse) on
the reactor behaviour, can be modelled using a system of ordinary diﬀerential equations:
dX
= G ( X , X f ,a )
dt

(2)

with the initial conditions in Eq.3, where t is the time and X0 the vector of initial conditions.

(3)
To model actions of the basic process control system layer, Eq. 4 as a classic interpretation of proportionalintegral (PI) control actions, with proportionality constant - controller gain kc and integral time constant τI, was
used. Controller functions minimizing or correcting any unexpected disturbances that may upset the process by
introducing appropriate changes in the system manipulated inputs MI and measuring output variable that has to
be controlled, and compare it to a desired value (set point). The difference between measured output and set
point is the error signal, i.e. MI0 represents the controller bias.
t = 0: X = X0

MI (t ) = MI 0 + kce(t ) +
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Hazard identification techniques
Primary goal in process safety of a chemical plant is the knowledge of the existence of multiple steady states as
nonlinearity that may lead to hazardous consequences as small disturbances can drive the system away from a
stable steady state to an unstable steady state. In terms of hazard identification, also evaluation of the number
of dynamic simulations has to be done using the techniques like parametric sensitivity analysis, multiple steady
states identification and bifurcation analysis. Their combination with the continuation analysis has been
successfully applied in previous papers7. Considering the focus and scope of this work, just the simulation part of
the methodology will be further applied to the following case study. Process schema see Fig. 3.

Case study
The presented safety analysis methodology is demonstrated on a case study of propylene oxide (PO) hydrolysis
to mono-propylene glycol (PG) carried out in a CSTR, according the reaction in Figure 2. Kinetic parameters of
the reaction were taken8 and are listed in Table l.

Figure 2. Propylene glycol(PG) production reaction
Table I
Kinetic parameters for the Arrhenius equation
Variable
Units
Value
Pre-exponential factor m3 mol-1 s-1 96000
Activation energy
J mol-1
75362
Heat of reaction
J mol-1
-91360
Inflow temperature of both streams (PO and water) was 26°C. The reaction was carried out in a reactor with the
volume of 2 m3 and at the pressure of 2 MPa. Molar flow rate of PO was 10 mol/s and that of water was 6 mol/s.
The reactor was cooled with a jacket; the cooling medium, water, was fed into the jacket at the temperature of
15°C with the flow rate of 150 mol/s. Heat transfer capacity of the cooling system with the value of 7 kW/K was
considered. The reactor was operated at the temperature of 86°C and a 92 % water conversion, as it is in
agreement with data of a real PO production process presented9.
Propylene oxide

!

Propylene glycol

TIC

Water

Cooling medium IN
Cooling medium OUT

CSTR

Figure 3. Simple schematic flow diagram of the investigated process
Considering safe operation, temperature in the reactor should not exceed 97 °C, the point of safety temperature
level. At this temperature, evaporation of a large amount of the reaction mixture occurs. To prevent such
situations, the basic control loop mechanism is introduced in the process. Here, reactor temperature is measured
to be controlled and cooling medium flow rate serves as the manipulated input variable.

Discussion and results analysis
PI parameters design
Regarding controller stability, the first task was to find PI parameter values with the best response of the system
in the process referred to as controller tuning. Modified Ziegler-Nichols step test method introduced in
PIDDESIGN PID parameters designing tool10 was used. As a result, final values of PI parameters kc of 0.2 and
integral time constant τI of 12.5 were considered.
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Steady state simulations of PO flow fluctuations consequences
In standard HAZOP study, deviations in all relevant parameters of the process are generated and investigated. In
this work, only the PO feed flow was chosen as representative parameter to demonstrate the methodology. To
identify possible multiplicity of steady states and their stability, steady states solution diagrams are depicted in
Figure 4. First diagram (a) is important for the prediction of parameter influence where the system is under no
control loop actions and the cooling medium flow rate is constant. Second diagram (b) provides the whole picture
of the influence of cooling medium flow rate dynamic changes as the manipulated variable input in the controller
regulating actions. Figure 4 indicates that, for the designed operating feed flow rate of 10 mol/s, only one steady
state is possible; however, with uncontrolled fluctuating, other multiple steady states including unstable
(bounded by limit points) and oscillating ones (bounded by Hopf bifurcation points) can be achieved.
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Figure 4. Steady state solutions diagrams: a) at constant value of the cooling medium flow rate, b) at different
cooling medium flow rates. Solid circle – limit point, empty circle – Hopf point, square – operating point.
Dynamic simulations of consequences in system with no process control
In Figure 5 consequences of PO feed flow fluctuations in a system with no process control were investigated to
provide reliable prediction of the parameter disturbance effect on the process.
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Dynamic simulations of consequences in a system with implemented process control
As shown by the previous analysis of process layer testing, oscillating response and shift to another (lower) steady
state were observed in simulation samples B and C, respectively. In the present section, testing of a process with
implemented control system-layer, it is important to verify the controller actions especially in these two limit
situations. As the controller is set to maintain the reactor temperature at the original steady state value of 86°C,
actions are made by changes in the cooling medium temperature. As it can be seen, the control system
successfully regulated the first two simulation samples (A and B) to the set point without any expressive
overshoots. However, different situation in samples C and D were observed, while the controller acted
synergically with the simulated parameter disturbance and worsened the situation. Here, the effect of
oscillations initiation by the controller action was observed. Response see Fig. 6.
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Figure 6. Different responses of tested process with process control protection layer on parameter disturbance
in the process

HAZOP report and conclusion
A new simulation-based methodology has been developed and used to support and improve the traditional
HAZOP study considering also the process control as the first layer of protection. Presented integration of the
LOPA concept into the simulation-based HAZOP study may potentially lead to the identification of some
unexpected hazardous events and radically decrease the time necessary for the hazard identification process. As
different HAZOP deviations were generated and simulated, different potential hazards in the PG production
process were identified. Here, HAZOP deviation: Higher PO flow by 120%, is recognised as critical, as a significant
overshoot by controller action was observed. More critical situation was observed in HAZOP deviation: Less flow
by 17%, where synergic effect of controller action with a small parameter disturbance and initiation of oscillating
behavior were proven. To complete the HAZOP report, as the first option providing recommendations and
corrective actions, new conditions of process operation can be suggested. The presented reaction system is
characterised by strong exothermic reaction and thus modifications in the reactor cooling system (increased rate
of heat transfer) can bring significant improvement in process safety. As a second recommendation for the
analysed case study, new process control strategy by switching to another manipulated variable input or by a
more extensive option using feed forward or another advanced control strategies can be proposed.
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Abstract
The newly patented method for regeneration of ultrapure silicon and germanium via magnesium silicide and
magnesium germanide from waste photovoltaic (PV) cells, broken germanium lenses and waste magnesium
chips was utilized to obtain chemical vapour deposition (CVD) precursors for application in electronics, optics or
nanoparticles synthesis. Magnesium silicide and germanide were prepared directly by thermal synthesis from
waste materials in optimized tube reactor at 400°C and 5 Pa. X-Ray Diffraction (XRD) confirmed 97.9% respective
95% purity of products. The presence of silicon and germanium hydrides (CVD precursors) prepared by acid
hydrolysis in the second step of the process was verified by Gas Chromatography–Mass Spectroscopy (GC/MS)
and Fourier Transform Infrared Spectroscopy (FTIR). The crude, unrefined mixture of silicon hydrides served as
raw material for CVD experiment at different substrates. SEM images confirmed occurrence of various micro and
nano particles which could be used in electronics, optics and catalysis.

Introduction
Photovoltaic panels are currently commonly used as a source of renewable energy. They contain except for
silicon many other elements. Germanium has also become an important material for today's highest efficiency
solar cells1, too. The effort of many countries to improve the state of the air, and contributory policy on
renewable energy sources caused that the number of installed PV panels per year has been rapidly growing.
However, the first generations of silicon PV panels have come to the end nowadays2. Moreover, silicon together
with germanium are also commonly used in the field of semiconductors, transistors, electronics and optical
devices3. Nevertheless, the new use of germanium in high technological industrial applications, which has caused
the scarcity of germanium resources, increased its price up to 2000 USD/kg in 2015. Therefore, it has been
attractive to process raw materials and electronic scrap even of very low germanium content. This fact initiated
significant efforts to improve the efficiency of germanium recovery, similarly as recycling from waste products4.
However, the reuse of silicon and germanium for electronics and PV purpose requires their top purity and
established recycling and purification methods highly economically and ecologically demanding5. One of these
methods is based on thermal treatment with subsequent series of chemical leaching, extraction and separation
of desired elements. Crushing and milling, series of separations and extraction or electrolysis is another used
method for silicon and germanium recycling from PV waste6 – 9. Mentioned methods often produce silicon and
germanium in purity which is insufficient for their reuse in electronics and photovoltaic devices. Therefore, the
next purification steps are required4, 9. Refining of silicon and also germanium is based on their conversion to
volatile compounds mainly chlorides and chlorhydrides by the reaction with hydrogen chloride or chlorine at
higher temperature. Prepared silicon chlorides and hydrochlorides need to be separated by repeated distillation
and then could be reduced by hydrogen and thermally decomposed by Siemens process at 1100°C. In the case
of germanium, separated chlorides are hydrolysed to germanium oxide and then two-step reduced by hydrogen
at 700°C to produce ultrapure germanium10-12.
The chemical vapour deposition (CVD) is a method employed to create silicon and germanium layers in
semiconductor, electronics and optical industry and is also used for nanoobjects synthesis13. As a silicon and
germanium precursors, silicon hydrides (silanes) and germanium hydrides (germanes) have been usually used.
Their synthesis, especially higher hydrides even germylsilanes, is very complicated which is significantly reflected
in their price and lack of availabilility14. Varma and Cox15 prepared germylsilanes (SixGeyHz) from chloregermane
and silyl potassium in 20 per cent yield. It can also be prepared by the interaction of germyl sodium with
bromosilane in 7.8 percent yield16. Silane (SiH4), may be efficiently prepared by the reaction of silicon
tetrachloride with lithium hydroaluminate 17, and germane (GeH4) may be efficiently prepared by the reaction of
aqueous germinate (IV) with aqueous hydroborate18. However, none of the methods preparing silanes or
germanes from aqueous or non-aqueous solutions gives decent yields of the higher hydrides with the general
formula SinH2n+2 and GenH2n+2. The higher silanes19 and germanes20 may be prepared in good yields by passing
silane and germane, respectively, through an ozonizer-type silent electric discharge21 in good yields, regrettably,
in high costs. For that reasons, the newly patented low-cost technology for ultrapure silicon, germanium and
their CVD precursors via magnesium silicide and magnesium germanide from waste materials is presented.
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Experiment
The end of life PV cells as a source of silicon with purity over 90 %, broken infrared lenses as a source of
germanium with purity over 99 % and waste magnesium chips with purity over 90 % were used as a raw materials
for preparation of magnesium silicide and magnesium germanide. For preparation of magnesium silicide the PV
cells were milled and mixed with magnesium chips in molar ration Mg : Si = 2.1 : 1. For preparation of magnesium
germanide, magnesium chips were mixed with milled lenses in molar ratio Mg : Ge = 2.1 : 1. The particle size of
the reaction mixture was smaller than 200 µm in both cases. Prepared mixtures were homogenized and filled
into the closed tube reactor with 1 mm small vent-hole, evacuated to 5 Pa, preheated to 120°C and then heated
to final temperature 400°C with temperature rate of 15°C/min. The end of the reaction was detected by pressure
changes and did not exceed 25 minutes. Prepared samples were characterized by XRD, Scanning Electron
Microscopy (SEM) with Energy Dispersive X-Ray Spectroscopy (EDX) and Raman spectroscopy and hydrolysed by
25% phosphoric acid solution at 5 Pa to produce corresponding hydrides, which were analysed by FTIR and GCMS.

Discussion and results
The economic aspects of regeneration and purification of silicon and germanium from waste together with
complex preparation of their hydrides are challenging task. This work follows up on our previous publication9, in
which reactor, reaction conditions and time for preparation of magnesium silicide were thoroughly studied and
optimized. The other publication4 then confirmed, that the optimized arrangement is also proper for preparation
of magnesium germanide. In this reaction the 5% molar excess of magnesium was used to compensate its
evaporation during reaction, because the reaction conditions allows to change the phase equilibrium of
magnesium even it can sublimate. The small diameter of reactor's vent-hole was designed to prevent massive
evaporation of magnesium and simultaneously enabled evacuation of air humidity and other impurities from the
reaction mixture and reactor. Based on this findings the real application of hydrides prepared from magnesium
silicide was also investigated. Preparation of magnesium silicide and also germanide is exothermic reaction
described by Equations 1-3.
2 Mg (s) + Si (s) → Mg2Si (s)
2 Mg (g) + Si (s) → Mg2Si (s)
2 Mg (s) + Ge (s) → Mg2Ge (s)

ΔHr (25°C) = - 79.1 KJ/mol
ΔHr (25°C) = - 373.5 KJ/mol
ΔHr (25°C) = - 115 KJ/mol

(1)
(2)
(3)

Figure 1. Pressure dependence on time at rising temperature during magnesium silicide preparation
The Figure 1 depicts pressure changes during magnesium silicide preparation at rising temperature with rate
15°C/min until 500°C and then with 2°C/min until final temperature 600°C. The experiment was realized to find
minimal reaction temperature and to observe pressure changes, which confirmed sublimation of magnesium by
rapid increase of pressure at 400°C. The end of the reaction was characterized by rapid pressure decrease, which
signified depletion of magnesium vapour by passed reaction. The reaction time did not exceed 25 minutes after
the start of heating. It is also evident that the direction of temperature line changed at about 400°C most
probably by energy consumption for magnesium sublimation. The pressure dependence was practically identical
to magnesium germanide preparation. The composition of prepared products is summarized in Table I.
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Table I
Composition of prepared samples at 400°C after 25 minutes from XRD
Products [w %] Mg2Si Mg2Ge Mg Si Ge
Samples [mol]
2.1Mg : 1Si
97.9
2.0 0.1 2.1Mg : 1Ge
95.0
3.0
-

Undefined
0.0
2.0

The results in Table I show, that the conversion of silicon to desired product was over 97 % and the conversion
of germanium was total. The XRD characterization together with Raman spectroscopy confirmed good
crystallinity of prepared samples and SEM/EDX verified fine homogeneity see Figure 2.

Figure 2. SEM/EDX pictures of prepared magnesium silicide. Element mapping: Silicon (red), Magnesium (green)
Mentioned requirements meet the conditions for successful hydrolysis experiment, which is described by
Equations 4 and 5. Prepared hydrolysis products were characterized by GC/MS and FTIR as seen on Figure 3.
Mg2Si (s) + H3PO4(l) -> Mg(HPO4) (aq) + SinH2n+2
Mg2Ge (s) + H3PO4(l) -> Mg(HPO4) (aq) + GenH2n+2

(4)
(5)

Figure 3. GC/MS analysis of individual hydrolysis products of samples from table I by 25% H3PO4
The results demonstrated by Figure 3 confirmed presence of desired hydrides, silanes, in the case of magnesium
silicide hydrolysis and germanes, in the case of magnesium germanide hydrolysis. The only by-product of
hydrolysis was magnesium hydrogen phosphate trihydrate solution and minimal silicon or germanium residues.
The characterization of the by-product confirmed high conversion of hydrolysed silicide and germanide to silanes
and germanes. Separation of individual hydrides from mixture was also successfully verified in our previous
manuscript4 easily by distillation based on big difference in boiling points.
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Nevertheless, the crude gaseous product of magnesium silicide or germanide hydrolysis could be directly used
as a precursor for CVD deposition. Thus, the crude gaseous product of magnesium silicide was collected into
cuvette and decomposed at 400°C on three various substrates; copper, nickel and stainless steel. The substrates
were observed by SEM and obtained results are summarized in Figure 4.

Figure 4. SEM pictures of particles created by CVD of silicon hydrides mixture at 400°C on (from left) copper,
nickel and stainless steel substrates
As seen on SEM images, unrefined and unseparated mixture of prepared silanes was decomposed on various
substrates and produced different structures. The copper substrate was covered by microcrystals, based on the
literature and morphology, its probably Cu5Si13. The middle image depicts nanowires prepared on nickel
substrate which correspond to Ni3Si2 nanowires prepared by CVD on nickel substrate in literature22. The last
image shows drops growing from substrate, which could be some kind of iron silicide. All the created structures
will be studied in details and subsequent application for electronics, photovoltaic and catalysis will be thoroughly
investigated.

Conclusion
Established technologies for regeneration of silicon and germanium from PV panels and electronics have been
highly economically, ecologically and technologically demanding with series of steps and relatively low efficiency.
Moreover for their reusing in electronics and photovoltaics subsequent purification steps are required. However,
production of electronics, PV components and also related waste has been still rising. From that reasons, newly
patented low cost technology for silicon and germanium reuse from waste was investigated. It was confirmed,
that the end-of-life PV cells, broken germanium lenses and waste magnesium chips could be successfully used as
a raw materials for magnesium silicide and magnesium germanide prepared by direct thermal synthesis at 400°C
under 5 Pa after 25 minutes. The conversion of silicon to magnesium silicide was almost 98 %, in the case of
magnesium germanide 95 % which was confirmed by XRD. Prepared magnesium silicide and magnesium
germanide were then hydrolysed by 25% phosphoric acid solution to produce silicon and germanium hydrides,
which are commonly used as CVD precursor for deposition of ultrapure silicon and germanium in electronics,
optics and could be also used for nanostructures synthesis. The composition of produced hydrides were
characterized by GC/MS and FTIR, which confirmed presence of silane, disilane, trisilane, tetrasilane as a product
of magnesium silicide hydrolysis and germane, digermane and trigermane as a product of magnesium germanide
hydrolysis. Finally, the crude, unrefined mixture of silicon hydrides was successfully decomposed as CVD
precursor at 400°C on the surface of copper, nickel and stainless steel substrate. SEM pictures of their surface
after reaction showed that various types of micro and nanostructures were prepared. Created particles could
find employment in electronics, photovoltaics and catalysis.
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Abstract
Within a production of pharmaceuticals, production waste is generated. Among others, a large number of waste
pharmaceuticals packaging blisters is produced. Majority of blisters are made of polyvinylchloride (PVC, 80 %)
and aluminium foil (20 %). Although both materials are in a good quality, waste pharmaceuticals packaging
blisters are in the Czech Republic currently landfilled. Even though landfilling of recycled waste will not be
possible by 2024. Furthermore, according to Act No 185/2001 Coll. is landfilling the last preferable option of
waste management.
However, there is an available technology of mechanical separation in Germany that allows PVC and aluminium
recovery. In this study we evaluated current waste treatment and compare it with potential recycling and
material recovery in a view of global warming potential. According to the results, recycling of waste
pharmaceutical blisters makes sense from an environmental point of view.

Introduction
The pharmaceutical industry presents a large sector worldwide with growing production of pharmaceuticals.
Around 85 % of pharmaceutical solid drugs in Europe is packed in blisters. Blisters usually consist of aluminium
foil (20 %) as a lidding material and plastic film (80 %) 1,2. As a plastic - polyvinylchloride (PVC) is most commonly
used material owing to its chemico-physical characteristics and low economic value (see Fig. 1).

Figure 1. Basic composition of blister packaging (Pilchik, 2000)
PVC is a universal thermoplastic polymer used worldwide in various application. As a result, a growing number
of PVC in the waste steam is generated3. Majority of PVC waste in the Czech Republic is landfilled. However there
is no take-back scheme for collection of used blisters and no separated collection. Currently there is a big concern
in reducing plastic waste and therefore it´s crucial to focus at possible recycling technologies and evaluate its
environmental benefits (Gente, La Marca, Lucci, & Massacci, 2003; Lee, Ellenbecker, & Moure-Eraso, 2002; SadatShojai & Bakhshandeh, 2011;).
During the manufacturing of blisters a part of cut-off waste is generated. Although the waste stream consist of
relatively pure materials, it is still landfilled. We estimated that around 500 ton of cut-off blisters waste is
generated in the Czech Republic yearly. Disposal of waste stream in landfill results in loss of potentially recyclable
materials. Landfilling can cause significant environmental issues, mainly to water and soil environment. Especially
PVC can cause significant burdens on environment as it contains various additives, plasticisers and stabilisers,
above all chlorine, heavy metals and phthalates 6.
In Germany there is a technology of composite waste separation. First, the material is crushed and comminuted,
then an electrostatic separator delaminates PVC from aluminium by a high-speed rotation and electrical,
centrifugal and gravity forces. After that we obtained secondary material: PVC powder and aluminium powder.
Both gained materials could be further used in several applications. PVC is further used for manufacturing of PVC
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pipes. Aluminium powder can be used as an aluminium paste for repair paint of a car´s bodywork (see Figs. 2 and
3).

Figure 2. PVC powder (Source: Miloš Polák´s photo)

Figure 3. Aluminium powder (Source: Miloš Polák´s photo)

Experimental part
For the evaluation of a potential environmental impact, we used LCA (life cycle assessment). LCA is an analytical
standardized tool for evaluation of potential impact assessment on environment and resource consumption
throughout a product´s life cycle, so called from cradle to gate: from material extraction to waste
management 7. Therefore, we evaluate all material and energetic flows, emissions within a whole life cycle. As a
result, we obtain many information about material and energy consumption. LCA evaluates potential
environmental impact by so-called impact categories. Impact category represents a specific environmental issue
that humans affect, e.g. global warming, acidification, abiotic depletion.
Results of LCA studies can be used to assess the life cycle of the product, its individual phases, optimization of
processes and phases with the highest environmental impact, internal improvement of production processes and
procedures, as well as a tool for comparing two or more products, in eco-design and, last but not least, in the
field of ecolabelling marketing 8. LCA is standardized by ČSN ISO 14040 and ČSN ISO 140044 standards.
We used software GaBi 8 and the database ecoinvent for modelling. As an impact assessment method, we
applied CML-IA using midpoint impact categories. Because of commitment of the Czech Republic to greenhouse
gas emissions reduction we focused on a global warming potential category. The category represents a potential
environmental impact of all emitted greenhouse gases (carbon dioxide, methane, nitrous oxide, sulphur
hexafluoride, etc.) within an evaluated scheme on global warming expressed as a carbon dioxide equivalent
[kg CO2 eq.] 7.
In the study we used primary and secondary data from various sources. Primary data as information about
material composition of blisters material was gained from a pharmaceutical company. Data related to recycling
process was gained from a recycling plant company. As secondary data the software databases were used (GaBi
8, ecoinvent).
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Results
According to the results we observed that the scenario when blisters are mechanically separated, materials are
recycled and reused causes much less impact on environment than the scenario of waste disposal. As materials
are reused we assumed that it theoretically brings benefits to environment. When some process, activity or
product has a negative value of impact category indicator in LCA, it means positive benefits for environment
(recycling or other material reuse), as it is shown on Figure 4.
The recycling scenario assumes recycling of 300 kg of PVC powder and 100 kg of aluminium powder. According
to the global warming results recycling scenario theoretically saves around 1170 t CO2 eq. whereas the landfilling
scenario produces around 39 t CO2 eq.

Global Warming Potential (GWP 100 years)
200000
0

[kg CO2 eq.]

-200000

Recycling

Landfilling

-400000
-600000
-800000
-1000000
-1200000
-1400000

Figure 4. Global warming: comparison of two scenarios
In addition, when we focused more on the results of recycling scenario itself (Figure 5) it could be seen that the
recycling process causes a certain environmental impact on a global warming potential. However the results
indicates that an environmental benefit of secondary materials reuse significantly exceeds the potential of an
environmental impact of recycling process.

Global Warming Potential (GWP 100 years)
500 000

[kg CO2 eq.]

0
-500 000
-1 000 000
-1 500 000
-2 000 000

Recycling process

Environmental benefits of use
secondary materials

Figure 5. Global warming: Comparison of recycling process and environmental benefits of material recovery
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Conclusion
The main goal of the study was a comparison of two waste treatment scenarios. The first scenario presented the
current state - the landfilling in the Czech Republic. The second scenario presented the mechanical separation
and material reuse in Germany.
According our results we observed that the mechanical separation of blisters caused less impact on environment
than its landfilling. Landfilling causes a significant environmental impact and materials losses. In the view of
minimization of waste stream to landfilling and material recovery for “closing the loop” of product lifecycle, it´s
important to evaluate waste treatment options and material recovery possibilities.
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Abstract
This study compares the sorbent effectiveness of a caesium removal from water solutions.
Caesium, namely the 137Cs isotope, is a fission product of uranium (235U) breakdown. The isotope 137Cs with the
half-life decay of 30 years is an undesirable contaminant in a primary coolant of nuclear power plant. The 137Cs
isotope is main contributor to overall radioactivity in a reactor coolant. Caesium leaks in the coolant water of a
primary circuit trough microcracks in fuel rods. Damage of fuel rods is quite common, but usually less than 0,02
% per a reactor campaign. Caesium in the technological water needs to be removed due to high radioactivity.
This work compares two zeolite materials and their ability to remove caesium from aqueous solution. Zeolites
are, in general, hydrated aluminosilicate materials that behave as cation exchangers. They are able to exchange
cations from an aqueous solution for cations located on their surface, particularly for Na+, K+, Mg2+ and Ca2+. A
natural zeolite and its modified form with the high content of clinoptilolite were used for sorption experiments.
The modification was performed using Co(NO3)2 and K4[Fe(CN)6] in order to form K2Co[Fe(CN)6] on a zeolite
surface.
Zeolites were characterized by an infrared and Raman Spectroscopy, SEM, and BET surface area measurement.
Sorption experiments were conducted in a batch arrangement. The optimum pH for sorption and parameters of
Langmuir isotherm were determined. The influence of accompanying monovalent and divalent cations on the
sorption of caesium was observed.

Introduction
Wider use of nuclear power is connected to the higher production of radioactive waste. This work deals with the
removal of caesium. Caesium (137Cs) with half-life about of 30 years arises during nuclear fission of uranium (235U).
It contaminates cooling water of NPP trough microcracks that occur on the surface of fuel rods1. Although
caesium is highly radioactive, the main problem over other radioisotopes lies in its chemical similarity to the
potassium. Caesium builds in organisms and accumulates there. In human body Caesium accumulates in a muscle
tissue and among others can cause radiation heart disease. Due to its high solubility in water and therefore easy
distribution in aquatic environments it is very easy to spread across the ecosystem. Therefore, it is absolutely
necessary to remove caesium and prevent environmental contamination 2.
There exist many procedures for caesium removal such as membrane separation processes (reverse osmosis,
electrodialysis), sorption (activated carbon) or ion exchange. Ion exchange can be carried out either by inorganic
materials or by organic materials. Organic ion-exchange materials are copolymers with e.g. styrene or
divinylbenzene basis on which are bonded functional groups3. Diverse inorganic materials can be used as ion
exchange materials: various zeolite types (natural and synthetical) or salts (ferrocyanides)4. This work is focusing
on the natural zeolite – clinoptilolite - and its modifications.
In general, zeolites are aluminosilicate materials with tetrahedral structure consisting of aluminium and silicon
oxides. These oxides are linked through shared oxide. This structure causes a high porosity of the material (32
%5). Clinoptilolite is zeolite belonging to a zeolite group called Heulandites, which is characterized by high
chemical, mechanical and radiation stability. It is highly selective for monovalent cations and its formula is
(Na0,5K2,5) (Ca1,0Mg0,5) (AI66 Si30) O72.24H2O. Due to its properties, it is widely used in various industrial
applications.

Methods
Materials
All chemicals were used in p.a. purity without further processing. The solutions were prepared from
demineralized water (<0,1 µS/cm). Clinoptilolite was supplied by the Slovak company Zeocem a.s. (grain size
20 µm). The Cs+ solution was prepared from CsCl. The K+ solution was prepared from KCl. The Na+ solution was
prepared from NaCl. The Mg2+ solution was prepared from z MgSO4. Modified clinoptilolite was prepared by
precipitation of K4[Fe(CN)6], Co(NO3)2 and clinoptiloliteby the procedure described in article7.
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Material characterization
Clinoptilolite and its modified form were characterized by infrared spectroscopy using the FT-IR ATR, Raman
spectroscopy using a 532 nm green laser. Electron microscopy images were taken using the SEM-BSE detector
and EDS elemental energy dispersion spectroscopy (EDS) was applied for an elemental analysis. Surface analysis
(BET) was performed using nitrogen as an absorption gas.
Batch equilibrium experiments
All experiments were performed in an equilibrium batch arrangement and were mixed continuously throughout
the course of the run. The concentration of caesium, potassium, sodium and magnesium was determined by
flame ionization atomic absorption spectrometry.
Effect of pH
The effect of pH on sorption was investigated to obtain optimal conditions for the sorption process. The
experiments were carried out in a batch equilibrium setup under constant stirring, with the solution volume of
0.25 L, the initial Cs+ concentration of 100 mg / L, and 0.25 g of sorbent. The pH values in the individual batches
were adjusted by HCl and NaOH in a pH range of 1-10. Ten solutions with different pH were prepared. pH of one
solution was bigger by one pH than another solution. Samples were taken at the beginning of the experiment
and then periodically for 3 days.
The removal efficiency was calculated using (1). It describes the percentage removal of caesium from the
solution.
# %#
𝐴𝐴 = $ & ∙ 100 (1)
#
$

Where A is degree of removal (%), c0 initial concentration of caesium (mg/L), ce equilibrium caesium
concentration (mg/L).
Langmuir adsorption model
Samples of 0.1 L in the range of 20 -4000 mg/L of Cs were prepared. Samples were measured at the beginning of
experiment and after three days. Two mathematical relationships (2) and (3) were used to evaluate the data:
+

𝑞𝑞 = , (𝑐𝑐/ − 𝑐𝑐1 ) (2)

4∙#

𝑞𝑞 = 𝑞𝑞,23 674∙#5 (3)
5

Where qmax is the maximum adsorption capacity (mg/g), q is the adsorption capacity (mg/g), c0 and cr are the
mass concentration at the inlet and at steady state (mg/L), m is sorbent mass (g), V is solution volume (L), and b
is the equilibrium constant (L/mg).
Influence of accompanying ions
Influence of accompanying ions K+, Na+ a Mg2+ on sorption efficiency of Cs+ was studied in equimolar ratio of 1:0,
1:1, 1:5 a 1:10 (Cs:ion). Initial Cs+ concentration was 100 mg/L. To evaluate the experimental data, the
relationship (1) was used for calculating the degree of removal of ions from the solution.

Results
Characterization of material
Figure 1 (a) shows the FT-IR spectra of clinoptilolite and its ferrocyanide modified form. The band in the region
of 1019 cm-1 corresponds to the tetrahedral structure of TO4, where T can be Si or Al. Signal at 600 cm-1 includes
vibration of H2O and at 1628 cm-1 the vibration of OH bond. The peak at 795 cm-1 corresponds to valency bonds
of the O-T-O type. The strong band 2077 cm-1 corresponds to CN-. Figure 1 (b) compares the Raman spectra of
both forms of clinoptilolite. There is noticeable change in the spectra that is caused by the modification. In the
Raman spectra, the change occurred not only as shift in a range of 2000-2250 cm -1, where the peaks are
corresponding to CN-, but also the peak intensity corresponding to clinoptilolite was decreased.
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Figure 1. FT-IR (a) and Raman spectra (b), upper spectrum corresponding to clinoptilolite and lower spectrum
modified clinoptilolite by K2Co[Fe(CN)6]
The characterization of pore size and specific surface area for both modified and natural clinoptilolite was
performed using the BET method. From the sorption characteristics of both sorbents, the sorbents were found
to be predominantly micro and mesoporous (micropores < 2 nm, mesopores 2-50 nm8). Furthermore, it has been
found that the modified clinoptilolite has up to 3 times the surface area and almost twice the free volume of
natural clinoptilolite, whereas the pore size is the same for both sorbents. In conclusion to the measured data,
the pore volume in modified clinoptilolite is twice as large as the natural pore volume.
Table I
BET values for the specific surface area of clinoptilolite and modified clinoptilolite with. K2Co[Fe(CN)6]
Clinoptilolite
Clinoptilolite
+
K2Co[Fe(CN)6]
Surface area [m2/g]

71.66

235.4

Pore volume [m /g]

0.2084

0.3629

Pore Size [nm]

1.894

1.894

3

To characterize sorbent surfaces, electron microscope images were taken. Figure 2 shows photos of clinoptilolite
specimens with a magnification of 10,000x. The frames show the structural changes resulting from the
modifications.

Clinoptilolite

Clinoptilolite + K2Co[Fe(CN)6]

Figure 2. SEM-BSE clinoptilolite and clinoptilolite + K2Co[Fe(CN)6], magnification – 10 000x
Elemental analysis of the sorbent was performed using EDS. The results of the analysis confirm that they are
aluminosilicate material (oxygen content approx. 60 wt.%, silicon about 30 wt.%, and aluminium approx. 7 wt.%).
Furthermore, clinoptilolite contains a high proportion of potassium (about 2 wt.%) and calcium (about 2 wt.%).
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The measured data of modified clinoptilolite indicates a change in the composition of the zeolite surface
structure, but the change did not occur uniformly throughout the surface (iron content approx. 4 wt.%, cobalt 3
wt%).
Effect of pH value
The pH value has a very significant influence on the sorption process. It is necessary to specify it before the
beginning of the experiments. Generally, the density of the negative surface charge increases with the increasing
pH9. Figure 3 shows the graphical evaluation for the degree of caesium removal from the aqueous solution. An
ideal sorption range is from a weakly acidic to neutral pH (pH 4-6) for of clinoptilolite (Figure 3a). Ideal pH range
for laboratory-modified clinoptilolite cannot be determined because there are fluctuations in the values of the
degree of removal (Figure 3b). This can be caused by a measurement error. However, a strong basic environment
decomposes clinoptilolite and a strongly acidic environment can decompose the modified sorbent10. Therefore,
the pH range for sorption experiments was chosen in the area of weak acid to neutral (as in the case of natural
clinoptilolite).
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Figure 3. Degree of caesium removal (a) clinoptilolite, (b) clinoptilolite + K2Co[Fe(CN)6]
Langmuir adsorption model
The adsorption mechanism can be described using Langmuir adsorption model. The model introduces the
hypothesis that a uniform monolayer of caesium is produced on clinoptilolite surface without a mutual
interaction of the molecules11. Table II summarize a numerical evaluation where qmax is the maximum adsorption
capacity (mg / g) which expresses how many mg (meq) of caesium is possible to be captured by one gram the
sorbent. b is Langmuir’s constant associated with the energy of adsorption. Results show that natural
clinoptilolite is nearly 30% more effective than its modified version despite the fact that the modified version has
a 3x larger surface. This phenomenon is most likely caused by a composite precipitation on the zeolite surface,
thereby reducing the number of active sites.
Table II
Parameters of Langmuir adsorption model for clinoptilolite a clinoptilolite + K2Co[Fe(CN)6)
qmax

b

mg/g

meq

l/mg

meq

Clinoptilolite

162.4

1.222

0.002

0.221

Clinoptilolite + K2Co[Fe(CN)6]

118.9

0.894

0.003

0.414

Effect of accompanying ions on caesium sorption
Three ions were chosen to monitor their competition with s Cs+, namely K+, Na+ and Mg2+. Potassium ions were
chosen for their chemical similarity to caesium ions and because they occur commonly in cooling water of the
primary circuit of VVERs. These reactors types are used in the Czech Republic (Temelín NPP, Dukovany NPP).
Sodium and magnesium ions have been chosen to represent ions commonly found in aqueous environment.
Sodium ions are representative of monovalent ions, and magnesium ions are representative of divalent ions.
Figure 4 shows the results of the sorption of Cs+ and K+ ions. The adsorption capacity was negative in the first
batch setup where potassium ions were not added. This indicates that ion exchange occurs: bounded potassium
was released with caesium bound instead on the surface of the sorbent. In the experiments where K+ ions were
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added to the solutions, there is an ion exchange accompanied by a competition between Cs+ and K+. The Cs+
sorption is significantly affected in experiments with modified clinoptilolite. In experiments with addition of
sodium (Figure 5) and magnesium (Figure 6) ions, there is almost negligible competition between ions and low
or zero adsorption capacity due to the low amount of these ions bound on the zeolite. These results correlate
with elemental analysis of sorbents.
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Figure 4. Degree of removal for caesium and potassium ions by clinoptilolite and modified clinoptilolite
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Figure 5. Degree of removal for caesium and sodium ions by clinoptilolite and modified clinoptilolite
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Figure 6. Degree of removal for caesium and magnesium ions by clinoptilolite and modified clinoptilolite

Conclusion
The modification of clinoptilolite by cobalt ferrocyanide increased its specific surface almost 3 times. However,
the efficiency of ion exchange is almost 30% lower compared to the natural/non-modified form. This can be
explained by precipitation of the ferrocyanide complex on the surface of the clinoptilolite, thus preventing access
to the adsorption sites. Results from EDS indicates that the modification of zeolite did not occur evenly
throughout the surface. The presence of K+ in the solution significantly influenced Cs+ removal in the case of
modified clinoptilolite. This effect of K+ presence on natural zeolite sorption efficiency was significantly lower
than on the modified zeolite. Our results suggest that this zeolite modification is inappropriate for better caesium
sorption and the effort should be spent on improving the procedure in order to open the zeolite structure (as
observed by increase of specific surface) without blocking the adsorption sites.

Acknowledgment
The presented work was financially supported by the Ministry of Education, Youth and Sport Czech Republic project LQ1603 Research for SUSEN. This work has been realized within the SUSEN Project (established in the
framework of the European Regional Development Fund (ERDF) in project CZ.1.05/2.1.00/03.0108 and of the
European Strategy Forum on Research Infrastructures (ESFRI) in the project CZ.02.1.01/0.0/0.0/15_008/0000293,
which is financially supported by the Ministry of Education, Youth and Sports - project LM2015093 Infrastructure
SUSEN.
We would also like to thank Zeocem a.s. for providing sorption material.

References
1.
2.
3.
4.
5.
6.
7.

441

Ding, S. Y.; Yang, Y.; Huang, H. O.; Liu, H. C.; Hou, L. A. Effects of feed solution chemistry on low pressure
reverse osmosis filtration of cesium and strontium. Journal of Hazardous Materials 2015, 294, 27-34.
Radioactive decay. Radioactivity and radioaction [online]. Buckten - Switzerland. Dostupné z:
http://www.geigercounter.org/radioactivity/decay.htm
Jelínek, L. Desalinační a separační metody v úpravě vody. Vyd. 1. Praha: Vydavatelství VŠCHT, 2008, ISBN
978-80-7080-705-7.
Wu, J. J.; Li, B.; Liao, J. L.; Feng, Y.; Zhang, D.; Zhao, J.; Wen, W.; Yang, Y. Y.; Liu, N. Behavior and analysis of
Cesium adsorption on montmorillonite mineral. Journal of Environmental Radioactivity 2009, 100, 914920.
Zeocem [online]. Bystré: Zeocem, 2017 [cit. 2018-01-16]. Available: http://www.zeocem.sk/
Metody výzkumu chemického složení minerálů. Is.muni.cz [online]. 2015. Availablez:
http://is.muni.cz/do/1499/el/estud/prif/ps09/9045979/web/kapitola5/img51_1.html
KŮS, Pavel, Aneta FOUBÍKOVÁ, Martin SKALA, Jaroslav KOTOWSKI a Lucia ROZUMOVÁ. Selective sorption
composites for cesium capture. In: International Conference on Chemical Technology. Mikulov, 2018. ISBN
978-80-86238-83-8.

ICCT 2018 | PROCEEDINGS

WASTE PROCESSING, AIR AND WATER PROTECTION
8. Pechoušek, J. Měření plochy povrchu pevných látek a určování jejich porozity metodou sorpce plynu.
Olomouc, 2010. Univerzita Palackého.
9. Strnadová N., Thanh D. N., Minh S. N. T., Ulbrich P., Singh M. Využití nanosorbentů na bázi MnO2 pro
odstraňování As (V) z vod. Sborník konference Pitná voda 2010, 151-156
10. Personal communication – Pavel Kůs
11. Tuček, F., Kodíček Z. a Chudoba J. Základní procesy a výpočty v technologii vody: celostátní vysokoškolská
příručka pro studenty vysokých škol chemickotechnologických studijního oboru 28-05-8 technologie vody. 2.
přeprac. vyd. Praha: Státní nakladatelství technické literatury, 1988.

442

ICCT 2018 | PROCEEDINGS

WASTE PROCESSING, AIR AND WATER PROTECTION
THERMOPHILIC POPULATION USAGE FOR HOT WASTE AIR TREATMENT – FEASIBILITY ASSESSMENT
Chalupa J., Halecký M.
University of Chemistry and Technology, Department of Biotechnology, Prague, Czech Republic
chalupaj@vscht.cz

Abstract
In recent years, the biological treatment of hot waste air has gathered attention due to emergent technological
solutions to reactor overheating. During overheating, the biological agent, typically mesophilic population
(bacteria, yeasts, fungi; optimal growth at 20 - 45 °C), lose their ability to degrade pollutants contained in the
waste air, which causes a drop in bioreactor elimination capacity and removal efficiency. One suggested
approach is to use different biological agent, such as thermophilic population (optimal growth at +50 °C), which
thrive at elevated temperatures and retain its ability to degrade pollutants. Such approach is referred to as
thermophilic biofiltration. It has been well documented in literature, in some cases it performed better than
mesophilic biofiltration in terms of certain operational parameters (elimination capacity, removal efficiency,
pressure drop, and filter bed clogging). Despite this, very little attention has been focused on realisticness of
bioreactor thermal stationary states. According to literature survey, experimental bench-scale bioreactors are
generally heated artificially, to ensure specific operational temperature. In this work, we focused on
development of a tool (mathematical model), which enables us to asses bioreactor propensity for overheating,
based on properties of incoming waste air (temperature, relative humidity, airflow rate) and ambient parameters
(temperature). This theoretical concept was tested in several different bioreactors (bubble column reactor,
biofilter, and combined bioreactor). It was found, that relative humidity of the incoming waste air plays a key
role in bioreactor overheating. For example, in the case of hot dry air (T = 60 °C, ϕ = 1 %, F = 1.5 l·min-1), the
biofilter (V = 1 l) was not overheating. In fact, the outlet air temperature (T = 23 °C) was lower than ambient
temperature (T = 25 °C) due to high enthalpy of water vaporization. On the other hand, in case of hot humid air,
the reactor overheating is a real problem.

Introduction
Thermophilic biofiltration refers to a process in which the polluted waste air is purified by means of thermophilic
biological agent, mainly bacteria, in different types of reactors. For successful removal of the pollutants several
conditions must be met with respect to biological agent: optimal growth temperature, available nitrogen,
phosphorus and potassium sources, and sufficient moisture content. Thermophilic biofiltration is generally
connected with treatment of hot waste air. The main justification for using thermophilic bacteria lies with the
premise that the hot waste air will cause overheating of the biofiltration system, which renders mesophilic
biological agents (bacteria, yeast, fungi; optimal growth at 20 - 45 °C) unable to degrade pollutants contained in
the waste air1. Furthermore, the usage of thermophilic bacteria (optimal growth at +50 °C), would save on
operational costs of running a biofiltration system caused by cooling of inlet waste gas stream in the case of
mesophilic biofiltration2; which is a prevalent practice used.
Thermophilic biofiltration can be carried out in different types of reactors, but the two main branches are:
reactors with suspended cells (Airlift reactor – ALR, Bubble column reactor – BCR, Stirred tank reactors – STR)
and biofilm reactors (Biofilter – BF, Biotrickling filter – BTF). The majority of the studies use biofilm reactors3-15,
while only one use reactors with suspended cells16. Thermophilic biofiltration was successfully used to remove
different types of pollutants: oxygenated compounds (methanol, ethanol, isobutyraldehyde, 2-pentanone, tercbutyl ether)2, 3, 6, 8, hydrophobic hydrocarbons (α-pinene, benzene, toluene, ethylbenzene, xylenes)2, 4, 5, 13, 16,
sulfur compounds (hydrogen sulfide, dimethyl sulfide, sulfur dioxide)1, 7, 9, 11, 15, and nitrogen compounds
(trimethylamine)14.
Several researchers compared performance of mesophilic and thermophilic biofiltration systems. Thermophilic
biofilter treating BTEX polluted air stream showed higher elimination capacity and lower pressure drop compared
to the mesophilic biofilter, also benzene was removed with higher efficiency in the thermophilic biofilter17.
Similar results were observed for thermophilic biofilter treating toluene polluted air stream18. Thermophilic
biotrickling filter treating α-pinene showed significantly higher elimination capacity, but also showed higher
pressure drop compared to mesophilic biotrickling filter10.
Literature survey shows that thermophilic biofiltration is viable technology for treating waste air and that it can
perform better than mesophilic biofiltration17, 10, 18. Despite this, very little attention has been focused on
realisticness and stability of bioreactors thermal stationary states. For example, experimental bench-scale
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bioreactors are generally artificially heated to ensure stable, optimal temperature for the bacteria. Which is
beneficial, when wanting to test, if and how much, the thermophilic bacteria will remove a certain pollutant. But
this approach does not elucidate the practical question: If the waste air stream itself will cause overheating the
reactor or, possibly, sustain a constant temperature without artificial heating? In which case thermophilic
microorganisms would be desirable.
In general, the question of reactor overheating depends on the enthalpy-driven balance of the reactor, which
consist three main components: heat exchanged with the waste air either directly or through evaporation and
condensation, heat flow exchanged with the surrounding, and heat generated by biodegradation. The resulting
balance, while accurate, is considerably complicated and would require input of variables specific to each
particular biofiltration system. Therefore, this work focuses on simplifying the problem by creating first-glance
easy to use tool, which will enable user to asses bioreactor propensity for overheating based on properties of
the waste air.

Methodology
As the basis of the simplification, the analogy of evaporation, specifically the first drying period (see Fig. 1-a), was
explored. This period (points B–C) is characterized by the condition that the drying material surface must be
covered in a liquid film. In the case of reactors with suspended cells is the condition met automatically. In the
case of biofilm reactors, the microorganisms need sufficient moisture for pollutant biodegradation to occur,
which is in practice generally achieved by regular irrigation. Therefore, that condition is also met with biofilm
reactors.

Figure 1. Drying curves – Qualitative dependence of moisture content Y (a) and temperature T (b) on drying time
t. A-B – start-up period, B-C – first drying period (constant drying rate, material surface is fully wet, material
temperature is equal to wet bulb temperature of drying air), C-E – second drying period (drying rate is not
constant, material surface is not fully wet, material temperature gradually rises to dry bulb temperature of drying
air)
During the first period the drying rate is constant and the drying material temperature (see Fig. 1-b), which is
also constant equals wet bulb temperature of the drying air, in our case wet bulb temperature of the waste gas.
For air-water systems, the wet bulb temperature equals temperature of adiabatic cooling caused by evaporation.
Therefore, by this simplification, the heat exchanged between the reactor and the surrounding is not taken into
account. However, considering that the temperature of the surrounding is typically bellow thermophilic region
(50 °C), we can assume, that if the overheating does not happen adiabatically, it is not likely to happen at all.
<

T" = T$%& ∙ arctg -0.151 977 ∙ (φ + 8.313 659)= > + arctg?T$%& + φ@ − arctg(φ − 1.676 331) +
B

0.00391838 ∙ φ= ∙ arctg(0.023 101 ∙ φ) − 4.686 035

(1)19

For this tool to be usable there is a need to express the wet bulb temperature as a function of dry bulb
temperature and relative humidity of the waste air. To the best of our knowledge, the exact analytical expression
of such dependency does not exist. Equation 1 is an approximation based on empirical fit using gene-expression
programing of such dependency derived by Stull19. Using this expression, the wet bulb temperature for any given
waste air stream can be calculated, if the temperature of the waste air and the relative humidity is known. Based
on that value the bioreactor propensity for overheating can be extrapolated.
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Figure 2. Wet bulb temperature as a function of dry bulb temperature and relative humidity

Results and discussion
This theoretical approach was tested in several different experimental reactors (see Tab. I), two biofilters and
two bubble column reactors. Experiments 1, 3, and 4 show that calculated wet bulb temperature is accurately
describing actual temperature measured in the reactor. In these cases, the incoming air was hot and dry, yet the
reactor temperature remained low. Notably in experiment 1, the reactor temperature was lower than
temperature of the surroundings. These experiments illustrate the case where the overheating did not happen,
despite the high temperature of the incoming air. Additionally, this result can be accurately predicted with the
wet bulb temperature.
Table I
Comparison of computed wet bulb temperatures and actual bioreactor temperatures for various experimental
set-ups
Air flow rate
Experiment
Reactor
[l·min-1]
Tdry [°C]
Tw [°C]
Tm [°C]
φ [%]
1

BF (V = 1 l)

1.5

60

1

23.5

23

2

BF (V = 1 l)

1.5

27

100

27

25

3

BCR (V = 200 l)

1000

50

10

24

20

4

BCR (V = 2.5 l)

5

50

2

19

21

5

BF (V = 3 l)

5

57

100

57

40

In experiment 5 the incoming air is hot and humid and it illustrates the point where overheating can happen.
However, in this case the calculated wet bulb temperature differs significantly from actual reactor temperature.
This happens because in this case the heat exchanged between the reactor and the surrounding affects the actual
reactor temperature significantly.
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Overall, the data shows that not only temperature but also moisture content of the waste air plays key role in
reactor overheating. In fact wet bulb temperature of the waste air should be one of the criteria to consider when
deciding whether it is feasible to use either a mesophilic or thermophilic population for waste air treatment. The
biofiltration system show propensity for overheating when wet bulb temperature exceeds 50 °C (see Fig. 2).
Bearing in mind, the waste air with high moisture content is better when considering biofiltration system in
general as aids in preventing evaporation of the media.

Conclusion
In this work we developed theoretical concept, that allows us to asses bioreactors propensity for overheating, or
rather the lack of thereof, based on colligative properties of the waste air alone. The waste air properties are
easily measurable and the wet bulb temperature computation is straightforward enough for this approach to be
easy to use. On account of feasibility, using a thermophilic population for the treatment of waste air will not work
in low moisture. Such air will not cause reactor overheating, therefore it can be treated by conventional
technology using mesophilic population. However, it seems that the niche for thermophilic biofiltration lies with
treatment of hot waste air with high moisture content. Such waste air is prone to cause bioreactor overheating
and subsequent inactivation of mesophilic bacteria. Among the sources of hot waste air with high moisture
content are composting, rendering and foodstuff-drying facilities. These off gases typically contain significant
portion of oxygenated, nitrogen, and sulfur compounds; which have been shown to be readily removable by
thermophilic biofiltration.
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Abstract
The technology of Molten Salt Oxidation (MSO) is a thermal treatment process used for reprocessing of
hazardous organic waste using the flameless oxidation within the molten salt. The principle of the whole
technology is based on the consequent capture of acidic gases and ash products in the alkaline salts. The alkaline
salts, such as Na2CO3 or K2CO3, are primarily used due to low melting point and low viscosity. The pilot plant MSO
technology was built in the laboratory of Research Centre Řež, which is capable for disposal of solid and liquid
hazardous organic waste. The aim of this work is the optimization of the technological process during the
oxidation of liquid waste.

Introduction
The technology of Molten Salt Oxidation (MSO) has been well-known and this process is based on the flameless
decomposition of organic wastes at high temperatures. During the process, the organic wastes are dosed
together with the oxidizing agent (O2, air) below the surface of molten salts, where proceeds the flameless
combustion and the conversion of wastes to CO2 and water vapour. The halogens are captured in alkaline melts
in form of halides and other compounds (such as heavy metals and radionuclides) are captured in melts and can
be easily separated1 2.
During application of alkaline melt, such as Na2CO3, the degases are neutralized on e.g NaCl. The neutralization
reactions are shown in following equations, where the X denotes halogens3 4:
(1)
2Ca H b + (2a + b / 2)O2 ® 2aCO2 + bH 2 O
For organic wastes containing halogens:

Ca H b X c + c / 2 Na 2 CO3 + (a + (b - c) / 4)O2 ® (a + c / 2)CO2 + b / 2H 2 O + cNaX

(2)

The MSO technology was developed for disposal of spent ion exchange materials and oils from nuclear power
plants. These wastes contain Cs, which is released during combustion at high temperatures. When the
temperature decreases, condensation occurs and resulting particles are separated from degases. The examples
of waste disposal efficiency in MSO technology are shown in following Table I:
Table I
The example of waste disposal efficiency in technology of MSO5
Type of waste
Combustion efficiency
Type of waste
(%)
Ion exchangers
100
Cyanides
Benzotrichloride
≥ 99,99
Hexachlorobenzene
PCB
≥ 99,99
Simulated fissile products

Combustion efficiency
(%)
99,99
≥ 99,99
≥ 99,99 in salt melt

From Table I can be seen that technology MSO is a universal method, which can dispose of almost all combustible
organic wastes with high efficiency. With some adjustment, it is possible to reconfigure the technology onto
processing of the different type of combustible material.
The main part of the pilot plant technology are two reactors, which are heated by resistance heating. In the
reactors are situated changeable reactor vessels made from steel Inconel 603. The waste is dosed through
injection system with the oxidizing agent (air or oxygen) within the salt melt in the first reactor vessel, where
occurs the flameless oxidation. The oxidizing agent is dried and can be heated up to 400 °C for the increase of
the oxidation efficiency. In the second reactor vessel occurs the secondary oxidation, CO to CO2. The gaseous
products from the second reactor consist only H2O and CO2. Whole MSO technology is designed to have a
maximum concentration of CO up to maximum 100 ppm. The next part is the gas treatment system with flue gas
analyzer. The storage tanks for the waste are two types: one for the solid waste and one for the liquid waste.
Solid waste is moved into injection system through the conveyor and liquid waste is pumped. The spent salt is
poured into the water tank and recycled. Process schema see Fig. 1 and its characteristics see Table 2.
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Figure 1. Pilot plant scheme
Table II
The comparison of advantages and disadvantages of the MSO technology
Advantages
Disadvantages
Lower working temperature than combustion
Higher prices for electricity – electric heating
Alkaline salts absorb acidic degases
High corrosivity of the salt melt
Salt melt works as a stable heat transfer medium
Lower emissions of CO2 due electric heating

Experiments
Experiments were conducted due to the implementation of the new technology, it’s behaviour and possibilities.
These experiments consist the verification of the information gained with the laboratory apparatus. (the need
for the two-stage reactor system, reactor filling e.g.)
Experiments were carried out with different dosing time and reactor vessel filling. The first experiment was
carried out with the temperature of 900 °C and the filling was 25 kg of Na2CO3 (1/3 of maximum operating
volume) in each reactor vessel. The experiment lasted for 30 minutes and during that time the mass of 0,8 kg of
oil was oxidized.
The second experiment was carried out with the temperature of 900 °C, but only the first reactor vessel was
filled with 25 kg of Na2CO3. The second reactor vessel was filled only with small amount of Na2CO3 for forming
the cold plug. The experiment lasted for 1:45 hours and the oxidized amount of oil was 2 kg.

Results
The results of conducted experiments are listed below with the composition of the flue gas. From this analysis,
we can determine the processes during the oxidation of the organic material. The analysis of the molten salt will
be examined for the composition of the inorganic material.
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Figure 2. The graphs of flue gas analysis with concentration and volume percentage
In the Figure 2 are shown the results of the first experiment. At the beginning of the experiment is the
concentration of CO in the acceptable limit – 100 ppm. But with longer dosing time the concentration of CO
grows up to 200 ppm. This phenomenon is caused by low level of molten salt in both reactor vessels. With the
constant dosing, the melt in the first reactor was oversaturated and that led to lower efficiency of oxidization of
CO to CO2. The low values of SO2 are below the detection limit due to no Sulphur content in the oxidized waste.

Figure 3. The graphs of flue gas analysis with concentration and volume percentage
In Figure 3 the results from of second experiment are shown. The values of CO begin to rise above the acceptable
limit 100 ppm from the beginning of the oxidation process. The reason is the low level of salt melt in the first
reactor vessel and the absence of salt melt in the second reactor vessel. This experiment shows the need for
two-stage reactor system for MSO technology for the need of low values of CO. The concentration peak, which
occurs in time 5800, is caused by oversaturated salt melt and therefore is the loss of efficiency of the oxidizing
process.
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Conclusions
There were carried out two experiments with the combustion of liquid waste, which were used as verification of
the information gained with the laboratory apparatus. Gained results are proving that it is necessary to operate
two-stage reactor setting and use the whole volume of reactor vessels for high-efficiency conversion of CO to
CO2.
High concentration of CO is undesirable and the next experiments will be focused to lower this type of emissions.
This also includes use of other types of salts with different viscosity and melting point.
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Abstract
Halogenated organic compounds are usually recalcitrant compounds and can enter the environment from
production and application of chemical specialties. Examples of modern organic halogenated phenols tested in
this study are Triclosan and Bromoxynil. Triclosan is commonly used as an antibacterial and fungicidal agent.
Bromoxynil is used as an herbicide for deciduous trees. The aim of technological processes minimizing the
impacts of the use of these compounds is to remove them from effluents - for example, by chemical
transformation into easily biodegradable products. One possibility is the use of reductive dehalogenation using
a suitable reducing agent. As the reducing agent, hydrogenation using noble metals or application of metallic
alloys of electropositive metals with hydrogenation catalysts can be applied.

Introduction
Organohalogens are widely spread around many different things that we are using in our everyday lives.
Halogenated organic compounds are a relatively wide group of organic compounds containing one of the
elements belonging to the group of halogens. They are usually biodegradable substances and can be
incorporated into the individual environmental compartments from the production and application of chemical
specialties (e.g. pesticides, pharmaceuticals, dyes and pigments). Many of them are dangerous to human health
and to living organisms (e.g. polychlorinated biphenyls) and their usage and production has been eliminated or
restricted with different kinds of agreements (e.g. Stockholm Convention on Persisted Organic Pollutants) to
protect the environment. Chlorinated organics are among persistent organic pollutants, which have ability to
bioaccumulate in the environment, are highly resistant against degradation and also enter the bodies of living
organisms where it could change the DNA structure and causing cancer. Modern organic halogen derivatives
widely used as biocides include chemicals Triclosan and Bromoxynil1.

Problematics of halogenated organic coumpounds
Organohalogens and mainly chlorinated organics are widely spread around many different things that we are
using in our everyday lives. We are encountering these substances consciously or unwittingly on almost every
step. Many of them are dangerous to human health and to living organisms (e.g. polychlorinated biphenyls) and
their usage and production has been eliminated or restricted with different kinds of agreements (e.g. Stockholm
Convention on Persisted Organic Pollutants) to protect the environment. There should be an encouragement
towards so called environmental friendly alternatives which would have preferably no harmful impacts on
nature. Chlorinated organics are among persistent organic pollutants, which have ability to bioaccumulate in the
environment, are highly resistant against degradation and also enter the bodies of living organisms where it could
change the DNA structure and causing cancer2.
In this modern age where everything has to be as clean as possible, humans got used to put compounds with
antibacterial or antiseptic properties in many different things of their daily needs such as cosmetics (shampoos,
creams, etc.), clothing, household products and so on. This need of the total cleanliness and free of germs fever
went to nowadays alarming situation of where the overusing of antibacterials is causing the bacteria resistance
as we could see with the antibiotics prescribed for every banal disease by which people might get infected.
Basically people got used to the feeling of their own security and untouchability while protected by these
substances but it is too much of a good thing. This state of things calls for immediate action2.
These substances also increase the AOX parameter in water. Adsordable Organic halides (AOX) is a measure of
the organic halogen load at a sampling site such as soil from a land fill, water, or sewage waste. The procedure
measures chlorine, bromine, and iodine as equivalent halogens, but does not measure fluorine levels in the
sample3.
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Triclosan and Bromoxynil
Triclosan (5-chloro-2,4-dichlorophenoxy)phenol, TCS)(see Fig. 1) is a very widely spread antibacterial agent with
wide range of effect. We could find it in personal care products such as toothpastes, antibacterial soaps,
shampoos and cosmetics. European Union restricted triclosan use in cosmetics since 2014 but it also can be
found as an antibacterial preservative in plastics like kitchenware, toys as well in textile products like socks,
beddings, sports clothing. Triclosan has been also detected in human breast milk and bodies of fish. TCS is
commonly detected in the wastewater treatment plants (WWTPs) and even though its degradation efficacy is
quite high, trace concentrations go to effluents and cause death of many aquatic organisms such as algae,
daphnids, phytoplankton and fish. In WWTPs or by incinerating TCS contained clothing TCS could be transformed
to even more toxic compounds (e.g. by photocatalysis of surface water, through biological methylation to
methyltriclosan). Usage of TCS in clothing has been banned by European Union because of the concerns from
bacterial resistance and generation of toxic metabolites such as 2,8-dichlorodibenzo-p-dioxin 4,5,6.
Bromoxynil (3,5-dibromo-4-hydroxybenzonitrile, BRX) is an organic compound with the formula HOBr2C6H2CN.
It is classified as a nitrile herbicide, and as such sold under many trade names. It is a white solid. It works by
inhibiting photosynthesis. It is moderately toxic to mammals. It is an organic compound, a benzene derivative
containing two bromine atoms. This substance is used as a herbicide for the disposal of annual weed species.
Bromoxynil decomposes with a half-life of approximately two weeks in soil. Persistence increases in soils with
elevated clay or organic matter content, suggesting the compound has somewhat limited bioavailability to
microorganisms in these environments. Under aerobic conditions in soils or pure cultures, products of
Bromoxynil degradation often retain the original bromine groups. The herbicide, and one of its common
degradation products (3,5-dibromo-4-hydroxybenzoic acid) have been shown to undergo metabolic
reductive dehalogenation by the microorganism Desulfitobacterium chlororespirans 7,8.

Figure 1. Chemical structure of Bromoxynil (1) and Triclosan (2)

Possibilities for removal of organics specialities based on AOX from water
The goal of technological processes limiting the impacts of the production and use of these compounds is to
effectively remove them from water. One of the ways to degrade halogenated biocides is their chemical
conversion, for example, by dehalogenation to readily biodegradable products. One possibility for removing
stable halogenated organic compounds is the hydrodechlorination. Hydrodechlorination is an effective way for
detoxification of chlorinated organics under relatively mild conditions without toxic by-products formation.
Unlike chemical oxidation where the pollutants are usually degraded to (if possible) CO2 and H2O under quite
harsh conditions (and toxic by-products could be produced), this method enables to replace chlorine in the
molecule by hydrogen under relatively mild conditions and generate more easily biodegradable compounds due
to their lower toxicity, i.e. no halogen in the molecule. Hydrogen could be introduced to the system in many
different ways, e.g. by hydrogen gas bubbled to the solution or generated in situ from hydrides, hydroxides, or
hydrazine by a reaction with metals (either by Pt or Pd on carbon, by a mixture of metals as a fly ash or in the
form of metallic alloys). Those methods showed good results in the degradation of various chlorinated pollutants,
such as toxic polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans, and trichlorobenzenes bunder
relatively mild conditions 1,2,9,10,11.
It was tested the hydrodechloration by activated zero valent metal, for example Fe coated with Cu, Zn coated
with noble metals.13,14 Many publications deal with the use of alloys for reductive dehalogenation. As the
reducing agent, metal alloys of electropositive metals can be applied with hydrogenation catalysts. For example,
aluminium metal alloy dehalogenation, which has the properties of a hydrogenation catalyst (Raney nickel alloy
– nickel and aluminium; Devard’s alloy – copper, aluminium and zinc), can be dehalogenated 1,2,8.
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For degradation of various halogenated compounds has been used in the past utilizing reductive dehalogenation
with Al-Ni alloy in alkaline solutions. Mainly products of degradation had been obtained by replacing the halogen
with hydrogen however in some cases the reduction of other groups on the molecule occurred. The
dehalogenation mechanism of halogenaromatics by metallic alloys is not yet completely clarified – few different
views on the problematic had been reported. First view is proposing the direct reduction of organohalogen at
metal surface the other describes the effect of adsorbed hydrogen activated on nickel sponge 2,12,13. The example
of reductive dehalogenation of Triclosan shows the figure 2 2.

Figure 2. Example of reductive dehalogenation of Triclosan by Al-Ni alloy
Catalytic hydrogenation, reduction by using metals or metal hydrides as well as reductions with some
nucleophilic neutral or anionic species have been used for the transformation of an aromatic C-X bond into a CH bond. Aryl chlorides and fluorides are markedly less reactive in comparison to the corresponding bromides and
iodides and are rather resistant to chemical reduction, especially when substituted with electron-donating
groups1. The Table I shows the various reductants for dehalogenation of different organohalogens.
Table I
Various reductants for dehalogenation of different organohalogens
Pollutant
Reductant
Reference
PCDBs, PCDFs

Pt /C or Pd/C + H2

9

TCPs

Pd/C +N2H4

10

2,4,6-TCP

Zn(0), Zn/Pd, Zn/Pt

14

DDT and 2,4,6-TCP

Devarda’s alloy + NaBH4

15

MCBs, DCBs

Al-Ni/OH

16

2-CP

Al-Ni/F (EDTA)

17, 18

Chlorinated aromatics

Fly ash + alcohol

2,4,6-TBP

Devarda’s alloy+ OH

9

2,4,6-TBP

Al-Ni/OH

21

-

19, 20
-

In these publications (shows Table I), the influence of the reaction temperature and time of the
hydrodehalogenation reaction was also studied. The optimum reaction time was most often in the order of
hours. The dehalogenation of halogenated compounds tested was more efficient with the use of elevated
temperature. The scientists who were able to reduce the reaction times to several minutes or several hours,
however, those experiments were conducted either at increased temperature or by using way higher substrate:
metal : base ratios. Surprisingly, in case of Choi and Kim14 the reaction times are in days though the metal is in
high excess against the substrate – hydrodehalogenation of 2,4,6-TCP by zinc or zinc bimetals (Zn/Pt, Zn/Pd,
Zn/Ni, Zn/Cu). The results are not satisfactory, after 20 days the total degradation was achieved only with Zn/Pd.
Yang et al. 17,18 reports HDC of 2-chlorophenol (2-CP) by Al-Ni alloy at ambient temperature and pressure in times
around 45 – 120 minutes. Reactions most often take place in an aqueous environment, but organic solvents can
also be used. In most cases, no special reactor is needed 9-21.
For example, in the publication11, the authors attempted to compare the effect of the alloy used on the
dehalogenation of the studied Triclosan. For dehalogenation of Triclosan used Al-Ni alloy, Arnd’s alloy, Devard's
alloy, etc. in NaOH solutions. Their results show the Table II. The Al-Ni alloy is the most effective in their results.
They also studied the effect of the used base and the amount of most effective Al-Ni alloy on the
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hydrodechlorination. They appear, that optimal conditions for complete hydrodehalogenation were with using
at least 0.22 g of Al-Ni alloy (i.e. 4 mmol of Al) and 0.8 g NaOH (20 mmol)11. The most suitable use of the base
was aqueous NaOH solution. This results shows Table III.
Table II
Results of dehalogenation of Triclosan with different alloys11
Content of unreacted
Used alloy
Triclosan / %
Devarda’s
Al-Cu-Zn
100
Arnd’s
Cu-Mg
100
Al-Ni
0
Raney
Table III
Results of dehalogenation of Triclosan with different amount of Al-Ni alloy and NaOH11
Quantity of Al-Ni [g]

NaOH [mmol]

Conversion to
dehalogenation
product 1c (Fig. 2) [%]

1.08
0.54
0.54
0.4
0.27
0.27
0.22
0.16
0.16
0.27

35
35
20
20
20
35
20
30
20
30

100
100
100
100
100
100
100
74
51
100

Conclusion
Organohalogens are widely produced and used as organic specialties. They are bioaccumulative, toxic and
persistent substances that cannot be removed by classical processes in waste treatment plants. There are several
methods for removing them from water.
In this work the possibility of removal of these substances by hydrodehalogenation was presented. Some
publications dealing with this issue have been compared. As can be seen from the articles, the reaction time,
temperature, and environment in which the reaction takes place are affected by hydrodehalogenation. It follows
from the article 11 that as the most suitable agent for removing Triclosan from water is an Al-Ni alloy using a
suitable base (NaOH).
From the point of view of environmental protection, this process shows potential advantages in reducing the
adverse impact of AOX dissolved in industrial effluents.
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Abstract
The paper deals with the displacement washing of kraft spruce pulp delignified to two kappa number levels.
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. Besides the traditional wash yield, the relationships
between the axial dispersion coefficient and Reynolds number, as well as between the mean residence time and
space time were investigated as well. The results obtained showed that remarkable differences in the wash yield,
dispersion coefficient, as well as mean residence time were found for both kappa numbers of kraft spruce pulp.

Introduction
Pulp washing is a crucial unit operation in pulping and bleaching. High production rates must be achieved along
with high washing efficiencies while using a minimum quantity of wash water. Poor brownstock washing leads
to excessive black liquor and sodium carryover to the bleach plant causing unnecessary chemical consumption
and effluents. On the other hand, good washing achieved by the excessive use of wash water increases the
demand on the evaporators in the recovery system1.
The spent liquor in pulp stream includes three parts. The first part in the spaces between fibres, its quantity
depends upon the consistency of pulp. The second part in the lumens of cells, its quantity depends upon the size
of lumens. The third zone is contained in the walls of the cells.
Brownstock washing can be carried out in four basic processes known as dilution, dewatering, diffusion, and
displacement2. Since, for the same amount of wash water, the displacement washing is more effective than
washing based on dilution followed by thickening, the displacement washing of kraft pulp was investigated in
several papers3–13. However, evaluation of displacement washing efficiency is very complex and many factors are
associated with it. Of course, the effect of the degree of pulp delignification upon the displacement washing
efficiency remains obscure so far.
The main objective of the present study was therefore to investigate the displacement washing efficiency for
kraft spruce pulps cooked to low and high kappa number.

Experimental
The kraft spruce pulps were cooked under laboratory conditions. Spruce wood mill chips without undesirable
components, such as bark, oversized chips, and knots, in accordance with TAPPI Test Method T 265 were
undergone batch kraft cooking in a laboratory rotary digester. The pulping conditions were described in detail in
our preceding paper14. The degree of delignification of pulps cooked by the batch kraft process was expressed in
terms of the kappa number of 18.1 and 50.1 in accordance with TAPPI Test Method T 236 om-99. The black liquor
was obtained from Mondi Štětí (Czech Republic).
The displacement washing was simulated under laboratory conditions. The stimulus-response experiments, using
a step input, were performed in the displacement washing cell consisting of a vertical glass cylinder 110 mm high,
having 35 mm inner diameter. The fibre bed occupied the volume between the permeable septum and piston.
The experimental apparatus was similar to that used by Lee4.
For each experiment, the slurry of unbeaten unbleached kraft pulp in black liquor was used. After compressing
it to the desired thickness of 30 mm, the consistency, i. e., mass concentration of moisture-free pulp fibres in the
bed was maintained within the limits from 127 to 148 kg m-3, the mean value being 130.5 kg m-3. Using a Kajaani
analyser, the length of spruce fibres in the wet state was characterised by the weighted average of 2.77 mm and
2.84 mm, as well as the numerical average of 1.91 mm and 2.09 mm for kraft pulps with the kappa number of
18.1 and 50.1, respectively. Estimated coarseness of fibres was about 0.103 and 0.111 mg m-1 in the case of 18.1
and 50.1 kappa numbers, respectively. The pulp beds were not mechanically conditioned and were used as
prepared.
Concentration of alkali lignin in the black liquor taken from SuperBatch cooking plant was 56 g dm-3. Further
properties of sulphate liquor were as follows: solids content of 20.6 %, of which the ash made up 61 %, and
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organics 39 %, density of 1096 kg m-3 at 25 °C, and pH value of 12.6. Process schema see Fig. 1 and its
characteristics see Table 2.
Distilled water at a temperature maintained at 25 °C was employed as wash liquid. The superficial wash liquid
velocity, based on empty cross-sectional area, varied in the range from 0.052 to 0.25 mm s-1. 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 295 nm. More detailed description of experiments can be found
elsewhere9. 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 Ingmanson15.

Treatment of experimental data
A response to step change in concentration provided time
dependences called washing or also breakthrough curves
(cf. Fig. 1). In order to compare displacement washing
process for various wash liquid velocity, the washing
curves were plotted as the dependence of dimensionless
concentration of a tracer, in our case alkali lignin, in the
outlet stream expressed as ρe/ρ0, against the wash liquor
ratio, RW, defined as the mass of wash liquid passed
through the bed at that time divided by the mass of liquor
originally present in the bed.
The displacement washing curve area (Fig. 1) is directly
proportional to the amount of alkali lignin removed from
the bed. Quality of the displacement washing can be
characterised by the wash yield. The traditional
displacement wash yield, WYRW=1, is defined as the amount
of solute washed out at the wash liquor ratio equal to
unity divided by the total amount of solute present in the
bed at time equal to zero. This yield may be expressed as
RW =1

WYRW =1

ρe

d(RW)
ρ0
=
RW ®¥ ρ
e
d(RW)
ò
RW = 0 ρ0
ò

RW = 0

.

(1)

The shape of the washing curve can be characterised in
terms of the dimensionless Péclet number, derived from
the mass balance of the tracer for a given system in
unsteady state, in the following form

Pe =

hu
Dε

.

Figure 1. Illustration of displacement washing

(2)

The determination of the Péclet number from the residence time distribution measured for displacement
washing can be found in the previous paper9.
In order to predict flow pattern in a pore of given geometry, the Reynolds number characterising the ratio of
inertial forces to viscous forces within a fluid has wide applications. For wash liquid flowing through an individual
pore in a packed bed, the Reynolds number can be written in the form

Re =

dm u ρ
εμ

(3)

where dm = 4 ε/(av (1-ε)) is the hydraulic mean diameter defined as four times the cross-sectional area divided
by the wetted perimeter of the pore.
The average porosity of pulp bed, ε, was evaluated on the basis of permeability determined experimentally.
Depending on the consistency of pulp bed, the permeability varied within the limits of 0.66 × 10-12 to 3.0 × 10-12
m2. For comparison, the permeability of the bed of glass beads was found to be 9 × 10-11 m2. More details can be
found in the previous paper16.
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Two time parameters enable to compare the holding times of tracer displaced from the porous bed and of wash
liquid used as the displacing medium. While the mean residence time of a solute chosen as the tracer for
describing breakthrough curve is defined as
tm

=

t ®¥

ò

t =0

ρe
ρ0

(4)

dt

the space time, τ, characterising the holding time of wash liquid in the bed is defined as the void volume of the
bed divided by the volumetric flow rate of the wash liquid and can be expressed by the following equation

τ=

εh

(5)

u

Results and discussion
Wash yield
The influence of the Péclet number on the wash yield for kraft spruce pulp is shown in Fig. 2. In spite of the
scatter in the data, it is evident that the wash yield increases with increasing the Péclet number. Similarly, as for
kraft softwood9,10 and hardwood11,12 pulps, as well as for soda rapeseed pulp13, the experimental points are
located below the curve derived for the packed bed of non-porous particles by Brenner17. 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 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 inter-particle pores were filled up with the wash liquid and the
concentration driving force enables the transfer of alkali lignin macromolecules from within fibre walls towards
the wash liquid.
Based on our own data measured for the kraft spruce pulp with the kappa number of 18.1, the following equation

WYRW=1 = 0.656 Pe

0.0885

(6)

was derived for the quantitative evaluation of the
effect of wash liquid dispersion on the wash yield
The suitability of Eq. (6) was evaluated on basis of
the mean relative quadratic deviation of the wash
yield which was 0.6 %. Values of the Péclet number
varied in the range of 10.2 to 19.9. 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 0.656 ± 0.0087 and
for the power of the Péclet number of 0.0885 ±
0.0047.
For kraft spruce pulp with the kappa number of
50.1, when the Péclet number varied in the interval
from 6.3 to 16.5, the correlation was derived in the
form:

WYRW=1 = 0.700 Pe

0.0681

(7)

Figure 2. Displacement wash yield as a function of the
Péclet number for kraft pulp cooked to kappa number
of 18.1 (£) and of 50.1 (r). 1 Eq. (6), 2 Eq. (7), 3 nonporous particles according to Brenner17

with the mean relative quadratic deviation of 0.7 %. The 95 % confidence intervals for the coefficient and the
power of the Péclet number were 0.700 ± 0.0064 and 0.0681 ± 0.0034, respectively. It was confirmed again that
the wash yield depends upon the Péclet number in a small degree, similarly as for kraft hardwood11,12, soda
rapeseed13 pulps, and non-porous particles17.
In order to express the effect of the delignification degree of kraft spruce pulps tested in our work, mathematical
treatment of the all experimental data gave the following correlation equation

WYRW =1 = 0.656 Pe
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with the mean relative deviation of 0.6 %. The 95 % confidence intervals for the coefficient and for the power of
the Péclet number and the kappa number were (0.652; 0.661), (0.0722; 0.0759), and (0.0119; 0.0137),
respectively. It should be noted that the Akaike information criterion as an estimator of the relative quality of
statistical models for given set of data has a value of –317 for correlation equation (8), while the values of –157
and –151 were found for Eqs. (6) and (7), respectively. One can suppose that the lower Akaike information
criterion is, the more suitable statistical model is.
Dispersion coefficient
In porous media, dispersion is created by both the microscopic differences in velocity which exist in the
interstices between fibres and by large-scale or macroscopic effects such as channelling. The dispersion of lignin
in packed beds with random packing was characterised by a dimensionless group, the Péclet number (Eq. (2)),
containing the dispersion coefficient, D.
Figure 3 is a plot of the axial dispersion
coefficient against the Reynolds number defined
by Eq. (3), showing our results for kraft spruce
pulps with different kappa number. In spite of
the scatter in the results, the dependence of the
dispersion coefficient on the Reynolds number
shows an increasing trend for both types of pulp
bed in a good agreement with the authors18,19.
Comparing the values of dispersion coefficient
measured for softwood9,10 and hardwood11,12
pulps, it seems that the difference in geometry,
that is, in average pore size and in pore size
distribution, resulted in higher values of the
dispersion coefficient reached for softwood
material.
From the results shown in Fig. 3, it follows that
Figure 3. Effect of Reynolds number on axial dispersion
a linear dependence of the dispersion
coefficient for kraft pulp cooked to kappa number of
coefficient on the Reynolds number can be
2 –1
18.1 (£) and of 50.1 (r). 1 Eq. (9), 2 Eq. (10)
assumed. The correlations between D in m s
and Re in the forms
-3

(9)

D = 0.391 ´ 10 Re
with a correlation coefficient of 0.87 for spruce pulp having the kappa number of 18.1, and
-3

D = 0.595 ´ 10 Re

(10)

with a correlation coefficient of 0.85 for spruce pulp having the kappa number of 50.1 were evaluated.
The linear function between the dispersion coefficient and the Reynolds number obtained for kraft spruce pulp
studied in the present work is in accordance with the results reported earlier for softwood pulp9,10, as well as for
pulp from a blend of hardwoods11. It should be noted that the Reynolds number based on the hydraulic pore
diameter (defined by Eq. (3)) varied within the interval of 0.57 � 10–3 to 2.6 � 10–3, indicating that all experiments
were conducted in the creeping flow regime.
Time parameters
Further parameters that seem to be useful tools suitable for describing the displacement washing mechanisms
are time parameters defined by Eqs. (4) and (5).
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The space time characterises a holding time of wash liquid and is usually equal to the mean residence time of the
tracer without sorption on the surface of particles in the bed9,10. For pulp fibres, however, when the leaching of
a solute from the fibres exists, the mean residence time is always higher than the space time, as it follows from
Fig. 4. From our experimental data, the relationships between the mean residence time and the space time for
kraft spruce pulp may be expressed as follows

tm = 1.94 τ

(11)

with a correlation coefficient of 0.96 for the
kappa number of 18.1, and

tm = 1.64 τ

(12)

with a correlation coefficient of 0.98 for the
kappa number of 50.1.

Conclusions
The preliminary results obtained for spruce kraft
pulp with the kappa numbers of 18.1 and 50.1
Figure 4. Mean residence time as a function of space
enabled that some conclusions valid within the
time for kraft pulp cooked to kappa number of 18.1
framework of our study can be made.
(£) and of 50.1 (r). 1 Eq. (11), 2 Eq. (12)
(i) The wash yield measured for kraft spruce pulp
with the kappa number of 50.1 was greater in
comparison with that for the kappa number of 18.1.
(ii) One of possible reasons may be lower rate of leaching influencing the mean residence time of alkali lignin in
the case of kraft spruce pulp with low kappa number. The mean residence time for kraft spruce pulp with lower
kappa number was found to be greater comparing to that for pulp with kappa number of 50.1.
(iii) The axial dispersion coefficient increases with increasing the Reynolds number. Greater values of the axial
dispersion coefficient were achieved for kraft spruce pulp with higher kappa number.
(iv) The dispersion of alkali lignin in the pulp bed is induced particularly by the mechanical or geometric dispersion
resulting from the fluctuations of the local wash liquid velocity caused by fibres random configuration and also
by molecular diffusion at the interface between the miscible fluids, namely wash liquid and black liquor. The
results obtained showed that the pulp fibre bed formation is a critical step influencing alkali lignin dispersion
during displacement washing. Even if the experimental conditions during pulp bed formation are strictly
identical, the difference in geometry, that is, in average pore size and in pore size distribution must be taken into
account.
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Symbols
av
specific surface of pulp fibres, m–1
D
axial dispersion coefficient, m2 s–1
dm
hydraulic mean diameter (= 4 ε/(av (1-ε)), m
h
thickness of pulp bed, m
Pe
Péclet number based on bed thickness defined by Eq. (2), dimensionless
Re
Reynolds number (= u ρ/(av μ (1-ε)), dimensionless
RW
wash liquor ratio, dimensionless
t
time, min
tm
mean residence time defined by Eq. (4), min
u
wash liquid superficial velocity, m s–1
WYRW=1 wash yield at RW = 1 defined by Eq. (1), dimensionless
Greek letters
e
average porosity of packed bed, dimensionless
κ
kappa number, dimensionless
μ
wash liquid viscosity, Pa s
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ρ
ρe
ρi
ρ0
τ

wash liquid density, kg m–3
exit solute (in our case alkali lignin) concentration from bed, kg m–3
solute concentration in wash liquid, kg m–3
initial solute (in our case alkali lignin) concentration in bed at t = 0, kg m–3
space time defined by Eq. (5), min
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Abstract
The aim of this work is to find an efficient treatment for large volume radioactive waste that could rise from the
severe accident of a nuclear power plant. In such a case, there will be created large volume of radioactive waste
that would be needed to be cleaned.
The presented work describes the evaluation of usage of a commercially available electrodialysis unit for the
treatment of a model solution that is similar with composition to the anticipated composition of large volume
radioactive waste. Apart of the radioisotopes, the post-accidental solution contains boric acid, potassium
hydroxide and hydrazine. Due to the nature of present compounds the behaviour of such mixture is quite
complex. The presented data shows behaviour of this solution during the separation via electrodialysis and thus
the applicability of electrodialysis for cleaning radioactive waste with similar composition.

Introduction
The Fukushima Daiichi accident show as the necessity to be prepared for situations that were not regarded as
likely to happen, i.e. severe accident with large loss of coolant. After the accident, several researches on serve
accidents of nuclear power plants were conducted1,2. Higher safety standards were implemented and
recommended3. Broadening the scope of readiness for all possible scenarios contributes to the improvement of
nuclear safety. The background of this work is based on a hypothetical accident of a nuclear power plant were
large volume of radioactive solution will be created and thus need to be cleaned afterwards. There are several
conventional technologies4,5 used for decontamination of radioactive waste water such as: precipitation, ionexchange, evaporation, reverse osmosis, ultrafiltration, microfiltration or electrodialysis.
The presented work evaluates the usage of electrodialysis (ED) for a treatment of large volume of liquid
radioactive waste. Apart of the radioisotopes, the post-accidental solution contains boric acid, potassium
hydroxide and hydrazine. Although there have been several studies performed on the separation of radioactive
ions6-8 by electrodialysis, only few studies have been done on the decontamination of liquid radioactive waste
for such a complex composition as in this case. Due to the nature of present compounds the mixture is quite
difficult to treat. The presented data shows the behaviour of this solution during the separation via ED in four
different cell stack composition namely: CA, CCA, CAA, and CAB. The last cell stack composition refers to using
electrodialysis with bipolar membranes (EDBM). The BMED method can be used for splitting an aqueous saline
solution into its corresponding acid and base without need of any chemical additives9. In this work, we compare
transfer and desalination characteristics of different cell stacks therefore we used an alternative cell stack for
experiment with bipolar membranes.
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Figure 1. Left: Scheme of electrodialysis unit. Right: The model of the electrodialysis unit: (1) power source, (2)
control display, (3) displays to individual circuits, (4-7) process reservoirs for circuits D1, D2, C1, C2, (8) cell for
measuring pH and conductivity, (9) place for membrane stack, (10) sampling valves.

Experiment
Aparatus
The scheme of the experimental electrodialysis (ED) unit (EDR-Z/10-0.8 MemBrain®, CZ) is depicted in Fig. 1. The
ED unit – with possibility of polarity reversal working mode is composed of: five circuits connected to atmospheric
open reservoirs – two for concentrate streams C1, C2, two for diluate D1, D2 and one circuit for rinsing electrode
area, nodes (cells) for pH, temperature and conductivity measurement NC1-D2, flow meters of concentrate and
diluate circuit, chemically resistant pumps (Argal, IT). The temperature of reservoirs is controlled by thermostat
(Haake SC100/A10, GE) that is connected to the spiral heat exchangers located in reservoirs - immersed in the
solution.
The ED stack (MemBrain®, CZ) comprises of anion-exchange membranes (RALEX® AM(H)-PES, CZ) and a cationexchange membranes (RALEX® CM(H)-PES, CZ) with the active area of one membrane 64 cm2. The composition
of membrane and types of circuits used for experiments depend on the tested setup. Membrane sheets are
separated by spacers with thickness of 0.8 mm (the thickness of the spacer determines the flow channel depth).
The reservoirs were filled with 1l of model solution. To ensure that the model solution is not contaminated by a
residual solution that could remain in pipes of the circuit (see Fig 1 Left), first 300 ml of the solution was collected
and removed.

Setting, measurement and sample analysis
Throughout each experiment, a constant temperature of 25±0,5 ℃ was maintained. The flow rate was set
according to sustain average linear velocity between the membranes at 6 cm/s. The electrodialysis was
performed in potentiostatic mode with 0,5 V applied per membrane to run the experiment in similar conditions
that are used in large scale industrial applications. Conductivity, temperature and pH were measured online
during the experiment. Model solution used in all experiments contains: 15 g/l of H3BO3 and 3.3 g/l of KOH. The
treatment of the model solution was done continually. The solution of the diluate circuit was desalinated while
that in the concentrate circuit was enriched by solutes during the electrodialysis process. Samples of 100 ml were
collected at the beginning and at the end of each experiment from the reservoirs. Concentrations of components
were measured by a potentiometric titration method with standard deviation of 1 % for boric acid and 5 % for
potassium hydroxide.
From the results of analysis, the degree of desalination was calculated according to following equation:
𝑐𝑐),+,𝜑𝜑 = %1 −
0 ∙ 100 [%]
𝑐𝑐),./
The degree of desalination was calculated for the diluate stream only.

Discussion and result analysis

Four types of membrane arrangement CA, CAA, CCA, and CBA were tested to determine the most efficient stack
composition for the separation process. Figures 2 - 5 show schematic diagram for different stack compositions.
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Beside diagrams are corresponding graphs of conductivities and pH values development as were recorded during
experiments.

Figure 2. Left: Schematic diagram of membrane stack in CA composition. Right: Development of conductivity and
pH value in C1 and D1 circuits during electrodialysis process for given stack composition.
The CA cell stack is comonlly used in industrial applications. The CA system contains two circuits (ommiting
electrode circuit) - one diluate and one concentrate stream shown in Fig. 2. Due to the cell stack composition the
K+ and [H2BO3]- ions are transffered from the diulate to the concentrate stream.

Figure 3. Left: Schematic diagram of electrodialysis cell stack in CAA composition. Right: Development of
conductivity and pH value in C1, C2, and D1 circuits during electrodialysis with cell stack in CAA composition.
The CAA cell stack contains three circuits - one diluate and two concentrate streams shown in Fig. 3. Due to the
cell stack composition, the K+ and [H2BO3]- ions are transferred to the C1 stream. The stream C2 should sustain
the initial concentration of the potassium hydroxide while being surrounded by two annex membranes. The
concentration of borate ions in C2 should decrease to enrich the C1 stream. The concentration of K+ ions in the
diulate stream should decrease to or nearly to zero (end of the process) while the concertation of boric acid
should decrease accordingly the process duration.
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Figure 4. Left: Schematic diagram of electrodialysis cell stack in CCA composition. Right: Development of
conductivity and pH value in C1, C2, and D1 circuits during electrodialysis with cell stack in CCA composition.
The CCA cell stack contains three circuits - one diluate and two concentrate streams shown in Fig. 4. Due to the
cell stack composition, the K+ and [H2BO3]- ions are transferred to the C1 stream. The stream C2 should sustain
the initial concentration of boric acid while separated by two cation exchange membranes. The concentration of
boric acid in the stream C1 should increase because of the enrichment from the D1 stream. The concentration
of K+ ions in the diulate stream should decrease to or nearly to zero while the concertation of boric acid should
decrease accordingly to the time of the process.

Figure 5. Left: Schematic diagram of electrodialysis cell stack in CBA composition. Right: Development of
conductivities and pH values in C1, C2, and D1 circuits during electrodialysis with cell stack in CBA composition
The CBA cell stack composition contains three circuits - one diluate and two concentrate streams shown in Fig. 5.
The main difference between CBA and other compositions used in the experiments is that a bipolar membrane
was used. Due to the cell stack composition, the boric acid should be concentrated in the stream C1 and stream
C2 should be enriched by K+ ions. The concentration of K+ ions in the diulate stream should decrease to/or nearly
to zero while the concertation of boric acid should decrease significantly.
Development of conductivities in Fig. 2-5 show similar tendencies. The conductivity of concentrate stream
(typically C1 stream) rise as more K+ ions are transferred from the diluate stream (D1).
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Table I
Comparison transferred amounts of chemical species and degree of desalination after the electrodialysis
CA
Spaces
H3BO3

KOH

Stream

CCA

Transf.

Desal.

[mmol]

[%]

Transf.
[mmol]

CAA
Desal.
[%]

Transf.
[mmol]

CBA
Desal.
[%]

Transf.
[mmol]

C1

76.9

65.9

57.9

71.5

C2

N/A

3,9

-9.4

20.3

D1

-83.0

C1

41.9

33,8

35.5

0.9

C2

N/A

5.1

1.7

34.6

D1

-36.5

52.4

100

-83.1

-37.6

50.1

96.4

-78.4

-32.6

48.8

95.4

-86.8

-38.6

Desal.
[%]

52.1

99.5

The TableI1 summarises data obtained from the sample analysis. The degree of desalination is approximately
50% for boric acid and 100% for potassium hydroxide regardless the cell stack composition used. This results are
in accord with data presented by Nagasawa et al.10 The stack compositions CA and CCA are comparable in terms
of amount of transferred species between diluate and concentrate streams. The C2 stream in CCA composition
does not exhibit significant changes in the transfer of chemical species in the model solution. In this case, it would
be more appropriate to use CA setup because the CA setup has one steam less therefore less material will be
needed for the electrodialysis unit. The difference in separation efficiency of potassium hydroxide and boric acid
for CCA and CAA cell stack composition is not significant. There is a noticeable difference in the transfer of KOH
and H3BO3 that can be caused by different competition in transfer K+/H+ a H2BO3-/OH- ions or by dissociation
H3BO3 to higher states and therefore higher mobility of borate anion in the electric field. The variation of nature
of ionic species of boric acid based on the pH can be found in literature11,12.
All pH changes in charts shown (Fig. 2-4) have similar tendency for diluate stream where pH drops to 5 as most
of the K+ ions were removed and the presence of boric acid shifts pH to lower value. The opposite trend of pH
can be observed in the C1 stream where the pH value slightly increases (CA, CCA, CAA). As the higher concertation
of K+ ions are compensated by the higher concentration of boric acid, that act as a buffer, (in concentrate stream)
the increase of the pH value is mitigated. In Fig 3 and 4 the pH of C2 stream keep at the initial level and this trend
also apply for the conductivity of C2 stream. That indicates that there is a little change in composition of C2
stream and thus the C2 stream mainly serves as a transition region for passing ion species rather than separation
zone.
In the CBA setup (where the bipolar membrane is used), pH of diluate stream drops to 5 and there is difference
in conductivity between streams C1 and C2. Higher conductivity of C2 stream indicates that K+ ions are
accumulated which is accompanied with increased pH. The conductivity of C1 stream is steady and there is
noticeable pH decrease as boric acid is transferred to this stream. Although the desalination degree of CBA
composition is similar to other stack compositions, there is a noticeable separation tendency of the acid and
alkali: C2 stream contains higher amount of potassium hydroxide (stream enriched by 83%) and C1 stream higher
amount of boric acid (stream enriched by 44%). That can be advantageously used in selectively separation of
chemical spaces from the solution or an alternative stack composition that support acid and base separation can
be used.

Conclusion
The presented work summarises results that were acquired by treating a model solution of post “Lost Of Coolant
Accident” by an electrodialysis process with different membrane stack compositions. The best separation results
towards boric acid were observed while using CA or CBA cell stack composition. In future studies, there will be
experiments performed with the model solution containing Cs and Sr ions in order to observe contaminant
behaviour in electrodialysis process.
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Abstract
Mathematical models of steam-cracking have an important role in both, applied and basic research. Current
research in this area is focused to the automatic reaction network generation (RNG). A variety of published
generators produce reaction networks with similar level of details including high number of chemical reactions.
Individual generators differ by the approach for kinetic parameters determination. In this work, a method for
kinetic parameters estimation is introduced. It is based on the classification of reactions to natural classes. A
contribution approach for more detailed distinction of reactions was used. Parameters of the method related to
structural elements were optimized to fit data obtained by laboratory pyrolysis of several selected pure
compounds. Results of simulation done using optimized parameters match experimental data well. Utilization of
the method for perdition of behaviour of “unknown” feedstock molecules showed growing deviation with
structural difference of examined molecule from those “known” ones.

Introduction
Steam-cracking is very important industrial process which transforms wide range of hydrocarbon feedstock to
valued petrochemical commodities. Dependency of product stream composition on the feedstock composition
and reaction conditions is extremely complex due to the radical nature of the cracking mechanism [1,2]. First
attempts for the process optimization were entirely empirical based on experimental modelling [3-5]. But there
are certain problems with direct data transfer from the lab-scale to process-scale. The process operates under
conditions not allowing to establish the thermodynamic equilibrium in the reaction residence time, therefore
the transfer of data between different pieces of equipment requires kinetic approach to modelling.
Since the computer calculation power became available, there are certain efforts to create kinetic models of
steam-cracking, firstly based on formal molecular reactions [6], later based on the cracking mechanism [7-9]. But
continuous increasing variability of the feedstock and the pressure for profit maximization enforce model
creators to extend existing models by more new components, by enhancing of model reliability and accuracy
under the time-pressure. In fact, the creation of reaction scheme for a new component and its mathematical
description is tedious process requiring a lot of highly-qualified human resources. Moreover, it is prone to human
errors. But, in the case of steam-cracking, individual reactions forming the cracking mechanism can be
generalized to several templates representing natural classes of reactions. A set of strict rules can be formulated
to decide which classes are considerable for a given chemical structure, therefore the reaction scheme and
corresponding mathematical description can be generated automatically. Moreover, generated model can be
more “consisted” in comparison to the one created by hand. The generation process can control the level of
signification caused by reaction pathways neglecting using an exact criterion in comparison to simplification
based on intuition and experiences of the human. This approach already has been published and several
generators were created for the cracking mechanism generation [10-13].
Models generated by this way usually contain hundreds of reactions even for such a simple component, such as
n-hexane is. But, for the modelling purposes, the knowledge of kinetic parameters is critical. Generators,
published in the past, typically use two types of approach for kinetic parameters determination. Interesting way
is typical for exact model generators which usually produce very detailed kinetic models. These generators
usually apply “first-principle way” to determine kinetic parameters of generated reactions. Using the activated
complex theory and related computational tools of quantum chemistry, these generators determine values of
kinetic parameters and use thermochemical data and thermodynamic relations to describe reaction rates in both
directions [12]. The problem is, theoretical determination of kinetic parameter values usually requires a great
simplification, e. g. simulation of isolated particles which does not correspond to cracking conditions. Another
type of approach uses mining of values from a wide database of kinetic parameters. If no exact match is found,
the search engine usually uses value for some known reaction maintaining certain level of reactant/product
similarity on the bases of graph theory tools. This approach usually crashed into a conflict with experimental
data. Some research groups also tried to optimize values of kinetic parameters of individual reactions contained
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in their generated model in such a way that model fits a set of experimental data. But such an optimization is
quite disputable because it includes optimization of hundreds of parameters to fit only several measured values.
Therefore, the goal of this paper is to provide another type of method for kinetic parameters estimation with
deeper generalization based on group-contribution approach. It should provide a way for creation of “more
rigorous” models taking the experimental data into account for parameters adjustment.

Method
In our previous work [14], we introduced a model using graph-oriented approach for reaction network
generation for steam-cracking modelling. In the continuation of this work, this method was developed for the
estimation kinetic parameters. For those reasons summarized in the introductory section, we tried to base the
method on parameters values already measured and avoid “first-principle” based way. But, we expected that
initial parameters values obtained by literature could lead to simulation results with some systematic deviations,
therefore the method concept should allowed a future optimization of its parameters. In the contrast to previous
authors, more “rigorous” and generalized approach was chosen. The idea is based on the classification of reaction
to natural reaction classes: hydrogen abstraction, beta-scission (recognizing C-H and C-C bonds), isomerization
of radicals, intramolecular radical addition and the recombination of radicals.
Table I
Specification of reaction classes, reaction template and modificators related to structure elements
Reaction class
Structure element
Parameter
Hydrogen abstraction
on secondary carbon
AHT, EHT
on primary carbon
ΔEHT,p
on tertiary carbon
ΔEHT,t
Multiple bond in alpha
ΔEHT,alpha
Multiple bond in beta
ΔEHT,beta
β-scission C-C
In normal chain (2 subst.)
ACC, ECC
In carbon cycle (2 subst.)
ACC,cycl
terminal C-C (1 subst.)
ΔECC,1s
branched (3 subst.)
ΔECC,3s
branched (4 subst.)
ΔECC,4s
branched (5 subst.)
ΔECC,5s
branched (6 subst.)
ΔECC,6s
Multiple bond in alpha
ΔECC,alpha
Multiple bond in beta
ΔECC,beta
β-scission C-H
on secondary carbon
ACH, ECH
on primary carbon
ΔECH,p
on tertiary carbon
ΔECH,t
Multiple bond in alpha
ΔECH,alpha
Multiple bond in beta
ΔECH,beta
Isomerization
Between 1-5 positions
AISO15, EISO15
Between 1-4 positions
AISO16, EISO16
Allyl-type radical
AISOA, EISOA
Addition
Forming 5-member ring
AAD5, EAD5
Forming 6-member ring
AAD6, EAD6
Recombination
only by H*
AREC, EREC
In each of these classes, a “reaction template” was chosen as the most typical form of the reaction class. This
template is related to basic values of kinetic parameters represented by basic frequency factor A and activation
energy E. Inside these reaction classes, reactions are distinguished more specifically, as it is summarized in the
table I. These specific cases of reaction class are related to specific modificators of kinetic parameters: increment
of activation energy ΔE and factor of frequency factor Af. Then, the final value of kinetic parameters of given
reaction can be obtain by considering the basic parameters and modificators related to structure elements that
are present around the reaction centre in the given reaction. Note that all reaction are considered to be of the
first order with respect to all reactants. In the specific case of hydrogen abstraction an abstract active radical is
considered as the second interfering reactant of the reaction. Its concentration is determined according to the
method published in our former paper [14].
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Initial values of the method parameters were determined on the bases of extensive research of data about
characteristic reactions already available in the literature. In the most cases, it was possible to find such a
representative reaction data in the cracking temperature range for such reactants in a range aliphatic C5-C8
compounds or corresponding. By observing differences of parameters values caused by watched structural
differences in reactants, the method parameters initial values were determined. In some cases, it was necessary
to compare data collected from various sources and research groups originally obtained by different techniques.
In such a cases, there was always “standard” reactions used as transmission factor to maintain referential
reaction rates [14] and obtained information was supported by at least two independent sources. The most
values were taken from Allara, Froment, Tsang, Baulch, Baldwin and others [8, 15-20].

Example
For example, in the case of scission of 3-methyl-hex-1-en-4-yl radical (see Fig. 1), generated set of radical scissions
involved tree pathways of C-C bond scission and two pathways of C-H bond scission as it is illustrated in the Table
II.

Figure 1. 3-methyl-hex-1-en-4-yl radical
Table II
Example pathways for 3-methyl-hex-1-en-4-yl radical (Fig. 1) and reconstruction of kinetic parameters
No.
Product 1
Product 2
A
E
1

CH3●

ACC

ECC ΔECC,beta

2

-

ACC ACC,cycl

ECC ΔECC,3s ΔECC,alpha

3

-

ACC ACC,cycl

ECC ΔECC,beta

4

H●

ACH

ECH ΔECH,t ΔECH,beta

5

H●

ACH

ECH

In the first pathway, aliphatic C-C bond of the methyl substituent undergoes the scission. The bond is substituted
by two alkyls (carbons in the cycle) and it is in the beta position to a double bond in the position 1-2.
Corresponding increments of activation energy are reported also in the Table II. In pathways 2 and. 3, both cyclic-
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bonds undergo the scission, are substituted by tree and two alkyles, and it is in the alpha and beta position to
the double bond. The frequency factor of these two reactions must reflect the fact, these bonds are contained
in carbon cycle. Pathways 4 resp. 5, both are C-H bond scissions. The pathway 4 runs on tertiary carbon atom
and in beta position of double bond, therefore these modificators are included. In the last case, it is again C-H
scission, the base sample of the reaction (scission C-H on secondary carbon atom) and no more modificators are
therefore included in this case.

Fitting model to experimental data
Using only data published in literature, a systematic deviations in simulation results from experimental data were
observed. Therefore the method parameters (generalized kinetic parameters) were optimized to fit data that
were originally obtained by cracking experiments with pure components. These were done in our previous works
[21, 22] on the laboratory pyrolysis apparatus with chromatograph system for separation and FID detectors for
determination of cracking products. The selection of experimental data should meet the target of generalization,
therefore data obtained by the pyrolysis of various feedstock molecules were used. Feedstocks were selected to
catch the influence of structural differences to the cracking behaviour. To support the engineering point of view,
various reactions conditions were selected according to Table III.
Table III
Specification of cracking experimental data used for generalized kinetics parameters adjustment
Feedstock molecule
T = 700 °C
T = 750 °C
T = 815 °C
n-heptane, 2-methylheptane
150
100
2,4-dimethylpetane
200
100
2,2-dimethylpentane
200
Volume flow,
Cyclohexane, cyclopentane,
Nml/min
methylcyclohexane,
50
1,3-dimethylcyclohexane
1,2-dimethylcyclohexane
100
Models of cracking mechanism were generated using previously developed generator [14] and described method
used for kinetics parameters determination. But as it is obvious, the generated mechanism are able to describe
primary cracking phase only. For the description of secondary cracking reaction, a well established model has
been utilized [6]. Previous literature discussion as well as its utilization in models of other research groups
showed this model described primary reactions sufficiently.
The cracking reactor PYR-4A Shimadzu was considered to be isobaric, plug-flow reactor in steady-state. Real
profiles of temperature experimentally measured for corresponding settings of temperature controller were
interpolated and used as a part of reactor model. Then, the set of generalized kinetic parameters were searched
for the optimum to minimize sum of weighted squared residual deviations from experimental data but this
regression procedure was done with shared generalized kinetic parameters common for all modelled systems.

Results and discussion
Results of simulation were compared to experimental data in terms of the reaction mixture composition on the
outlet of cracking reactor. This was done in two phases, which are summarized in this chapter. At first simulation
of those experiments used as learning data-set (Table III) were compared. In the next step, this comparison of
simulation was repeated for several selected feedstock molecules that were not included in the original dataset.
The comparison of conversion and the mass-fractions of main cracking products on the outlet of reactor for the
original data-set is shown on the Figure 2.
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Figure 2. Comparison of simulated and experimental data. Conversion of feedstocks (on the left) under various
conditions (see Table III): ♦ n-alkanes, ▲ i-alkanes, ● cycloalkanes. Mass-fractions of cracking products:
♦ ethylene, ■ propylene, ▲ C4 fractions, □ methane. [14]
There is one significantly deviated experiment in this data-set, which is represented by slightly overvalued
conversion of methylcyclopentane. This deviation in the conversion cases certain deviations in the products
composition but except this point, the match of experimental and simulated data seems to be sufficient.
As the model concept was originally developed with emphasis on the level of generalization, so there are certain
expectations the model fitted to experimental data could provide generalization of influences of various
structural elements to cracking behaviour. Therefore, this ability was tested on several chosen feedstock
molecules and their cracking behaviour that was not included in the original data-set utilized for model fitting.
This comparison is shown on Figures 3 and 4.
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Výchozí látka
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Figure 3 left. Experimental (full) and simulated (hatched): conversion, ethylene, propylene and C4 fraction of
n-alkanes of given chain length (from n-pentane to n-decane) under constant cracking conditions: 815 °C,
100 Nml/min, 4 Bar. Figure 3 right. Experimental (full) and simulated (hatched): conversion, ethylene, propylene
and C4 fraction of selected i-alkanes (2-methylhexane, 3,3-dimethylpentane, 2,2,3-trimethylpentane) under
constant cracking conditions: 700 °C, 100 Nml/min, 4 Bar.
As it is obvious on Figure 3, the behaviour of n-alkane series is predicted quite well. It should be reminded, the
only fitted point was n-heptane (7), all others components behaviour is predicted by the model and data from
their experiment were not used for model parameters tuning.
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Figure 3 shows data about the cracking behaviour of feedstock molecules that differs more significantly from
those ones used for model parameters fitting. It is obvious, the more different is feedstock molecule, the more
differences are in its structure (difference from the learning data-set), the more significant deviation can be
found between simulation and experiment as it could be expected.

Conclusions
A method for kinetics parameters estimation was developed for the primary reactions of steam-cracking. It
includes hydrogen abstraction, beta-scission of radicals, radical intramolecular addition, isomerization and
recombination. It is based on the generalization of kinetic parameters to factors of frequency factor and
increments of activation energy related to possible structural elements that can be present around the reaction
centre. These generalized kinetic parameters were optimized in effort to describe the cracking behaviour of
selected components under various cracking conditions.
The match of simulated and experimental data for the series of feedstock molecules used for model fitting is very
well. Simulation of cracking behaviour of feedstock molecules that were not included in the learning data-set is
possible. As it could be expected, the deviation between simulation and experiment grows with structural
difference of studied feedstock molecule from those ones used for model parameters fitting.
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