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BIOTECHNOLOGY AND BIOREFINARY
CLOSTRIDIUM BEIJERINCKII NRRL B-598 AND CLOSTRIDIUM DIOLIS DSM 15410 – CLOSELY RELATED STRAINS?
Vasylkivska M., Král A., Patáková P.
University of Chemistry and Technology Prague, Technická 5, 166 28, Prague 6
vasylkim@vscht.cz

Abstract
According to commonly used in past 16S rRNA gene sequence comparison, Clostridium beijerinckii NRRL B-598
and Clostridium diolis DSM 15410 share 99.80% similarity. However, it is impossible to apply more accurate
genome comparison like digital DNA–DNA hybridization, as only draft genome is accessible for C. diolis DSM
15410.
To reveal how related are the strains, we compared their phenotypic properties such as: ability to utilize
different carbon sources, metabolites production and growth parameters.
According to the obtained results, it seems that C. beijerinckii NRRL B-598 and C. diolis DSM 15410 have some
differences in phenotypic behavior and are probably less related, than 16S rRNA gene sequence analysis
predicts. Full genome sequence of C. diolis DSM 15410 is planned to confirm these presumptions.

Introduction
Clostridia are a diverse group of anaerobic, gram-positive, sporulating bacteria, that include patogenic as well
as acido- and solventogenic species. Clostridium beijerinckii NRRL B-598 and Clostridium diolis DSM 15410 are
two representatives of solventogenic Clostridia, which are characterized by their ability to produce solvents via
two-phase acetone-butanol-ethanol fermentation. Both strains are well-studied: C. diolis DSM 15410 is a a type
strain1 and was re-identified from C. butyricum DSM 5431 in 20022; C.beijerinckii NRRL B-598 was re-classified
from C. pasteurianum NRRL B-598 in 20173. The sequence of the small-subunit rRNA genes (16S rRNA) from the
strains share over 99 % similarity and according to Poehlein et al. (2017) average nucleotide identity of their
genomes obtained by multilocus sequence analysis (MLSA) is 99 %, which is the highest identity comparing to
other 42 organisms analyzed4. However, while complete genome sequence is availiable for C.beijerinckii NRRL
B-5985, only draft genome was presented for C. diolis DSM 154101.
Prokaryotic classification represented by Bergey's Manual of Systematic Bacteriology is based on phenotypical
and biochemical differences of organisms along with the analysis of the 16S rRNA sequences6. As clostridial
taxonomy is also based on these approaches, comparison of 16S rRNA sequences is still commonly used for the
designation of new isolated strains of solventogenic Clostridia 7–9, which sometimes leeds to misclasification of
the strains3. Especially in case of closely related strains other techniques or marker genes should be used for
the classification10. For example, whole-genome sequence (WGS) comparison provide higher resolution than
traditional methods like 16S rRNA or MLSA and even enables comparison of phenotypic characteristics 11.
While full genome sequence of C. diolis DSM 15410 is not availiable, precision of identification of the strains
obtained via analysis of the 16S rRNA sequences or MLSA is questionable.
Prior to obtaining the results of complete genome sequence of C. diolis DSM 15410 and WGS comparison of the
strains, we compare their phenotypic properties, such as carbohydrate fermentation abilities, growth and
fermentation characteristics.

Materials and methods
C. beijerinckii NRRL B-598 and C. diolis DSM 15410 was used for the research. Strains were stored in a form of
spore suspension at 4 °C. Prior to inoculation spore suspension was heated to 80 °C for 2 min.
Testing of carbohydrate fermentation abilities
Carbohydrate fermentation ability was tested in tubes containing TYA (for C. beijerinckii NRRL B-598) or RCM
(for C. diolis DSM 15410) medium with the addition of acid-base indicator bromcresol purple. The composition
of TYA medium was: yeast extract (Merck) – 2 g/L, tryptone (Sigma Aldrich) – 6 g/L, KH2PO4 – 0.5 g/L,
ammonium acetate – 3 g/L, MgSO4x7H2O - 0.3 g/L, FeSO4x7H2O – 0.01 g/L. The composition of RCM medium
was: yeast extract (Merck) – 3 g/L, tryptone (Sigma Aldrich) – 10 g/L, meat extract – 10 g/L, NaCl – 5 g/L,
sodium acetate – 3 g/L. After sterilization, one diagnostic disk (HiMedia) containing glucose, xylose, arabinose,
mannose, saccharose, lactose, cellobiose or galactose was added to each tube. In case of pectin and glycerol,
chemical substances were added to the medium prior to sterilization.

9
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Tubes were inoculated with pre-heated spore suspension and were cultivated in anaerobic chamber (Concept
400, Ruskinn) at 37 °C for 24 h. After cultivation ability of growth on a certain carbohydrate was controlled
visually as a change of indicator color from violet to yellow/brown-yellow in case of growth. Carbohydrate
fermentation ability was tested at least in triplicate.
Batch fermentation in RCM medium with glucose
For the batch fermentation experiment, strains were cultivated in Multiforce 1 L bioreactors (Infors HT)
containing RCM medium with the addition of 50 g/L glucose. Prior to the inoculation, atmosphere in the
reactors was switched to anaerobic via bubbling with N2 for 30 min and pH was adjusted to 6.3. Overnight
culture, prepared in RCM medium with 20 g/L glucose, was used for the inoculation. Strains were cultivated at
37 °C with the agitation at 200 rpm for 35 h.
Dry weight of biomass (CDW) was used for the determination of cell concentration. CDW was measured from
cell pellets prepared from 2 ml of centrifuged (13000 x g, 4 °C, 2 min) culture broth, washed with deionized
water, and dried at 105 °C till a constant weight achievement. All samples were analyzed in three repetitions.
Cell morphology was observed via the phase contrast microscopy (microscope BX51, Olympus).
Determination of substrate consumption and metabolite formation
Concentration of glucose and produced metabolites (lactic, acetic and butyric acids, butanol, acetone, ethanol)
was determined from filtered centrifuged culture medium samples by HPLC analysis (Agilent Series 1200,
Agilent) with RID (Agilent Series 1200 Refractive Index Detector, Agilent). The assay was performed using the
IEX H + polymer column (Watrex) and 5 mM H2SO4 as the mobile phase. Agilent ChemStation software was
used to calculate the peak area and concentration of the compounds was determined from the calibration
curves. Butanol yield on glucose was calculated using the following equation:

where Pfinal is butanol concentration at the end of cultivation, P0 is butanol concentration at the beginning of
cultivation, Sfinal is glucose concentration at the end of cultivation, S0 is glucose concentration at the beginning
of cultivation, Vfinal is volume of culture medium at the end of cultivation and V0 is volume of culture medium at
the beginning of cultivation.

Results and discussion
Carbohydrate fermentation abilities
Prior to the test, C. beijerinckii NRRL B-598 and C. diolis DSM 15410 were cultivated in two different media
commonly used for the cultivation of solventogenic Clostridium – TYA and RCM containing glucose. C.
beijerinckii NRRL B-598 showed more intensive growth in TYA medium, while C. diolis DSM 15410 in RCM
medium (data not shown), thus for the testing of carbohydrate fermentation abilities each strain was cultivated
in the media where it showed better growth.
Both strains were able to utilize wide range of carbohydrates (Table I). Biebl et al. (2002) observed similar
results for C. diolis DSM 15410 sugar utilization abilities, except week growth of on lactose2, which was not
detected during our analysis. However, PY medium was used for the experiment2.
Although strains showed quite similar fermentation abilities, a significant difference can be noticed, which is
the ability to utilize glycerol - one of the prominent prosperities of C. diolis DSM 15410. Glycerol is waste
substrate, by-product of soap industry and biodiesel production, which can be consumed only by limited
amount of microorganisms12.

mannose

saccharose

lactose

cellobiose

++

++

+++

+++

-

++

++

++

-

C. diolis DSM 15410

+++

++

+

+++

+++

-

++

+

+

+++

glycerol

arabinose

+++

pectin

xylose

C. beijerinckii NRRL B-598

galactose

Strain

glucose

Table I
Carbohydrate fermentation abilities of C. beijerinckii NRRL B-598 and C. diolis DSM 15410

- – not able to utilize; +/++ – slow/medium grows; +++ – effective utilization
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Fermentation profiles of strains in RCM medium with glucose

Figure 1. Concentration of glucose and metabolites in medium during batch fermentation of C. beijerinckii NRRL
B-598 and C. diolis DSM 15410 in RCM medium with glucose
Glucose, carbohydrate that both strains are able to effectively utilize, was chosen for the batch bioreactor
cultivation. Both strains showed typical two-phase fermentation, with the switch from acidogenic to
solventogenic phase at approximately 8th h of cultivation (Fig. 1, Fig. 2). At the end of cultivation, in contrast to
complete glucose utilization by C. beijerinckii NRRL B-598, bioreactor with C. diolis DSM 15410 still contained
about 7 g/L of glucose, however, both strains had almost identical yield (butanol/glucose), 0.15 g/L and 0.16
g/L respectively. Final concentration of butanol for C. beijerinckii NRRL B-598 was slightly lower than previously
reported13.

11
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Figure 2. Course of pH and growth curve shown as CDW during batch fermentation of C. beijerinckii NRRL B-598
and C. diolis DSM 15410 in RCM medium with glucose
Similar behavior was observed during the batch cultivation of strains, nevertheless, C. diolis DSM 15410
reached lower pH values (Fig. 2). Despite lower amount of biomass at the beginning of cultivation for C. diolis
DSM 15410, both strains achieved identical biomass concentration at the end of cultivation (Fig. 2). In
comparison with C. diolis DSM 15410, no sporulation was observed for C. beijerinckii NRRL B-598 (Fig. 3), which
is reported behavior of the strain in RCM medium13.
Major interest in C. diolis DSM 15410 is due to its ability to produce 1,3-propandiol1,14. Metabolic pathway of
1,3-propandiol production in C. diolis starts exclusively with glycerol14. Key enzyme of conversion glycerol to
1,3-propandiol - 1,3-propandiol dehydrogenase (dhaT) - cannot be found in the genome of C. beijerinckii NRRL
B-59812, which correlates with the fact, that strain is not able to utilize glycerol for its growth.
In spite of seemingly close relation of the strain on the genomic level4, phenotypically C. beijerinckii NRRL B-598
is much closer to other well-studied strain – C. beijerinckii NCIMB 8052 with its inability to utilize glycerol and

12
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produce 1,3-propandiol15, on the other hand, C. diolis DSM 15410 appear to be close to C. pasteurianum
strains, which are able to produce 1,3-propandiol from glycerol16.

Figure 3. Cell morphology at the end of batch bioreactor cultivation of a) C. beijerinckii NRRL B-598 and b) C.
diolis DSM 15410 in RCM medium with glucose. Light microscope with phase contrast at ×400 magnification.
Black arrows indicate formed spores.

Conclusion
We compared phenotypical properties of C. beijerinckii NRRL B-598 and C. diolis DSM 15410. Behavior of the
strains is somewhat alike, however, in contrast to C. beijerinckii NRRL B-598, C. diolis DSM 15410 was able to
utilize glycerol and sporulation of the strain was observed in RCM medium. With the reported cases of
misclassification of solventogenic Clostridium strains, usage of modern techniques of genome comparison are
recommended for the strain comparison and designation of newly isolated strains.
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Abstract
Staphylococcus aureus and Staphylococcus epidermidis belong to the most common pathogens in nosocomial
infections nowadays. They cause wide spectrum of infections from invasive septicaemia, endocarditis or
inflammation of mucosa to chronic infections caused by improper catheterization and implant colonization.
These pathogens can develop strong resistance to conventional antibiotics and their prevalence in host is often
linked to their ability to form biofilms and the production of virulence factors, thus evading host immune system.
This work evaluated staphylococcal virulence as a suitable target for research of new alternative antimicrobial
compounds. It focused especially on production of extracellular hydrolases, which are believed to be responsible
for development of infection via disruption of host tissues or inactivation of host antimicrobial mechanisms. The
methods for determination of hydrolases (namely proteases, lipases, phospholipases and haemolysins) were
developed using agar plate and colorimetric assays. The effect of antimicrobials such as pterostilbene or
conventional antibiotics on production of these virulent factors was also observed.

Introduction
Genus Staphylococcus belongs to gram-positive aerobic or facultatively anaerobic bacteria. It represents a
diverse group at least 40 species of cocci which are often human commensals or opportunistic pathogens present
on human skin and mucosa as part of natural microbiome1. The most clinically relevant species are S. aureus and
S. epidermidis and to a lesser extent also S. saphrophyticus and S. haemolyticus2.
S. aureus is the most invasive pathogen of this bacterial group. It belongs to the coagulase positive staphylococci
and it forms distinctively yellow to golden colonies on TSA agar3. The colour of colonies gave rise to the name of
this species (in Latin “aureus” means golden). S. aureus can cause spectrum of infections as inflammation of host
tissue, pneumonia, endocarditis, sepsis and due to its significant production of enterotoxins also severe food
poisonings4. It is also a common cause of secondary infections in immunocompromised patients, accompanying
severe diseases as cancer or cystic fibrosis5.
S. epidermidis belongs to coagulase negative staphylococci and for a long time was considered non-pathogenic.
S. epidermidis is indeed a typical human commensal occurring on skin and mucosa6. Most of the strains are not
virulent but some can switch to virulent phenotype and thus cause infections. The infections caused by
S. epidermidis are mostly associated with colonization of venous and urinary catheters or joint implants due to
biofilm formation of this species on such biomaterials7. Beside these, S. epidermidis could be also responsible for
food poisonings, sepsis and tissue inflammation but to a lesser extent than its more pathogenic relative
S. aureus8.
Both species are known for their significant resistant to common antibiotics. S. aureus stands for one of the most
resistant pathogens of today medicine. The emergence of antibiotic resistance of S. aureus is the most illustrative
in case of β-lactams and introduction of the first antibiotic penicillin in 19449. Already after two years since the
introduction of penicillin to clinical practice the first clinical isolated resistant to it were found. In 1948, already
60 % of clinical isolated of S. aureus were found to be resistant to penicillin and the percentage of resistant strains
increased up to alarming 90 % in following decade9. The resistance of most of the S. aureus population to
penicillin created a great effort to search for new classes of antibiotics as cephalosporins, macrolides or
methicillin and oxacillins10. Methicillin was for some time the most common antibiotic used in the treatment of
staphylococcal infections in 1960s and it is not surprising that not long after its introduction, some strains already
developed resistance to it. In 1970 the terms MRSA (methicillin-resistant S. aureus) and MRSE (methicillinresistant S. epidermidis) were introduced to scientific awareness. Nowadays MRSA infections are routinely
treated with antibiotics of last resort, such as glycopeptides vancomycin and teiocoplanine or tigecycline and
oxazolidinones10. In 2010 the first clinical isolates were reported to have vancomycin resistance. Since the
antibiotics of last resort is beginning to fail, there is a great effort to find new alternative approaches to treat
staphylococcal infections caused by multi-drug resistant strains. The great effort is put into studies of naturally
occurring compounds with distinctively different mode of antimicrobial action than antibiotics, which could
prevent too quick development of resistance in pathogens when used than in case of antibiotics. The other novel
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option for regulation of staphylococcal infections is treatment by drugs acting via virulence attenuation. The
most common approach is however usage of antibiotics in combination to achieve synergistic action against
pathogens11-14.
Staphylococcal virulence
Virulence is an ability of pathogens to cause and fully develop infection and efficiently evade host immune
system15. It is a direct consequence of pathogenicity of microorganisms responsible for easier invasion and
further colonization of host. Virulence works through the production of so called virulence factors, which are
responsible for various side effects of microbial infections. Virulence factors can be divided into several classes16.
The major classes of virulence factors comprise of toxins or extracellular enzymes. Toxins are directly responsible
for tissue disruption and in extreme cases they can even lead to death. They are common cause of food
poisonings and mediate several well-known illnesses like tetanus or cholera17. As seen in Table I, S. aureus
produces a wide spectrum of toxins like enterotoxins or TSST-1. S. epidermidis is a less potent producer of toxins,
although it produces some as well18. Other major family of virulence factors are extracellular enzymes,
specifically hydrolases. They act similarly as toxins via host tissue disruption. Through this disruption they provide
much needed nutrients for the pathogenic cells and also enable further colonization of new niches in host. In
case of staphylococci, there are several significant hydrolases, e.g. coagulase or gelatinase in case of S. aureus or
proteases and lipases in case of S. epidermidis19-23. Other virulence factors can be also siderophores favouring
pathogenic cells in an environment with limited supplies of ferrous ions. In staphylococci, there is one group of
siderophores called staphyloferrins24. Since virulence enables colonization of new host tissues and evasion of
host immunity, it is not surprising that biofilm formation is also considered an important virulence factors. The
ability to firmly adhere to tissues and form capsules indeed significantly helps the persistence of pathogens in
host organism.
Table I
Virulence factors of clinically relevant staphylococci – S. aureus and S. epidermidis
Staphylococcus aureus
Staphylococcus epidermidis
toxins

TSST-1 (toxic shock syndrome toxin)
exfoliatin (scalded skin syndrome toxin)
enterotoxins
cytotoxins (β-haemolysin)
bacteriocins

epidermin,
phenol-soluble modulins
cytotoxins (α-haemolysin)

extracellular enzymes

hyaluronidase
gelatinase
coagulase

proteases
lipases
phospholipases

other

biofilm formation, capsule

biofilm formation, capsule,
siderophores (staphyloferrins)

Methods for determination of virulence factors
The following methods were used for virulence determination of S. aureus DBM 3178, S. epidermidis DBM 3179
and S. epidermidis CNCTC 5671. These microorganisms were stored in 50% glycerol at -70 °C. Ethanol (Carl Roth,
Germany), pterostilbene (Sigma Aldrich, USA) and erythromycin (Sigma Aldrich, USA) served as the model
substances for screening of antimicrobial and anti-virulence effect.
Determination of haemolysis
Production of haemolysins and the ability to disrupt erythrocytes in host strikingly contribute to virulent potential
of every haemolytic pathogen. Staphylococci are known for their production of haemolysins of type α and β. The
extent of haemolysis can be observed either on blood agar or by spectrophotometry. The blood agar consisted
of blood agar base (Carl Roth, Germany) with 5 % (v/v) defibrinated sheep blood (LabMediaServis, Czech republic)
according to Barretti et al25 (Fig. 1). After pouring cells of S. aureus or S. epidermidis onto the agar, the cells were
incubated for approximately 3 days. If the created halo was completely translucent, the strain was capable of βhaemolysis. If the halo around the colony was translucent but not wide, the strain was capable of α-haemolysis.
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Haemolysis can be also studied using spectrophotometry according to Bandeira et al20. Cells after incubation
were harvested and centrifuged (30 min, 4 °C, 13000 × g). Supernatant was mixed in a ration 1:1 with 5 % (v/v)
defibrinated sheep blood. Mixture was incubated for 90 min. Absorbance was then measured at 540 nm.
Acquired data was evaluated using linear regression with positive control (blood and 2% SDS (Carl Roth,
Germany)) and negative control (blood and phosphate buffer saline).

Figure 1. Blood agar with mildly transparent zones around colonies indicating α-haemolysis
Determination of extracellular hydrolases
Extracellular hydrolases such as proteases, lipases and phospholipases have significant role in virulence of
S. epidermidis. The determination was executed using diagnostic agar plates supplemented with corresponding
substrate. Protease activity was observed on nutrient agar (Carl Roth, Germany) with addition of skim milk
(Merck, USA)22 . The production of lipases was studied using nutrient agar supplemented with tributyrin (Carl
Roth, Germany) and Tween 20 (Carl Roth, Germany)22. Lastly, phospholipases were determined on nutrient agar
supplemented with egg yolk (Sigma Aldrich, USA). The execution of these experiments is summarized in Tab. II.
The desired studied suspension of staphylococcal cells was poured into the agar in a volume of 5 µl. After
incubation for mentioned time the formation of halo around the colony was observed. The hydrolase production
was evaluated qualitatively as either positive or negative or quantitatively via measurement of created halo. The
examples of agar plates are shown in Fig. 2 and Fig. 3.
Table II
Agar plate composition and cultivation conditions for each studied hydrolase. NA – nutrient agar, d – day
Temperature for
Time of
Enzyme
Agar plate composition
Positive result
cultivation
cultivation
Proteases
NA + 2 % (v/v) skim milk
37 °C
2d
Translucent zone
Lipases
NA + 1 % (v/v) tribyturin
37 °C
5-7 d
Opalescent zone
+ 0,2 % (v/v) Tween 20
Phospholipases

16

NA + 10 % (v/v) egg yolk

37 °C

5d

Precipitation zone
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Figure 2. Example of positive lipase production visible as opalescent halo around colonies on tributyrin agar plate

Figure 3. Example of positive protease production visible as translucent halo around colonies on milk agar plate
Gelatinase test
Gelatinase is a hydrolytic enzyme often linked with maintenance of cells and subcultures in context of infection.
It can be determined by simple qualitative test through simple observation of tubes filled with sterile gelatin (Fig.
4). The suspension of studied cells of staphylococci is injected into the gelatin in tube26. The tube is incubated for
2 h at 37 °C. Melting point of gelatin is below normal human body temperature, therefore gelatin is in a liquid
form at the beginning of the experiment in all cases. The tubes containing inoculated gelatin are then cooled at
4 °C for 30 min. If the tube contained liquified gelatin even after cooling, the suspension injected into this tube
produced gelatinase. If the gelatin remained firm after cooling, the cell suspension did not produce gelatinase.

Figure 4. Gelatinase test performed with tubes containing gelatin. Suspension injected into gelatin was incubated
for 2 h at 37 °C. Positive sample was liquefied after cooling at 4 °C for 30 min. Negative sample remains firm after
cooling at 4 °C for 30 min.
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Biofilm formation and analysis
The biofilm can be formed on a various surfaces. The most common laboratory ways to study biofilms include
cultivations on either polystyrene and other plastics or metal alloys mimicking medical implants. In this study the
biofilm of S. aureus and S. epidermidis was formed in polystyrene microtitre plate. A microtitre plate provides a
simple material for quick screening tests of biofilm formation and thus it represents useful tool for observing the
effect of various antimicrobials.
Staphylococci were inoculated into TSB medium in Erlenmeyer flasks and cultured at 150 rpm and 37 °C for 24
h. The cultured suspension of cells was centrifuged (10 min, 4 °C, 23 478 × g) and the inoculum was adjusted to
OD600nm = (0,800 ± 0,020). The adjusted inoculum was poured in a volume of 210 µl into the wells of 96-well
microtitre plate (TPP, Switzerland). The wells were completed to contain total volume 280 µl with stock solution
of antimicrobial and growth medium. The cells were cultivated for 24 h at 150 rpm and 37 °C.
The formed biofilm was rinsed twice with 200 µl of sterile saline so that analytic methods could be performed.
The metabolic activity of cells in biofilm was determined using MTT viability assay according to Riss et al27 (Fig.
5). The total content of biofilm biomass was evaluated using crystal violet staining according to Sabaeifard et al28.
The hydrophobicity of cell surface after exposure to antimicrobials was evaluated using MATH assay (microbial
adhesion to hydrocarbons) according to Polaquini et al21.

Figure 5. Execution of colorimetric assay. The image depicts MTT viability assay in microtitre plates. The most
colourful (purple, in the picture dark grey) are the wells containing the most viable cells with highest metabolic
activity. The wells with translucent liquid (light yellow, in the picture light grey) contain non-viable cells without
metabolic activity (most likely dead). The plate is put into spectrophotometer for measurement of absorbance
at 570 nm. The achieved data thus provide even more information and enable quantification of metabolic activity
of cells.

Conclusion
Virulence of microorganisms is generally very complex aspect of pathogenesis. It was shown to play a major role
in development of infection and its suppression could be an elegant way to treat nowadays pathogens without
development of antibiotic resistance. This work focused mainly on the virulence of clinically relevant
staphylococci and options for the determination of their virulence factors. The development of these methods
was the main aim of this study. Nevertheless, these assays will be more evaluated and optimized and further
studies have to be carried out. Development of these methods could be used for the search of compounds able
to decrease virulence of S. aureus and S. epidermidis and to shed light on the mechanism of action of such
substances.
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Abstract
There is a rising global need to increase the availability of proteins and bioactive compounds from industrial sidestreams. Co-streams of plant origin obtained from biorefineries represent an excellent source of high valueadded bio-based compounds currently utilized mainly as a low-value animal feed. These component-rich byproducts are suitable for upgrading of current low added value streams to new high-value ingredients with a
potential to be used in different industries. This article presents the review of the aims of EXCornsEED project to
develop and validate a process of innovative and sustainable technologies for the recovery of proteins and
bioactive compounds from different biorefineries side-streams (corn oil, thin stillage and rapeseed meal) and to
characterize/prepare the new products as ingredients for food, specialty chemicals and cosmetics markets. The
characterization of three biorefineries side-streams potential and evaluation of their specific parameters
throughout the year 2018 is summarized in this report.

Introduction
In the global food demand projected by the Food and Agriculture Organization (FAO) of the United Nations, the
protein has been identified as a limiting macronutrient for global food security. Many oil seeds are particularly
rich in highly soluble and functional proteins. As the rapeseed is the second largest produced oilseed in the world
after soybean, the rapeseed protein has the opportunity to become a high-quality human protein source and an
economic and sustainable source of protein with high bioavailability and digestibility1,2.
There is an increasing demand for bioactive compounds from plants that can be used in the pharmaceutical and
nutraceutical industry3. Many crops and also the by-product of their industrial processing represent an excellent
source of different bioactive phytochemicals which are effective antioxidants and possess also other potential
health benefits4.
During the biofuels production process, great amounts of by-products are produced. Currently, the by-products
of these industrial processes are mostly utilized for energy, animal feed or other low-value purposes. These
materials are rich sources of high-added value compounds, which can be used as potential food additives,
nutraceuticals, cosmetic ingredients and other special bioactive chemicals. In this line, a lot of effort has been
made to develop the new sustainable “green and innovative” extraction technologies5,6.

Figure 1. The EXCornsEED project approach7
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In order to utilize the full potential of biorefineries by-products of the rapeseed and corn origin, the EXCornsEED
project (Figure 1) has been initialized for the recovery of proteins and several bioactive compounds (e.g. peptides,
amino acids, fibres, polyphenols, tocopherols, carotenoids etc.) from three selected biorefineries side-streams:
corn oil, thin stillage and rapeseed meal. The project aims to develop and validate an innovative and sustainable
extraction, purification and concentration technologies for the recovery of target substances to be applied as
ingredients for the food, specialty chemicals and cosmetics market.
In the first working part of the project, specific parameters of three provided side-streams have to be monitored
and determined to guarantee the reproducibility of the feedstock. The influence of the storage and seasonal
variations on the investigated parameters will be evaluated.

Materials and methods
Corn oil is a liquid side-stream of bioethanol production using non-genetically modified corn (Zea mays L.). It is
isolated from the corn syrup portion that emerges from the fermentation and distillation processes by a plate
separator, sent to the sedimentation tank to eliminate any particles that tend to settle and precipitate.
Distillers corn oil is rich in lipophilic bioactive compounds as carotenoids, phytosterols, isoprenoids (squalene),
tocopherols and further substances.
Table I
Measurement methods for detection of corn oil parameters
Parameter
Method of measurement
Content of P, Ca, Mg, Na, K inductively coupled plasma (ICP) emission spectrometry
Acid value
non-aqueous potentiometric acid-base titration with alcoholic solution of
potassium hydroxide
Water content
Karl-Fisher titration method
Total contamination
weighing method
Sedimentation
volumetric measurement from homogenized sample after centrifugation
Thin stillage represents a liquid side-stream generated in large amounts during bioethanol production after the
centrifugation of thick stillage. It is concentrated by evaporation and the resulting syrup is used for subsequent
production of dried distiller´s grains with soluble (DDGS).
Thin stillage is a source of proteins, amino acids, fibres and the rest of starch hydrolysates.
Table II
Measurement methods for detection of thin stillage parameters
Parameter
Method of measurement
pH value
potentiometric measurement using glass electrode
Dry matter
weighing after the drying of pre-dried sample at 130 °C
Rapeseed meal, obtained after the pressing process and subsequent extraction of rapeseed seeds (Brassica
napus L. var. Napus), is a by-product of crude rapeseed oil production utilized as the main feedstock for the
production of biodiesel. It is a loose-solid by-product that does not come from genetically modified organisms.
Rapeseed meal is a valuable source of proteins, digestible fibres, polyphenols and minerals.
Table III
Measurement methods for detection of rapeseed meal parameters
Parameter
Method of measurement
Dry matter
weighing after the drying of rapeseed meal sample at 130 °C
Ash
weighing method (the test sample is ashed at 550 °C and the residue is weighed)
Crude protein
calculated on the basis of the total nitrogen content, determined according to
the Kjeldhal method, using formula: Kjeldhal N x 6.25
Crude fat
Soxhlet extraction method with light petroleum (the solvent is distilled off and
the residue is dried and weighed)
Water content
Karl-Fisher titration method
Total contamination
weighing method
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Results and discussion
The aim of the study was to identify the feedstock, currently used at biofuel production facilities, as well as
potential seasonal variability. Three side-streams of plant origin obtained from biofuels production in Slovakia,
Central Europe region were evaluated.
Corn oil
Corn oil is utilized as an alternative feedstock for the production of biodiesel. Therefore, parameters affecting
the quality of biodiesel as: acid value, minerals (phosphorous, calcium, magnesium, sodium, potassium), water
content, total contamination and sedimentation were monitored on a daily basis (Table I).
The results of corn oil analyses during the year 2018 were evaluated, the monthly average values of all
parameters were calculated and presented graphically in Figure 2.

Figure 2. Month values of evaluated corn oil parameters: Acid values, Phosphorous, Calcium, Magnesium,
Sodium, Potassium and Water content and Sedimentation
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The acid value indicates the quantity of free fatty acids present in the oil. It is a critical parameter affecting the
yield of transesterification reaction. The content of free fatty acids in oil before transesterification can be lowered
by several processes, e.g. deodorisation8. The results of average acid value of corn oil were oscillating just in a
narrow range of 20 – 25 mg KOH/g.
Crude vegetable oils contain phosphorus in a form of phospholipids which are also referred to as gums, which
have negative effect on biodiesel yield, thus this impurity is removed in the degumming process9. The average
content of phosphorous during 2018 did not increase the level 20 mg/kg.
Calcium, magnesium, sodium and potassium are inorganic contaminants which, may negatively affect engine
performance and contribute to biodiesel decomposition10. The levels remained almost constant except the
values at the end of the year when the increased values were detected. The observed increase is not considered
critical as the content of impurities is strictly controlled in further processing procedures.
The water residues in vegetable oils are considered to be a factor decreasing the oil quality and stability via the
physical, chemical and microbial changes as well as a contaminant which is reducing the yield of
transesterification process during biodiesel manufacture11. Therefore, the water content is strictly monitored in
the oil before its processing. As shown above, the level of water content was below 2 % (w/w).
During the second half of the evaluation year, the sedimentation of corn oil was also monitored. An increasing
trend of the values starting from the summer to winter months can be observed. This can be connected with
seasonal changes, when the level of sedimentation in the storage tanks is inversely related to the lower outer
temperatures.
Thin stillage
For the purpose of the project, pH and dry matter of the thin stillage were monitored (Table II). Month values of
evaluated parameters are presented in Figure 3.

Figure 3. Month values of evaluated thin stillage parameters: Dry matter and pH value
The average values of pH of thin stillage for each month varied in a range of 4.1-4.7. The average values of dry
matter of thin stillage during the year were almost stable and they were oscillating along the value of 7.0 %
(w/w). Minor variations observed in the thin stillage parameters can be caused by seasonal differences in maize
composition and also by slight changes in process parameters such as acid addition rates, enzyme loadings,
temperatures and fermentation conditions12.
Rapeseed meal
Within the project, dry matter of rapeseed meal, ash, crude protein, crude fat and water content of this sidestream were monitored (Table III). Results of the monitoring are presented in Figure 4.
The average values of dry matter and water content of the rapeseed meal were almost constant during the entire
year. This is connected to the defined and controlled conditions of the feedstock processing after extraction step.
The determined average results of crude fat were oscillating within the range of 0.80 – 1.82 % (w/w). The
observed slight variations can be connected to the seasonal changes in the composition of rapeseed during
storage and also with parameters of the extraction process.
Monthly average values of crude proteins were almost stable during the entire year with values 35 – 37 % (w/w).
The results confirm constant quality of this valuable source of proteins.
The ash represents the dry matter that remains after burning of the rapeseed meal and it is rich in minerals13.
The variations in average values of ash content are insignificant as all the results within the year were observed
just in a narrow range of 6.4 – 6.5 % (w/w). This indicates the constant mineral composition of the rapeseed
meal.
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Figure 4. Month values of evaluated rapeseed meal parameters: Dry matter, Water content, Crude Fat, Crude
Proteins and Ash

Conclusion
Specific parameters data of the three investigated side-streams from bioethanol and oil processing production
site are presented. The preliminary data shown in this report provide an overview of the day-to-day actual
analyses of studied corn oil, thin stillage and rapeseed meal throughout the year 2018. From the comparison of
monthly averages, it is evident that the values of investigated parameters did not significantly vary during
processing in the plant, which guarantees the constant quality of monitored feedstock. Any source of the
variation is primarily caused by heterogeneity of feedstock origin. Another reason explaining some of the
variances could be the harvest season. Data analysed serve as a helpful initial insight over the characteristics of
selected side-streams as the sources of proteins and other bioactive compounds. More detailed characterisation
of selected feedstocks is under further investigation of the EXCornsEED project.
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Abstract
The objective of our project was to design and optimize the process of microbial production of lactic acid using
an alternative, inexpensive substrate with achievement of lactic acid high yield. Fermentations were performed
using a low-cost source of carbon, wheat straw hydrolysate. Identification tests of two strains of the genus
Lactobacillus obtained from our laboratory were first performed to confirm or disprove their taxonomic
classification. Firstly API 50 CHL test was performed. This test includes 50 biochemical tests, where fermentation
of 49 saccharides in strips is assessed. For more accurate identification, MALDI-TOF was performed, which
resulted in re-identification of the two strains as Lactobacillus casei 198 and Lactobacillus plantarum LHR14.
Thereafter, MRS media screening tests were performed with these two strains, where, glucose, sucrose and
xylose were tested as carbon sources. Further, inhibitors present in the straw hydrolysate such as coumaric acid,
ferulic acid and syringaldehyde in concentrations ranging from 0.2 to 2.5 g.l-1 and potassium hydrogen phosphate
at a concentration from 15 to 35 g.l-1 were added to the medium and growth and lactic acid production were
tested.

Introduction
Research on biotechnological lactic acid production is at the heart of many researchers around the world. Lactic
acid has found its use in many industries. In the food industry, lactic acid is mainly used for pH control and food
preservation. Thanks to its antimicrobial activity and moisturizing ability, it is also used in cosmetics. At higher
concentrations, lactic acid polymerizes spontaneously, which is enabled by reactive groups contained in the lactic
acid structure. It is a hydroxyl and carboxyl group. Lactic acid polymers, prepared by different chemical ways, are
used in medicine, as biodegradable prostheses, or as surgical threads designed to sew wounds1,2.
There is a possibility to produce biodegradable lactic acid polymers, which could be used in the future for the
production of recyclable packaging, which would be a suitable, ecological alternative for petroleum-based
plastics, but this objective seems to be unattainable for the time being, mainly due to the high production costs
of lactic acid3.
The total cost of produced lactic acid can be reduced in various ways. First, it is necessary to minimize the cost
of feedstock. Expensive, complex media can be replaced by cheaper, by-products from other industries. As
sources of carbon, for example, molasses, hydrolysates of starch crops (rice, maize, potatoes, wheat cassava,
etc.), or hydrolysates of lignocellulosic materials (old paper, wood chips, straw) can be used. Another very costly
component of the culture medium is the nitrogen source. Today, the most commonly used are industrially
produced sources such as peptone, yeast extract, or meat extract. These sources could be replaced, for example,
by significantly cheaper feather hydrolysates.4,5. Currently, up to 90 % of all lactic acid is produced by microbial
fermentation. One of the benefits of biotechnological lactic acid production is the ease of producing the desired
optical isomer, which can be achieved with a suitably selected production strain5,6,7.
The presence of biomass degradation by-products is one of the major disadvantages that affect fermentation.
The type and concentration of inhibitors depends on the raw material, the type of pre-treatment and the
conditions during the pre-treatment. The lignocellulosic biomass degradation products can be divided into three
groups: furan derivatives, weak acids and phenolic compounds. The main furans are furfural and 5hydroxymethylfurfural (HMF) derived from pentoses and hexoses. Formic acid and acetic acid are weak acids and
have a negative effect on the growth of microorganisms. Phenolic compounds, such as coumaric acid and ferulic
acid, significantly inhibit the growth of lactic acid producing microorganisms at concentrations above 1 g.l-1. In
fact, the inhibitory mechanism of degradation compounds is based not only on the inhibitory effect induced by
each compound but also on their interaction8.

Materials and Methods
Identification tests
For identification of two strains of the genus Lactobacillus the API 50 CHL test was performed. There are 50
biochemical tests. Medium API 50 CHL allows the fermentation of 49 carbohydrates in strips. If the individual
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carbohydrates were fermented into organic acids, the pH was reduced and then colour was changed. Bromcresol
red changes to yellow in the case of a positive reaction and turns purple in the escalation test. First, the cells of
both strains were cultured on MRS medium at 37 °C for 24 hours. Cultured cells of test strains were centrifuged
(8000 rpm, 4 °C, 5 min). The supernatant was removed and the suspension was washed with saline (5 ml) and
removed under the same conditions. Washing was performed twice. Sterile distilled water (2 ml) was added to
the cell suspension. Two drops of this suspension were transferred to a tube with sterile distilled water (5 ml) so
that the optical density corresponded to McFarland standard 2 (i.e., approximately 6.108 KTJml-1). Media API 50
CHL solution was allowed to come to room temperature. The entire volume of the ampoule was shot into a sterile
tube and twice as many drops of suspension (4 drops) were added to the contents. This suspension was mixed
and used to inoculate wells. The suspension was dosed in 100 steps into all wells. Then paraffin oil was pipetted
into the wells. The incubation box was covered with a lid and incubated at 37 °C aerobically. The results were
read after 24 and 48 hours9.
MALDI-TOF was then used for more accurate identification. MALDI-TOF MS (Matrix-Assisted Laser Desorption)
is a very sensitive technique where only a small amount of microbial biomass is needed for analysis. To identify
the microorganism, the sample is mixed with the matrix solution and placed on a steel plate surface. The matrix
solution crystallizes with the sample on the target plate. High vacuum must be continuously maintained in the
mass spectrometer, and after sufficient vacuum, the individual samples are subjected to short laser pulses. The
laser evaporates the microorganism together with the matrix, leading to the ionization of the ribosomal proteins.
The electromagnetic field accelerates the ions before entering the flight tube. The instrument measures the flight
time (TOF) of the analytes to reach the detector at the end of the flight tube. The degree of ionization, as well as
the weight of the proteins, determines their flight time. Based on this TOF information, a characteristic spectrum
that is unique to the species is recorded10.
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.5 Finally, the pH was adjusted to the optimum value
for the fermentation of the microorganisms.
Screening in fermentation plates
First, screening tests were conducted with selected Lb. casei 198 and Lb. plantarum LHR4 strains in MRS medium
with different carbon and energy sources, in the presence of inhibitors present in the hydrolysates, i.e. ferulic
acid, coumaric acid, syringaldehyde in a concentration range 0.2 – 2.5 g.l-1 and K2HPO4 in a concentration range
15 - 35 g.l-1. As the carbon source glucose, sucrose and xylose were tested. As well as screening for growth in the
presence of inhibitors in MRS media, growth was screened in the presence of inhibitors in straw hydrolysates.
The straw hydrolyzed to individual carbohydrates serves as a carbon source. Hydrolyzed feather or yeast extract
was used as the nitrogen source. Hydrolysis of the feathers took place simultaneously with the hydrolysis of the
straw, while the yeast extract was added to the straw hydrolysate as a sterile concentrated solution.

Results and discussion
Results for identification tests
API test evaluation was performed in APIweb application. The positive result was recorded as (+) negative as (-).
According to the API test, the identification result may be considered unacceptable, doubtful, acceptable, good,
very good, or excellent. The results for strain 198 and LHR14 are shown in Tables II and III.
Table II
Evaluation of API test for strain 198
Sample identification:
Profile:
Identification Options:
Lactobacillus pentosus
Lakctobacillus brevis
Lactobacillus plantarum
Result:
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API Test Sample 198 was evaluated as unacceptable, it could not be determined with sufficient accuracy that it
was one of the strains listed.
Table III
Evaluation of API test for strain LHR14
Sample identification:

LHR14

Profile:
Identification Options:

----+++---++++----+---+++++++++++-++---+---------percent identification:

Lactobacillus pentosus
Lactobacillus plantarum
Lactobacillus brevis

50.9 %
24.4 %
21.0 %

Result:

doubtful

Identifying the LHR14 labelled sample was dubious. The identification percentage is indicated for each
identification option. Thus, according to the API test, Lactobacillus pentosus is the most likely (50.9 %) candidate.
Due to inaccurate identification using the API test, identification using a more accurate MALDI-TOF method was
performed. The results are shown in the Table IV and V.
Table IV
Identification results using the MALDI-TOF method for the sample labelled 198
Order
NCBI
Full name
Score value
(Quality)
i.n.
1
Lactobacillus paracasei ssp paracasei DSM 20006 DSM
2.103
47714
( ++ )
2
Lactobacillus fermentum DSM 20391 DSM
1.992
1613
(+)
A sample with the strain designated 198 was identified as L. paracasei. A score of 2.103 of this identification
determines the identification of the microorganism as accurate at the species level.
Table V
Identification results using the MALDI-TOF method for the sample labelled LHR14
Order
Full name
(Quality)
1
Lactobacillus plantarum DSM 1055 DSM
( +++ )
2
Lactobacillus plantarum DSM 2601 DSM
( +++ )

Score value

NCBI
i.n.

2.542

1590

2.487

1590

The LHR14 labelled sample was identified as L. plantarum with good accuracy. A score of 2.542 of this
identification determines the identification of the microorganism as accurate at the species level.
From the identification tests (Tab. II-V), Lactobacillus strains were identified as Lactobacillus paracasei 198 and
Lactobacillus plantarum LHR14.
Results for fermentation plates
Microtiter plate screening assays were performed on MRS nutrient medium with different carbon sources in the
form of glucose, sucrose and xylose in the presence of inhibitors (coumaric acid, syringaldehyde, ferulic acid,
K2HPO4) of given concentrations. Inhibitors were dissolved in ethanol, which at given concentrations did not
affect cell growth and productivity of the two strains. The test results are summarized in Table VI-VII.
All fermentations were carried out statically under aerobic conditions in a thermostat at 37 °C.
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Table VI
Results of the effect of inhibitors added to MRS media with glucose as a carbon source on the Lb. paracasei 198
and Lb. plantarum LHR14 strains
Concentration of inhibitors (g.l-1)
Coumaric acid

Strain

Syringaldehyde

P E 0.2 0.5 1 2 2.5 0.2 0.5 1
Lb. casei 198

2

K2HPO4

Ferulic acid

2.5 0.2 0.5

+ +

+

+

- -

-

+

+

+ +/-

-

+

+

Lb. plantarum LHR14 + +

+

+

- -

-

+

+

+ +/-

-

+

+

1

2 2.5 15 20 25 30 35

+/- +

-

-

+

-

-

-

-

-

+

+/-

-

-

-

P - Positive control (pure medium with colour indicator + inoculum only)
E - Growth in the presence of maximum ethanol concentration
Table VII
Results of the effect of inhibitors added to MRS media with sucrose as a carbon source on the Lb. paracasei 198
and Lb. plantarum LHR14 strains
Concentration of inhibitors (g.l-1)
Coumaric acid

Strain

P E 0.2 0.5
Lb. casei 198

+ +

+

+

Lb. plantarum LHR14 + +

+

+

1

2 2.5 0.2 0.5 1

+/- -

Syringaldehyde

-

2

2.5 0.2 0.5

-

+

+

+ +/-

-

+

+

-

+

+

+

-

+

+

+

K2HPO4

Ferulic acid
1

2 2.5 15 20 25 30 35

+/- +

-

-

+

-

-

-

-

-

+

+

+

+/-

-

P - Positive control (pure medium with colour indicator + inoculum only)
E - Growth in the presence of maximum ethanol concentration
Table VIII
Results of the effect of inhibitors added to MRS media with xylose as a carbon source on the Lb. paracasei 198
and Lb. plantarum LHR14 strains
Concentration of inhibitors (g.l-1)
Coumaric acid

Strain

Syringaldehyde

P E 0.2 0.5 1 2 2.5 0.2 0.5 1
Lb. casei 198

+ +

+

+

- -

-

Lb. plantarum LHR14 + + +/- +/- - -

-

+

+

2

+ +/-

+/- +/- -

-

K2HPO4

Ferulic acid

2.5 0.2 0.5
-

+

-

+

+

1

2

+/- +/-

+/- +/-

-

2.5 15 20 25 30 35
-

+

-

-

-

-

-

+

+/-

-

-

-

P - Positive control (pure medium with colour indicator + inoculum only)
E - Growth in the presence of maximum ethanol concentration
Table VI - VIII summarizes the results of screening tests in MRS medium with different carbon sources and in the
presence of inhibitors at given concentrations. The results indicate that the strain Lb. paracasei 198 showed the
best growth using xylose as a carbon source even at high inhibitors concentrations, while the strain Lb. plantarum
LHR14 showed the best results using sucrose as a carbon source.
It is clear from the results of the screening tests that both strains showed good or at least partial growth even at
high concentrations of inhibitors at different carbon sources. Therefore, screening tests for growth of both strains
in straw hydrolysate were performed. Chicken feather hydrolysate or sterile yeast extract solution was used as
nitrogen source. The results of these assays are summarized in Tables IX and X.
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Table IX
Results of cultivation of the strain Lb. paracasei 198 and Lb. plantarum LHR14 in common straw and feather
hydrolysate in the presence of different concentrations of inhibitors
Concentration of inhibitors (g.l-1)
Coumaric acid

Strain

Syringaldehyde

P E 0.2 0.5 1 2 2.5 0.2 0.5 1
Lb. casei 198

+ +

+

Lb. plantarum LHR14 + +

+

-

2

K2HPO4

Ferulic acid

2.5 0.2 0.5 1 2 2.5 15 20 25 30 35

- -

-

+

+

+ +/-

-

+

-

- -

-

+

-

-

-

-

+/- - -

-

+

+

+ +/-

-

+

-

- -

-

+

+/-

-

-

-

P - Positive control (pure medium with colour indicator + inoculum only)
E - Growth in the presence of maximum ethanol concentration
Table X
Results of cultivation of the strain Lb. paracasei 198 and Lb. plantarum LHR14 in a straw hydrolysate enriched
with yeast extract solution in the presence of various concentrations of inhibitors
Concentration of inhibitors (g.l-1)
Coumaric acid

Strain

Syringaldehyde

P E 0.2 0.5 1 2 2.5 0.2 0.5
Lb. casei 198

+ +

+

Lb. plantarum LHR14 + +

+

-

1

2

K2HPO4

Ferulic acid

2.5 0.2 0.5 1 2 2.5 15 20 25 30 35

- -

-

+

+

+/-

-

-

+

+/- - -

-

+

+

+

+/-

-

+

-

- -

-

+

-

-

-

-

+/- - -

-

+

+

+/-

-

-

P - Positive control (pure medium with colour indicator + inoculum only)
E - Growth in the presence of maximum ethanol concentration
Table IX - X summarizes the results of screening tests in common hydrolysate of straw and chicken feathers and
straw hydrolysate enriched with yeast extract solution and in the presence of inhibitors of given concentrations.
The results show that both strains showed similar growth in both types of culture medium in the form of straw
hydrolysate enriched with feather hydrolysate or yeast extract solution even at high concentrations of inhibitors,
whereas the Lb. plantarum LHR14 showed good growth in straw hydrolysate enriched with yeast extract solution
at high K2HPO4 concentrations.

Discussion
The obtained data confirmed the growth of both selected strains using different carbon sources in the presence
of inhibitors occurring after the hydrolysis of lignocellulosic materials. Strain Lb. plantarum LHR14 showed the
best results using sucrose as a carbon source, while Lb. paracasei 198 using xylose.
In the screening tests, both strains showed similar growth using selected alternative substrates in the form of a
common straw hydrolysate and chicken feather or in a hydrolysate of straw enriched with yeast extract solution.
Further experiments will be performed in a larger scale, where the production of lactic acid of the two
Lactobacillus strains in selected types of hydrolysates will be investigated. Since, in addition to glucose, xylose is
produced during the hydrolysis of straw, it is believed that the strain Lb. paracasei 198 could achieve better
results as it can also utilize xylose in addition to glucose. In the next part of our project, co-cultivation of both
strains will also be tested with the aim of achieving the highest possible lactic acid concentration with the aim of
the most efficient consumption of all carbon sources obtained by the hydrolysis of straw.

Conclusion
Both strains obtained by our laboratory were classified as Lactobacillus paracasei and Lactobacillus plantarum
using two methods (API test and MALDI-TOF).
Screening tests were performed to confirm that both strains were able to grow in the presence of inhibitors that
are a common component of straw hydrolysates. From the data obtained, the strain Lb. paracasei 198 appears
to be a suitable lactic acid producer for straw hydrolysates due to its ability to utilize xylose in addition to glucose.
Further experiments will also be directed to the isolation of the resulting lactic acid from the culture medium.
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Abstract
Camelina sativa, a member of Brassicaceae family, is re-emerging low input oilseed energy crop with sustainable
agronomic characteristics and environmental attractiveness. Although no original Slovak varieties are known to
be preserved, Camelina attracts interest of Slovak agronomists and biofuel producers as potential feedstock for
the production of bio-components to fuels which can contribute to achieving the increase of GHG savings.
Main focus of the research is aimed to investigate available Camelina varieties, perform a comparative research
of different fertilization conditions, individual cultivation conditions and evaluate the oil yield and fatty acid
profile. The research shows that variety named Zuzana (Czech Republic) and Smilowska (Poland) are obtaining
the highest seed and oil yields upon applied conditions that can lower environmental impacts associated with oil
and fuel production.

Introduction
Camelina sativa is an ancient herbaceous, yellow-flowering member of the mustard (Brassicaceae) family
together with rapes, mustard, and canola (Figure 1). There are spring and wintering varieties of this annual
oilseed plant with high oil content (~ 35 %). Due to its short-maturing period (60 – 90 days) it has a great potential
to become “niche filling” or interceding (a.k.a. relay cropping)1 sustainable, non-food energy alternative to
rapeseed. Compared to other oilseed crops Camelina is much less weather dependent and can be grown under
different soil conditions with the exception of heavy clay or organic soil2. Camelina is a low-input crop with very
low requirements for tillage and weed control3, minimum nutrient requirements and can grow well in lowfertility or saline soils therefore is potentially cheaper to be produced than convenient oilseed crops4 what could
possibly allow to produce Camelina oil more cheaply than those from traditional oil crops. This is particularly
attractive to biodiesel producers looking for a feedstock cheap enough to compete with fossil conventional fuels.
A major portion of the Camelina oil produced worldwide might be used by the cosmetic and biofuel industries
since Camelina does not have a GRAS (Generally Recognized As Safe) status.
Camelina oil represents a promising inexpensive resource for sustainable, alternative biofuels production that
does not compete with food crops. The resulting biodiesel can help to reduce carbon emissions, expand domestic
energy sources and stimulate economic development in rural communities. The objective of this research is to
discover seed yield and oil content under diverse sustainable environments of agricultural systems and perform
a comparative biennial research to identify regionally adapted cultivars with most sustainable quality
characteristics for biofuels production.

Material and methods
Camelina spring varieties Zuzana and Smilowska were grown in trial fields at National Agricultural and Food
centre, Research and Breeding Station at Vígľaš – Pstruša, Slovakia (48°33'20''N 19°17'41''W). The study was
conducted for two growing seasons, year 2017 and year 2018, in Slovak cultivation conditions. The plots were
1.25 m wide and 6 m long, the acreage of 7.5 m2, with two replicates of each variant. Camelina was investigated
under 12 different varying fertilizer inputs with respect to its yield performance.
Camelina was planted in late March 2017 and mid-April 2018 by Ojord seedling machine. The Camelina seeds
were harvested in mid-late July by hand and/or small plot combine with respect on seed maturity and with the
aim to minimize potential losses and subsequently assuring right calculation of yield value. The moisture content
was analysed and when above 15 %, the samples/Camelina seeds were air dried. Comparison of an agronomic
characteristics and impact of fertilizers on the crop quality, height of plants, production yields (t. ha-1) and disease
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resistance of Camelina genotypes were evaluated (data not shown). The cold pressing of Camelina seeds for
further analyses was performed on Farmet Farmer 10 1FM pressing unit. The oil content was determined on
samples of year 2017 and 2018 by extraction method with n-hexane and with gravimetric analysis. The fatty acid
constituents were determined by GC chromatography. The analyses of the acyl-profiles of Camelina oils was
carried out according to the EN 14105 standard on the Agilent 7890A detector equipped with a feed block column
and FID detector.

Figure 1. Comparison of primary particles of Camelina sativa seeds (left) vs. Rapeseed seeds (right)

Results and discussion
Comparison of two growing seasons of Camelina genotypes in Slovak region
By comparison study of two seasons it can be assumed that the yield of Camelina seeds shows significant
response to irrigation / rainfall conditions and less response to fertilizer. The results provided by experiment
demonstrate that rainfall during the planting and growing seasons varied substantially (Figure 2), being average
in year 2017 and extremely low below the long-term average in year 2018. The minimum water requirement for
Camelina to reach its maximum yield potential has been calculated to be approx. 333 mm 5. Below this minimum,
yields are negatively affected, however, irrigating above this level does not show any positive effect on seed
yields5. Planting date is an important consideration in Camelina production because the temperature and soil
water represent important environmental conditions influencing Camelina growth and affecting Camelina seed
yield and quality. The required cumulative growing degree days (GDD)6 for Camelina are estimated to be 1.300
°C. The temperature for germination is 3.3 °C 7, therefore the delay of planting from March to April in year 2018
resulted in yield reductions due to heat stress. The average temperature in growth phase of Camelina plants
(month May) in year 2018 was +4 °C above the long-term May average temperature. Heat stress during flowering
stage between May and July 2018, has possibly caused the floral abortion and lack of seed fill. As a result of this
environmental conditions such as precipitation and heat stress at flowering and seed set has shown to lower
yields obtained in the year 2018 compared to year 2017.

Figure 2. Climatology data of March (seedling period) and May (growing period) in year 2017 compared to year
2018 (http:/www.shmu.sk)
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The harvest in year 2017 was performed after 101 days (seed moisture approx. 16 %) regarding the date of
maturity and after 83 days maturity period in year 2018 due to the unfavourable weather conditions. The rapid
decrease in seed yield was observed respectively in year 2018.
Camelina is considered to be tremendously competitive crop with weeds8 requiring only low doses of approved
herbicides to be used prior to seeding, low or no insecticides as well as fungicides application (both in 2017 and
2018) and supposedly has the lowest environmental effect compared to other crops. Camelina is sensitive to
sulfonylurea herbicide residuals such as Ally, Amber and Triazine, which are all labelled for use with wheat or
corn9. 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. During two year experiment the small occurrence of Hyaloperonospora camelinae was
observed at both varieties.
Comparison of different variants of fertilizers on Camelina growth
Generally, we have evaluated the impact of N, P, K fertilizers and manure (Table I) on the Camelina height and
seed yield. Camelinas´ respond to fertilization with additional nitrogen resulted in increase of seed yield, that is
in accordance with literature. A general rule of thumb is that Camelina needs 2 to 2.7 kg of N to produce 45 kg
of grain10. The positive impact of nitrogen and phosphorous application on growth and seed yield was detected,
which is in accordance to literature. The comparison results are presented in Figure 3.
Table I. Fertilizer application for individual trials
No.

11

12

16

21

22

N

0

0

150

0

120

P2O5

0

60

60

0

0

K2O

0

60

60

0

0

Manure*

1

1

1

0

1

*Manure applied once per 4 years at dosage 10 t.ha-1
2017: Smilowska
2017: Smilowska
2018: Smilowska
2018: Smilowska

3.73 t.ha-1
10.71 t.ha-1
0.61 t.ha-1
0.89 t.ha-1

>
>
<
~

Zuzana
Zuzana
Zuzana
Zuzana

3.12 t.ha-1 (no fertilizer)
8.28 t.ha-1 (fertilizer)
0.68 t.ha-1 (no fertilizer)
0.89 t.ha-1 (fertilizer)

Figure 3. Impact of fertilizersand effect of climatology on Camelina seed varieties yield
Oil content with respect to cultivation conditions and characterisation of Camelina oil fatty acids
Camelina oil production responded to fertilizers as well as environment conditions and results have shown a
wide variance of oil content (Figure 4). It has been observed that oil yield is strongly related to temperature and
precipitation11 as well as presence of fertilizers.
The oil yield differed among selected Camelina cultivars. Average oil content (considering all fertilizing scenarios)
at Zuzana variety was higher than average value at Smilowska variety but remaining in line with published range
of 28 - 40 wt.%12. Investigating Zuzana variety, the oil content has reached on average 37.0 % in cultivation
conditions of year 2017 and 35.8 % in year 2018. The oil content of Smilowska variety reached average values
36.5 % in year 2017 and 33.6 % in year 2018. The negative impact of nitrogen and phosphorous on oil content
was exhibited which might be caused by increased production of phospholipids, that were not extracted into the
oil.
The Camelina approximate fatty acid (FA) profile reached values of 10 % saturated FA, 33 % monounsaturated
FA and 57 % polyunsaturated FA which is in accordance with published data. The stressful environment (colder
or presumably hotter daily temperatures) means that the elongation and desaturation pathways were more
active and higher concentration of C18:3 can be reported. This is caused by the downregulation of fatty acid
desaturase 3 (FAD3), the enzyme responsible for the production of C18:313. Higher concentration of PUFA
potentially increases the unfavourable weather tolerance of oilseed species.
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Figure 4. Minimal and maximum oil yield and FFA content in Camelina varieties with respect to year of planting
Generally, the most common profile of fatty acids identified in evaluated Camelina oil samples is represented by
linolenic acid (32.8 wt.%), linoleic acid reaching its average 19.1 wt.%, and high composition of oleic acid and
other fatty acids are present, Table II.

Conclusion
Main focus of presented research is aimed to investigate the available Camelina varieties and evaluate the
growth conditions and agricultural production process on crop quality that account for the highest contribution
to reach lower GHG emission and environmental attractiveness.
This article presents the results of comparative research of different fertilization conditions, cultivation practice
and evaluation of 16 individual genotypes used as plant material. The performed research on the physical and
chemical properties of Camelina sativa oil shows that namely Zuzana variety (Czech Republic) and Smilowska
variety (Poland) are obtaining the highest seed and oil yields upon applied conditions. Attaining higher seed yields
can dramatically lower environmental impacts associated with Camelina seed, oil and fuel production. The fatty
acid compositions of Camelina oils were determined. We can declare that oil profiles are affected not only by
fertilizers but also climatic conditions14.
The further research in sowing field trials are aimed to obtain representative and comparable data of seed yields
and improve the right growing technologies as well as to determine a resistance of investigated Camelina
genotypes to diseases. This will help to develop a profitable production and processing of Camelina sativa oil and
provide suitable feedstock for preparation of new alternative to traditional fossil fuels.
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Table II.
Fatty acid profile (wt.%) of Smilowska and Zuzana variety during year 2017 and 2018
SMILOWSKA 2017
SMILOWSKA 2018
Sample No.
11
12
11
12
21
Fatty acids profile (wt. %)
C14:0

Myristic

0.06

0.06

0.07

0.08

0.06

0.07

C16:0

Palmitic

5.56

5.66

5.76

6.3

5.63

5.83

C16:1

Palmitoleic

0.09

0.10

0.09

0.1

0.09

0.1

C17:0

Margaric

0.10

0.08

0.05

0.06

0.05

0.06

C18:0

Stearic

2.45

2.50

2.52

2.89

2.48

2.71

C18:1

Oleic

17.56

17.76

17.33

18.39

16.68

17.86

C18:2

Linoleic

19.28

19.25

18.32

19.37

18.3

19.72

C18:3

Linolenic

31.83

32.19

36.38

34.21

36.5

35.64

C20:0

Arachidic

1.41

1.51

1.15

1.42

1.18

1.14

C20:1

Gadoleic

14.34

14.67

12.44

12.74

12.98

11.62

C20:2

Eicosadienoic

1.75

1.83

1.69

1.69

1.78

1.56

C20:3

Eicosatrienoic

0.07

0.06

1.28

1.19

1.35

1.13

C20:4

Arachidonic

0.01

0.01

0.01

0.03

0.02

0.02

C22:0

Behenic

0.30

0.32

0.26

0.25

0.27

0.25

C22:1

Erucic

2.68

2.79

1.88

1.82

2.8

1.55

C23:0

Tricosylic

-

-

0.03

0.03

0.03

0.02

C24:0

Lignoceric

-

-

0.15

0.16

0.17

0.15

C24:1

Nervonic

-

-

0.59

0.58

0.63

0.58

Z. 2017
16

11

12

ZUZANA 2018
16

21

22

Sample No.
Fatty acids profile (wt. %)
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22

C14:0

Myristic

0.06

0.06

0.06

0.06

0.06

0.06

C16:0

Palmitic

5.59

5.66

5.69

5.8

5.59

5.47

C16:1

Palmitoleic

0.11

0.09

0.09

0.11

0.09

0.09

C17:0

Margaric

0.07

0.05

0.06

0.06

0.05

0.05

C18:0

Stearic

2.50

2.79

2.79

2.88

2.72

2.74

C18:1

Oleic

17.44

19.8

19.4

18.48

18.56

18.94

C18:2

Linoleic

19.52

18.5

18.66

18.74

18.75

19.59

C18:3

Linolenic

30.16

34.22

34.62

36.1

34.91

33.42

C20:0

Arachidic

1.59

1.3

1.2

1.2

1.21

1.26

C20:1

Gadoleic

14.52

12.84

12.35

11.6

12.71

13.3

C20:2

Eicosadienoic

1.57

1.52

1.46

1.35

1.51

1.49

C20:3

Eicosatrienoic

1.01

1.5

1.2

1,03

1.6

1

C20:4

Arachidonic

0.02

0.02

0.01

0.01

C22:0

Behenic

0.35

0.26

0.25

0.26

0.26

0.27

C22:1

Erucic

2.96

1.77

1.6

1.51

1.8

1.84

C23:0

Tricosylic

-

0.03

0.03

0.02

0.02

0.03

C24:0

Lignoceric

-

0.16

0.14

0.16

0.16

0.17

C24:1

Nervonic

-

0.55

0.51

0.58

0.54

0.54

0.01
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KINETIC MODEL FOR AROMATIC COMPOUNDS FORMATION DURING WINE FERMENTATION
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Abstract
The aim of this study was to measure the production of esters during winemaking fermentation of Traminer
grape must and to find adequate mathematical model for describing this production.

Introduction
Volatile compounds contribute to a wine characteristic flavor/aroma profile. Most of these flavor-active
compounds, such as higher alcohols, esters are formed during alcoholic fermentation as by-products of yeast
metabolism. Esters usually occur in wine only in small quantities, however, they play a specific role as the
components responsible for the sensory features of wine. Indeed, wine aroma depends on a mixture of aroma
compoundscreatedfrom the grapesduring the fermentation and in addition, during wine aging.
Mouret et all.1 were studied the impact of the temperature and assimilable nitrogen on synthesis of the principal
fermentative aromas by yeasts. Morakul et all.2 elaborated the model to quantify the gas-liquid partitioning of
four the most important volatile compounds produced during winemaking fermentation, namely isobutanol,
ethylacetate, isoamylacetate and ethyl hexanoate. The dynamic model kinetic of the aroma compounds during
winemaking fermentation was developed in3. A stoichiometric model for wine fermentation was constructed to
simulate batch cultures of S. cerevisiae. Five differential equations describe the evolution of the main metabolites
and biomass in the fermentation tank. Malherbe et all.4 were proposed a dynamic model of alcoholic
fermentation in wine making conditions. They studied the effect of assimilable nitrogen and temperature on
fermentation kinetics involved during the grape must fermentation but also on the synthesis of flavour markers
determining the aromatic profile of wine5,6,7. Carrau et all.8 studied the yeast physiological behavior and
metabolite production in response to nitrogen supplementation using chemically defined model medium.
There are some other factors that exert some influence of esters production: temperature, nitrogen
concentration, CO2 concentration, presence of oxygen and pH. The wine fermentation is a process in which a
great number of secondary products are obtained among these, esters are the great importance for flavour of
wine.
A mathematical model for wine fermentation kinetics has been developed to predict sugar utilization and esters
production curves based on experimental data from wine fermentation of Traminer juice.

Materials and methods
Preparation of inoculum
Yeast starters for fermentation were prepared from a yeast strain culture grown aerobically for 24h in a 100 ml
of liquid medium (20 g.l-1 glucose, 10 g.l-1 yeast extract (Merck); pH 6.5) in a 500 ml cultivation flask, on an orbital
shaker (2 Hz) at 28 °C.
After cultivation, concentration of the yeast biomass was determined by counting in a Bürker chamber. The
calculated volume of biomass was withdrawn and centrifuged (10 min, 1 370 ×g). Separated biomass was washed
with MilliQ deionized water, centrifuged again and finally added to fermenting medium to achieve the starting
concentration of biomass 106 cells.ml-1.
Experimental fermentation
Destemmed and crushed Gewurztraminer grapes were macerated for 4 hours and subsequently pressed.
Clarification of pressed grape juice was performed statically using bentonite and must gelatine (preparation
Mostgelatine, ErbslőhGeisenheim, Germany) (dose 100 g.l-1). After 12h clarified juice was treated by gaseous SO2
(10 mg.l-1), filled into 50 l glass flasks and inoculated by axenic yeast strain in form of liquid yeast starter; starting
concentration of biomass in grape juice was 106 cells.ml-1. The main alcoholic fermentation had proceeded for 2
weeks at the temperature 17 °C.
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Sampling
At regular intervals (every 24h), samples of fermenting medium were taken and analysed. Before sampling,
content of fermenter was shortly stirred to homogenize the yeast biomass. After determination of biomass
concentration samples were centrifuged and analysed in terms of the other analytical parameters.
Analytical methods
Concentration of biomass was determined spectrophotometrically by measuring of optical density of adequately
diluted sample at 620 nm. Accurate concentration was calculated using standard curve constructed based on
dependency of optical density at 620 nm on concentration of biomass in g.l-1.
High performance liquid chromatography (HPLC)
Before HPLC analysis, the samples were centrifuged (10 min, 3500 min-1) and supernatant was 5-times diluted
with deionised water. Agilent 1100 (Agilent Technologies, Waldbronn, Germany) with column Aminex II PX-87H
(Bio-Rad Laboratories, Hercules, California, USA) was used for HPLC measurements.
Gas chromatography
The analysis of samples was performed using Pegasus GC×GC-HRTOF-MS (Leco Corporation, St. Joseph, MI, USA)
consisting of Agilent 7890B gas chromatograph (Agilent Technologies, Palo Alto, CA, USA), HRTOF-MS (Leco, San
Joseph, USA), ZX-2 non-cryogenic dual-stage thermal loop modulator and equipped with Gerstel MPS2
autosampler (Gerstel, Mülheim, Germany).

Model equations
A simplified model for esters production is based on the following assumptions:
- The fermentation medium is mixed homogeneously
- The products and sugars are not accumulated in the cells
- The esters are synthetized directly from the monosaccharides
-The temperature during fermentation is constant.
The kinetics of fermentation process, sugar consumption (S), ethanol (E) and biomass (X) production was
described by Eqs. 1,2, 3 and 4.
𝑆𝑆:

𝑋𝑋:
𝐸𝐸:

$%&
$'

$%5
$'

$%.
$'

= 𝑟𝑟* = −

,

-.∕&

(1)

𝑘𝑘1 𝑐𝑐* 𝑐𝑐3

(2)

= 𝑟𝑟3 = 𝑘𝑘3 𝑐𝑐3 (1 − 𝑘𝑘8 𝑐𝑐3 )

(3)

= 𝑟𝑟1 = 2𝑘𝑘1 𝑐𝑐* 𝑐𝑐3

Initial conditions:
𝑡𝑡 = 0 ; 𝐶𝐶@ = 𝐶𝐶*A ; 𝐶𝐶3 = 𝐶𝐶3A ;

𝐶𝐶1 = 𝐶𝐶1A

(4)

For production of esters were used the following equations

$BC
$'

$BC
$'

= 𝑘𝑘, 𝐶𝐶3 − 𝑘𝑘D 𝐶𝐶E

= 𝑘𝑘F 𝐶𝐶@ 𝐶𝐶3 − 𝑘𝑘G 𝐶𝐶E 𝐶𝐶3

(5)
(6)

with initial conditions

𝑡𝑡 = 0 ; 𝐶𝐶@ = 𝐶𝐶*A ; 𝐶𝐶3 = 𝐶𝐶3A ; 𝐶𝐶E = 𝐶𝐶EA

(7)

To solve the differential equations of material balances of individual components a simple Euler method was
used in MS Excel 2013 (Microsoft, Redmont, Washington USA). Parameters in the equations were determined
by nonlinear regression. The target function was defined as the sum of the squares of deviations between the
measured and calculated concentration values of the component. Data integrity was monitored through the
correlation coefficient (R2). The models were found to be very sensitive to the initial parameter estimation.
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Results and Discussion
In Fig. 1 we can see good fitting of experimental data of substrate consumption and black points and ethanol
production open points by our model. (Points- experimental data, lines – calculated data)

Substrat, Ethanol
250

c (g.l-1)

200
150
100
50
0

0

2

4

6

time (day)

8

10

12

Equations 5 or 6 were used for modelling of esters production. To determine the fitting of data generated by
models to experimental data, the coefficient of correlation was also determined by means of the equation.
Depending on the type of the ester, rate constants of their formation for model equation (5) acquire a range of
values in the interval <10-4– 10-7day-1>. Rate constants of reduction reach values in the order of 10-1 day-1. The
rate constants of esters production for the model equation (6) acquires values in the interval
<10-12– 10-15>l/μg.day-1and the reduction constants in the range <10-8– 10-10> l/μg.day-1.
The description of the experimental data used by the models differs only minimally. The results are presented in
the next figures. Solid line is calculated from eq.1, disconnected from eq.2 and the points are experimental data.
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Hexadecanoic acid, ethyl ester
n-Caprylic acid isobutyl ester
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160
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6 10

time
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time
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9
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00

00

3
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1212

time
time(day)
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Conclusion
The simple model demonstrates the capability to accurately describe the most important esters production
during wine fermentation and can be used for process optimization purposes.
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Symbols
CA, CA0, CEester concentration, µg.l-1, initial ester concentration, µg.l-1, ethanol concentration, g.l-1
CE0,CS, CS0 initial ethanol con.,g.l-1, substrate concentration, g.l-1, initial substrate concentration, g.l-1
CX, CX0biomass concentration, g.l-1, initial biomass concentration, g.l-1
kd inhibition constant in eq.2, l.g-1,
kE rate constant for ethanol production, l.g-1.day-1
kX rate constant for biomass production, day-1
k1, k2rate constants in eq.5, day-1, k3, k4 rate constants in eq.6 , l.µg-1.day-1
rE, rX,rS production rate of ethanol,biomass, consumption rate of substrate g.l-1.day-1
S,E,Xsubstrate,ethanol, biomass
t time,day
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Abstract
Tenebrio molitor belong to the cosmopolitan pests of human dwelling and various agriculture or food stores.
Larvae can eat almost anything and food attacked by T. molitor is more susceptible to mold, which can adversely
affect human health. The aim of this study was to compare the effect of two methylxanthines (caffeine and
theobromine) occurring, e.g., in tea, coffee and cacao beans, on larvae of Tenebrio molitor in avoidance- and
feeding bioassays. Methylxanthines uptakes were determined in glass Petri dishes after 1 to 7 days of exposure.
The results showed that larvae avoided the contaminated part of filter paper after only a several-seconds contact
with caffeine. The mortality of larvae after caffeine and theobromine feeding was not observed. Theobromine
caused larvae eclampsia and then paralysis for several days but their behavior was not different from the control
group after 96 hours.

Introduction
Tenebrio molitor (Coleoptera) is a representative of soil-dwelling organisms that are restricted mainly to the
upper part of the soil. This organism is known as a significant pest of various agriculture or food stores and flats.
Adults live about two months and during this period they are able to deposite 463 eggs, in average. The eggs are
deposited individually or in small clusters, generally in the flour or meal in which the insect is breeding: they
hatch in 4 to 19 days, according to the temperature. The larval stage varies considerably in length and is
influenced by several factors, but both species normally require at least a year for their development under
storehouse conditions. The shortest normal larval period recorded for T. molitor is 281 days, and the longest 629
days. Larvae reared in an incubator under favorable conditions of temperature, humidity and food completed
the larval stage in six months1. The larvae feed on all types of organic matter including grain, corn, flour, fruit,
vegetables or meat and sweeteners. T. molitor represents food pest in most published studies2,3,4,5,6,7. The
protection of food is, however, problematic because most of the used chemicals is of artificial origin, e.g., DDT8
or other pesticides9,10 and contains various dangerous active chemicals for non-target organisms, as well as
humans. People must apply them as sprays for the protection of storage spaces or the food alone. For this reason,
repellents of natural origin were sought within the last decades, which would not be so toxic for all potential
consumers and not persistent and bioaccumulative. In the previous studies, propolis11 or various plant essential
oils were tested with various success. Methylxanthines, organic N-heterocycles produced by various subtropical
or tropical plants against predator insects12, can be considered as another prospective group of natural
pesticides. The most known methylxanthines are caffeine (1,3,7-trimethyl-3,7-dihydro-1H-purin-2,6-dion) and
theobromine (3,7-dimethyl-2,6(1H,3H)-purindion). These compounds naturally occur in food (e.g., tea, coffee, or
cacao beans) and they are also used in pharmaceutical and cosmetic industry. Caffeine proved to have an effect
on ants13. Also, spiders were reported to be confused and not being able to made correctly their own nets14.
The aim of this study was to study behavioral effects of caffeine and theobromine on Tenebrio molitor larvae
under laboratory conditions in feeding and avoidance tests. A synthesis of experimental results is presented and
the consequences for possible repellent or disposal use are discussed.

Experiment
Insect
Beetle larvae (14-16 weeks old, provided by Živý krmný hmyz, s.r.o., Czech Republic) were used in the present
study. The organisms were kept in a plastic box with perforated lid. The larvae were acclimated on the test
conditions 14 days before the start of the test.
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Chemicals
Caffeine (Sigma Aldrich, Czech Republic, 99% a.i.) and theobromine (Sigma Aldrich, Czech Republic, 98% a.i.) were
used in a powder form. The substances were spiked into filter paper as aqueous solutions (avoidance test) or
served as moistened meal (feeding test).
Avoidance test
The assay to determine the escape reaction of T. molitor was perfomed in accordance with the standardized
guideline for avoidance test with earthworms15, with the necessary modifications for Coleoptera larvae. The glass
Petri dishes (18 cm in diameter) were used as test chambers. One half of the vessel was filled with spiked filter
paper (section A), the other half was filled with filter paper moistened by distilled water as a clear area (section
B). Another chamber with both halves moistened by distilled water was used as a control. The filter paper was
moistened by 5 ml of substance solution (1 g/l) or 5 ml of distilled water. 30 larvae were placed on a line between
both sections of each test vessel. The containers were covered by lids. The test was done in three replicates, it
was performed in the dark, in a conditioned test chamber at (20 ± 2) 0C. No feeding of the larvae was performed
during the test. The avoidance reaction or possible mortality was observed after 24, 48, and 96 hours. At each
test period the number of individuals was determined for both sections of the vessels. To consider mortality in
the assessment, dead larvae were classified as escaped animals.
The results were expressed as avoidance net response (NR), which corresponds to the avoidance from treated
soil to control soil calculated as:
𝑁𝑁𝑁𝑁 (%) = ((𝐶𝐶 − 𝑇𝑇)⁄90) ∗ 100

where C is the sum of individuals observed in control paper, T is the sum of individuals observed in treated paper,
90 = number of larvae in control or in the treatment.
Equal distribution on both sides of the test vessel (i.e. no avoidance or attraction) reveals 0% NR value, more
positive values up to 100% mean stronger avoidance, and negative values up to 100% mean attraction by the
treated substrate16-17.
Feeding test
The glass Petri dishes (9 cm in diameter) were used as test chambers. 1 g of grounded oatmeal (control) or 1 g of
substance powder mixed with 1 ml of distilled water was placed in the middle of the test vessel. 10 larvae were
placed on the bottom of the filter paper around food. The dishes were covered by lids. The test was done in three
replicates per control and substance, it was performed in the dark, in a conditioned test chamber at 20 ± 2 0C.
Feeding and possible mortality were observed after 2, 24, 48, 96, and 168 hours. The results (mortality, feeding
activity) were expressed as yes/no and mortality in percent (%).

Discussion and result analysis
Firstly, the distribution of individuals was assessed. The control-control test showed (Table I) that NR values were
normally distributed around the mean value of 0%, with individuals showing neither attraction nor avoidance.
The mean distribution of larvae was 41–49% after 24 and 96 hours, within the validity criterion of such test when
performed with earthworms15, indicating that in the absence of a toxicant, larvae distributed themselves
randomly without signs of grouping. The avoidance response of larvae to methylxanthines (Table I) increased
with the increasing time of exposure. After 24 h, the avoidance reaction for caffeine was over 40% but for
theobromine no repellent effect on Tenebrio larvae was observed yet.
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Table I
Avoidance test with caffeine and theobromine: the numbers of larvae in control or treated side of test vessels in
the treated experiment and the number of larvae in both control sides in the control experiment (the whole
numbers for three replicates and 90 individuals for each experiment), Net Response (NR, in %) for treated and
control experiments
Time of observation
Treated experiment
Treated experiment
Control experiment
caffeine
theobromine
(h)
Control
Treated
Control
Treated
Control
Control
paper
paper
paper
paper
paper
paper
24
64
26
45
45
48
42
48
73
17
52
38
41
49
96
71
19
54
36
44
46
NR (%)
24
42
0
7
48
62
16
-9
96
58
20
-2
48 hours seemed to be the shortest time period for the Tenebrio avoidance test; for caffeine NR increased to
~60% and for theobromine the first avoidance reaction was detected, though it was less remarkable than for
caffeine. Therefore, for T. molitor larvae exposed to both analyzed substances a reduction of the larvae avoidance
test to 24 hours, as it was suggested for earthworms and springtails18, was not found appropriate. However, for
making a more general conclusion on this model organism in this point, more substances should be tested. The
mortality was not observed for any of the methylxanthines and control in the avoidance tests (Table I). Larvae of
T. molitor have a considerably high osmotic regulation due to a hard wax-coated cuticle to protect them against
water loss19 but probably also against chemical uptake. Therefore, based on the presented data, an aquatic
repellent preparation does not seem to be the most suitable idea for this organism.
Feeding test
The larvae were fed by pure methylxanthine powders and ground oatmeal as control (Fig. 1). They fed on most
oatmeal during the first 24 hours but caffeine was not so attractive for them. The mortality of larvae was not
observed for caffeine, theobromine and control during the whole time of the experiment. Theobromine caused
larvae eclampsia after eating of only small amount (several minutes after the start of eating) and then they did
not move for several days. After 96 hours, their behavior and movements were not different from the control
group.

Figure 1. Illustration of feeding test (caffeine – left dish, control – right dish), 2 h of test duration
Theobromine has been used in diuretic drugs and preventive antiasthmatics in human medicine. Therefore, it is
possible that the explanation of larvae eclampsia and following paralyse (100%) can be found by a detailed
analysis of therobromine effects on humans. As for the theobromine effects on insects in our knowledge they
were not reported yet in common literature sources. For this reason, any comparison of results obtained in this
paper with other data could not be done.

Conclusions
Behavioral and feeding effects of caffeine and theobromine on pest larvae of Tenebrio molitor were analyzed
under laboratory conditions. Caffeine was found to have a partial repellent effect (60% after 48 hours),
theobromine caused an almost immediate larvae eclampsia and then their paralysis (100%), which though
disappeared after 96 hours. T. molitor has never been used before as experimental organism for study of caffeine
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or theobromine effects in acute, chronic, or avoidance tests. This study also demonstrates that the avoidance
test method based on the guideline for soil invertebrates can be successfully applied for coleoptera larvae.
It should be noted that the results obtained in this paper present just the initial phase of research. In further
analyses it is necessary to verify other potential chronic sublethal effects on larvae growth, development and
surviving of pupae, or avoidance and reproduction rate of adult beetles after methylxanthines exposure. The
research can be extended to other insect pests but also on non-target organisms living in human houses and
food stores, such as spiders and other useful insect species.
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Abstract
The unstable price of oil in the last decade is the reason for an increased interest in the sustainable production
of biofuels. Microbial production is again becoming a competitive way of generating butanol, and it is a suitable
alternative to the chemical production of oil. Still, there is plenty of room for the development of highly efficient
phenotypes of various solvent-producing organisms. The key lies in the utilisation of systems biology and its
models that can help us to fully understand the whole process on a molecular level in the selected organism, and
to identify the genomic regions responsible for the desired phenotype features. Here, we present a dynamic
model of butanol production in a promising solvent producer, Clostridium beijerinckii NRRL B-598. We utilised a
wide range of data we collected over the last two years, including RNA-Seq gene expression, cell viability
measured with flow cytometry, and metabolic activity measured with HPLC, to reconstruct a pathway involved
in butanol production. Although solventogenic species are extensively studied organisms, we bring the first
pathway of the strain C. beijerinckii NRRL B-598. We used an open platform, Cell Collective (cellcollective.org),
where the model is publicly available under the name ‘Signalling Pathway for Butanol Production in Clostridium
beijerinckii NRRL B-598’, version 1.1. To determine the properties of the pathway, we performed a series of static
and dynamic analyses. The presented pathway is an ideal approach for exploring the possibilities of biofuel
overproduction as it enables the activation or inactivation of individual genes and metabolites involved in the
production of butanol. Not only can the acquired knowledge help with future engineering of the strain, but the
results can be generalised for the microbial production of butanol in related species.

Introduction
The production of biofuels in acetone-butanol-ethanol (ABE) fermentation has been discussed in the twentieth
century by Chaim Weizmann1 and was notably used for the production of acetone in World War I. In recent years,
there has been an increasing interest in the production of butanol as a renewable resource, with a vision of
partial oil replacement, which would be particularly beneficial when it comes to environmental protection.
Solventogenic clostridia are extensively studied as ideal butanol producers because under certain conditions,
they may be able to produce large amounts of fuel and may be fed with waste materials. Much information is
known about the model organism, Clostridium acetobutylicum, however, individual strains are heterogeneous in
phenotype and genotype, therefore it is not possible to generalise the information obtained from the model
strain in the study of C. beijerinckii NRRL B-598, whose dynamic model was not published before our study.
Detailed knowledge of signalling pathways, as well as genes and metabolites involved in ABE production is the
key to butanol overproduction. Currently, C. beijerinckii produces a maximum of 7.6 g/l of butanol2.
Organism models serve a better understanding and allow the examination of the object of interest by
simulations, i.e. without the need for lab experiments. This brings benefits, such as cost reduction and, in
particular, the ability to perform experiments that are not feasible with real objects. Usually, models are created
using mathematical equations, relations between variables, and behavioural definitions under given conditions.
The basic division of models is into qualitative and quantitative forms. Qualitative models are used to describe
structural organisation and to model large networks; quantitative models are used to predict system behaviour.

Materials and methods
Dynamic model
Data gain. The creation of the signalling pathway is associated with the acquisition of data from the previous
research of C. beijerinckii NRRL B-5982,3. Particularly important is the data obtained using RNA-Seq and HPLC for
identifying genes and proteins, and describing the bacterial life cycle, respectively. In addition to information
obtained from studies of the strain, database and text mining for homologies in related clostridial strains is
another part of data collection. To compare gene identity and the function of relatives with Clostridium
beijerinckii NRRL B-598, we used the KEGG’s tool BlastKOALA4.
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Pathway modelling. Based on the gathered information, we created a dynamic model with the use of the Cell
Collective5. This is an open platform freely available for non-profit purposes used for modelling, simulation and
the analysis of processes in organisms. Moreover, the software is ideal for studying and demonstrating the
individual processes in a cell. Allowing the creation of conditions and changing the activity rate of the elements,
sharing the model with colleagues, or sharing publicly on the website, makes Cell Collective an ideal platform for
this study. Pathway modelling is primarily based on information obtained from laboratory experiments, as well
as published studies to a lesser degree.
Pathway simulation and analysis.
We performed a study of the butanol production pathway in the Cell Collective tool. The process of butanol
formation simulation and the study of individual elements is available in the panel ‘Simulation’. The activity level
is a quantity indicating the activity of an element during the simulation, for example, the production rate of a
metabolite, or the degree to which it affects other elements. Values of activity levels of the external components
during the simulation are described in Table I as the percentage of activity over steps. Steps approximate the
change in production over time, but since the model is discrete and therefore does not allow time to be modelled,
the change is shown as an abstract step, or shift to the next value. In the presented model, one step approximates
one hour.
The values in Table I were set as follows: aad activity was set to 0% throughout as the strain does not contain
this gene (it is included in the model to approximate individual processes). The glucose was changed from 100 %
to 0 % to simulate its consumption during metabolic processes. NAD(P)H and NADH activity levels were on a half
as partial energy sources. Phosphorylation was maximal throughout the simulation, because it is an important
part of butanol production. PTS is responsible for glucose utilisation, which is a major process, therefore it was
set to 100 %. SigA (a sigma factor of sigma 70 family) contributes to the activation of the transcription factor
spo0A and the sporulation, so its value was set to 100 %. The SpoIIE activity level was set based on the
comparison of simulation results with biological data to 75 %.
We verified the quality of the simulation output by comparison to HPLC data of six metabolites (acetone, butanol,
ethanol, acetic acid, butyric acid, lactic acid and glucose). Since real data was measured as concentration over
time, and the platform allows only ‘activity level’ output, we converted concentration obtained from HPLC into
reaction rate (i.e. production or consumption rate) using Matlab 2017b and the Equation 1:
𝑣𝑣" =

𝑑𝑑𝑐𝑐"
[𝑔𝑔𝑙𝑙+, ℎ+, ]
𝑑𝑑𝑑𝑑

(1)

where vX is the reaction rate or activity of a metabolite X, cX is the concentration of a metabolite X, and t is time.
In the next step, we performed statistical (Spearman correlation coefficient calculated using function corr(x, y)
in the Matlab 2017b) and network analyses. The static analysis of the model consists of these particular
parameters: all-pairs shortest path, average shortest path, network diameter, connectivity distribution,
connectivity in degree, connectivity out degree, closeness centrality and feedback loops. The dynamic analysis is
based on the possibility of changing the activity level of external components, and by monitoring their influence
on the behaviour of the whole pathway.
Table I
Activity level of external components during simulation
activity [%]
aad glucose
NAD(P)H
time (h)

NADH

phosphorylation

PTS

sigA

spoIIE

0 – 22

0

100

50

50

100

100

100

75

23 - 47

0

0

50

50

100

100

100

75

Heatmaps
Six samples of C. beijerinckii NRRL B-598 cultivation were collected at various time points (starting from 3.5 hours
to 23 hours, labelled as T1 – T6) and analysed by RNA-Seq technology. The obtained readings were mapped to
the sequenced genome of the clostridium (available in NCBI GenBank database under accession number
CP011966.3, https://www.ncbi.nlm.nih.gov/nuccore/CP011966.3/). To evaluate the transcription profiles of
selected genes, Z score of average expression was computed with DESeq26 R/Bioconductor package. For
visualisation, we used a heatmap constructed by ggplot R package7.
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Results
Dynamic model
The signalling pathway (see Figure 1) consists of 66 nodes (elements - genes and metabolites) and 139 edges
(connections between nodes). Nodes are divided into external (aad, glucose, NAD(P)H, NADH, phosphorylation,
PTS, sigA and spoIIE) and internal. Edges are split into three categories: activating (green colour, e.g. butanal ->
butanol), inactivating (red colour, e.g. AbrB -> sigH) and a condition (grey colour, e.g. spoIIA -> spoIIA+p).

Figure 1. Signaling pathway for butanol production in C. beijerinckii NRRL B-598
Model simulation
The production/consumption rate of six metabolites over time obtained from HPLC is described in the Figure 2.
Figure 3 shows the simulation as a percentage of activity over steps. The model is discrete, therefore is not
possible to follow the time course, but only values in the individual points/steps.

Figure 2. Reaction rate of seven metabolites obtained from real data
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Figure 3. Activity level of seven metabolites obtained from model simulation
Statistical evaluation
Since the model is discrete (i.e. with abstracted time), it allows us to observe the model’s dynamic behaviour as
the activity level of individual elements over steps. On the contrary, laboratory data is measured as
production/consumption rate over time. For these reasons, it is not possible to fully evaluate the model’s match
with real data. Thus, for statistical analysis, we chose the Spearman correlation coefficient to compare ten time
points and ten steps. Results are shown in Table II.
Table II
Results of the data obtained from HPLC and model simulation and the statistics
butanol
acetone
ethanol
time [h]/step[-] production
activity
production
activity
production
activity
rate [gl-1h-1] level [%] rate [gl-1h-1] level [%] rate [gl-1h-1] level [%]
0
0
0
0
0
0
0
4
0
25.0
0
0
0
0
6
0.27
50.0
0
33.3
0
0
8
0.29
50.0
0
37.5
0
0
13
0.28
53.8
0.07
46.2
0
0
18
0.23
50.0
0.16
44.4
0
0
23
0.22
47.8
0.19
43.5
0.04
0
27
0.26
48.1
0.22
44.4
0.01
0
32
0.18
40.6
0.10
37.5
0.01
0
47
0.06
27.7
0.02
25.5
0
0
Spearman c. c.
0.766
Static analysis
In the ‘network analysis’ panel of Cell Collective, we calculated a total of eight parameters. The first one, all-pairs
shortest path, indicates the shortest distance between all pairs of nodes in the pathway. The result is a matrix of
n × n values, where n is the number of all nodes in the network (in our model, n = 66 and therefore the matrix is
not included in the paper). In the matrix, the minimum value is 0 (e.g. between sigH and phosphorylation) and
the maximum is 11 (between pfk and sigK). The average shortest path is an average of all-pairs shortest path,
and its value is 4.518. The network diameter is the highest value in the matrix, which is 11 for the model.
Connectivity distribution, or degree distribution, expresses the number of edges connected to the node. The
value is divided into connectivity in degree (number of edges orientated to the node) and connectivity out degree
(number of edges orientated from the node). Results are shown as histograms in Figure 4.
Closeness centrality (see Figure 5) is the average distance from a node to other nodes. Mathematically, this is
calculated as a minimum of the sum of the distance from one node to other nodes, which means that nodes with
high closeness centrality are important in the network. The highest centrality (0.98) has these nodes: AbrB, acetic
acid, lactic acid, butyric acid, spoIIA+p, spoIIAB+p, butyryl-p, acetyl-p, lactate.
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Feedback loops are given by a path starting and ending in the same node. In the signalling pathway is a total of
825 loops, the shortest consists of one node (butyrate inactivates itself) and the longest paths consist of 14
nodes.

Figure 4. Connectivity distribution

Figure 5. Closeness centrality

Dynamic analysis
We performed four simulations of butanol production with different values of external components (see
Table IV). As can be seen in Figure 6, the closest simulation to real data is E 2 and E 3 (activity level of
phosphorylation is changed to 0, other elements are left in the same state as in Figure 3 in E 2; NAD(P)H and
NADH activity level is changed to 0 in E 3); by comparing simulation with analysis, a 74% match for both
experiments came out. The simulations E 1 and E 4 have the same results, simulation-to-analysis match is 55%,
probably due to the fact that the activity level of glucose is 0 in both cases; in the first case we left other
components the same as during the simulation, in the second, we deactivated all except sigA and spoIIE. We can
conclude from the results of the dynamic analysis that the biggest influence on butanol production is glucose, as
it is an energy source for the clostridium strain. Other components do not have a crucial effect on butanol
production; some changes occurred, but they were not so pronounced. If no butanol is produced using glucose,
a small percentage of the solvent is produced by the conversion of the metabolites from the acidogenic phase,
which corresponds to the analysis results.
Table IV
Values of activity levels in individual simulations during dynamic analysis

50

Simulation

aad

glucose

E1
E2
E3
E4

0
0
0
0

0
100
100
0

50

NADH

phosphorylation

PTS

sigA

50
50
0
0

100
0
100
0

100
100
100
0

100
100
100
100

75

ICCT 2019 | PROCEEDINGS

BIOTECHNOLOGY AND BIOREFINARY

Figure 6. Dynamic analysis for butanol production during individual simulations
Heatmaps
Transcription profiles of genes involved in butanol production are shown in Figure 7. The darker the element
(dark red), the higher the Z score. The activity of the individual genes in the model may be monitored during the
simulation in the ‘internal components’ panel, and the value in six time points is listed under the Z score values.
In general, we can assess that the results of the transcription profiles and activity levels are consistent. We
compared all genes’ activity levels with the Z score using Spearman’s correlation with a result of 0.353. Deviations
were caused by different units of real data and model’s simulation, and also by the involvement of genes only
into the signalling pathway, not into all pathways in the cell.
T1
0,828252987
75%
-1,334784427
0%
-1,003536706
0%
1,280172095
75%
1,765916846
75%
1,741042477
75%
0,834070132
75%

T2
1,237426906
83%
-0,688612299
0%
-0,935988255
0%
0,772047446
83%
0,382813544
83%
0,383128059
83%
1,320637311
83%

T3
0,61034103
60%
-0,515395775
0%
-0,31599902
0%
0,617985961
60%
-0,093950876
60%
-0,031886845
60%
0,468314356
60%

T4
-0,974220126
50%
1,010499308
29%
1,571984718
29%
-0,873194648
50%
-0,230672099
50%
-0,212199399
50%
-1,009997215
50%

T5
-0,931794267
44%
0,383632513
28%
0,73688719
28%
-0,953744004
44%
-0,980138831
44%
-0,874543452
44%
-0,906280133
44%

Figure 7. Heatmaps of genes involved in butanol production in C. beijerinckii NRRL B-598

T6
-0,77000653
54%
1,14466068
33%
-0,053347927
33%
-0,843266851
54%
-0,843968584
54%
-1,00554084
54%
-0,70674445
54%

ack
adc
bdhAB
buk1
crt
hbd
pta

Conclusion
Based on the previous research of C. beijerinckii NRRL B-598, we created the first signalling pathway for butanol
production publicly available at CellCollective.org under the name ‘Signalling Pathway for Butanol Production in
Clostridium beijerinckii NRRL B-598’, version 1.1. To verify the match with real data, we performed a series of
analyses. Spearman correlation coefficient, as a result of the statistics, can be seen in Table II. Outcome of a static
and dynamic analysis are described in the chapter ‘Results’, subchapter ‘Dynamic model’. Heatmaps (Z score of
average expression) were compared to the activity levels of individual genes during the simulation with mostly
matching results.
The dynamic model predominantly agrees with the real data, but there are inaccuracies caused by different units
of real data and models. The fact that the pathway is created by 67 nodes, but the organism has over 5,000
genes, some of which may also have an effect on network elements. To accurately match the model to real data,
further research is necessary.
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Abstract
Polyunsaturated fatty acids (PUFA) are essential to human. PUFA are precursors of known physiologically active
metabolites such as eicosanoids, e.g. prostaglandins, prostacyclins, thromboxanes and leukotrienes. Bacteria of
the genus Kocuria in which polyketide synthase I (PKSI) was identified were isolated from e.g. freshwater fish gut
microbiota.
Four bacterial isolates identified as bacteria of the genus Kocuria from different sources (i.e. radioactive spring
water and plant tissue), designated as 101, 401, RR18 and RR75 were cultivated. The content of fatty acids was
determined in polar lipids by gas chromatography – mass spectrometry (GC-MS) and two polyunsaturated fatty
acids i.e. arachidonic and eicosapentaenoic, were identified. All two isolates (Kocuria sp. 101, 401) were obtained
from radioactive springs containing 222Rn in Jáchymov, Czech Republic. We assume that two strains of Kocuria
produce PUFA in order to protection the stability of cell membranes against radon.

Introduction
Lipids are important components of the membranes of both prokaryotic and eukaryotic organisms and play a
significant role not only as a source of energy 1, but also, for instance ω-3 and ω-6 polyunsaturated fatty acids
(PUFA), participate in various physiological processes, influencing architecture, dynamics, phase transition and
permeability of membranes 2. Mammals cannot synthesize PUFA de novo and they are thus dependent on
external sources. At present, sea fish and some plant oils are the main sources. These days fish oil is contaminated
by undesirable pollutants 3. An alternative in the production of PUFA are microorganisms capable of synthesizing
unsaturated fatty acids. They use acetyl-CoA as the primary precursor or polyketide synthesis catalyzed by
polyketide synthase (PKS) for synthesis.
The genus Kocuria was originally included among bacteria of the genus Micrococcus. The genus Kocuria was
created from the genus Micrococcus on the basis of the phylogenetic and chemotaxonomic dissection 4. These
bacteria are Gram positive cocci often form pink, yellow, red or cream colored colonies. Some Kocuria sp. were
isolated from extremely cold location: K. marina from the marine sediment in East Siberian Sea 5, K. polaris from
a cyanobacterial matrix from Antarctica 6 and K. himachalensis from soil in the Indian Himalayas 7. This genus
also occurs in high salt concentration environments, e.g. K. aegyptia was isolated from an alkaline soil 8 and K.
halotolerans from a sample of saline soil in China 9. Bacteria of the genus Kocuria in which an alternative pathway
for PUFA (biosynthesis polyketide synthase I (PKS I)) was identified 10, 11 were isolated from, e.g. freshwater fish
gut microbiota 10, marine sediment sample 12, saline and alkaline soils 13, saline soil 9, cattail leaves collected in
river 14, seawater collected on the coast of Korea 15, marine sediment from the Indian Ocean 16, a deep-sea
hydrothermal plume 17 and marine sediment 5. Although PKS I has been identified in some species of the genus
Kocuria 10, 11, production of PUFA (arachidonic and/or eicosapentaenoic acids) has been made only this year 18.
In our study, the bacteria (genus Kocuria) were collected from different sources. Two isolates designated as 101,
401 were isolated from water samples of radioactive springs of Jáchymov spa. The springs (Agricola and Curie)
have been used for spa purposes. Other two isolates (RR18, RR75) were isolated from canes and leaves of Vitis
vinifera. The presence of fatty acids in our bacteria has also been confirmed and the predominant fatty acids
were (%): iso-15:0 (16.6); anteiso-15:0 (65.4); and anteiso-C17:1ω-9 (2.8). They were identified by gas
chromatography-mass spectrometry (GC-MS). The 20:4ω-6 (arachidonic, i.e. ARA) and 20:5ω-3
(eicosapentaenoic, i.e. EPA) fatty acids formed during cultivation were present at up to 3.4 % of total fatty acids.

Experimental
Collection and cultivation
Samples were collected from two springs (Agricola and Curie) in Jáchymov, Czech Republic. Each tube was either
empty or contained 2.5 or 5 mL of sterile Luria-Bertani (LB) or yeast extract-peptone-dextrose (YPD) broth. The
spring water was filled to 25 mL or 50 mL in order to achieve a 10-fold dilution of the media. The samples were
incubated on rotary shakers at temperatures set at 30 °C. After 30 days of cultivation in Falcon tubes, samples
were inoculated to the surface of the agar medium (Reasoner´s 2A (R2A) agar (1.8%), Noble agar (1.8%)). The
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plates were incubated at 30 °C for 1 – 3 weeks. Several colonies with different morphologies were taken from
above agar plates to plate count agar (PCA) plates and incubated at 30 °C for 24 h.
Isolation of endophytes from canes and leaves of Vitis vinifera. The plant material from one grapevine varieties
(Rheinriesling; Prague, Czech Republic) was collected aseptically as follows: pieces of the size 2 – 3 cm were cut
off the plant, placed in 30 mL solution of MgSO4 (1.2 g/L) and maintained on ice for 24 h. The surface of the plant
material was sterilized by shaking in a 30 mL disinfectant solution with an addition of detergent. After shaking
the plant material was transferred into a 70% ethanol solution and subsequently washed four times with sterile
deionized water. The homogenization of each sample was carried out by mixing 2 g representative sample with
20 mL of phosphate buffer. After homogenization, the samples were adequately diluted and spread onto media
50% Tryptic Soy Agar (TSA) or PCA. For fungal growth inhibition, TSA medium was supplemented with the
cycloheximidine. The cultures were incubated in the dark for 3 days at 30 °C.
Taxonomy of isolated bacteria
The culture of bacteria was used for isolation of chromosomal DNA by a High Pure PCR Template Preparation Kit.
Molecular identification was done by sequencing 16S rRNA gene amplified by polymerase chain reaction (PCR)
using 16S rRNA gene primers FWD27 and Rev1492. PCR amplicons were purified using High Pure PCR Product
Purification Kit following the manufacturer´s protocol. The PCR amplicons were sequenced on an ABI PRISM
3130xI Genetic Analyzer. The sequences so obtained were edited by Chromas Lite software and assembled using
SeqMan. Searching for 16S rRNA gene sequence similarity was performed at the GenBank data library using the
BLASTN program.
Cultivation of Kocuria sp. bacteria
Each pre-culture was inoculated with one tube of cryopreserved culture (1 mL). Pre-cultures of bacteria strains
were cultivated in 100 mL of standard Luria-Bertani (LB) media in Erlenmeyer flasks (for 24 h) at 20 °C on a rotary
shaker.
For lipid production, 250-mL Erlenmeyer flasks containing 100 mL of LB media were inoculated with 10 mL of
pre-culture and incubated on a rotary shaker at 20 °C until early stationary phase of growth was reached. After
cultivation, the cells were centrifuged and washed two times (physiological solution). Biomass was frozen at 75 °C and lyophilized.
Isolation of lipids
The extraction procedure was based on the method of Bligh and Dyer (1959)19. The lipids were isolated by
extraction into chloroform and subsequent phase separation. Total lipid extracts were applied to Sep-Pak Vac
Silica cartridge 35cc, non-polar lipids were eluted with chloroform-methanol (9:1) and polar lipids by a mixture
of methanol with 0.1% formic acid.
Fatty acid methyl esters (FAME) analysis
Fatty acids were released from polar lipids by acid hydrolysis (2 M HCl, 100 °C, 2.5 h), extracted with hexane and
methylated with 10% (w/v) methanolic BF3, (80 °C, 10 min). GC-MS was done on a Finnigan 1020 B in EI mode.
Splitless injection was at 100 °C, and a fused silica capillary column (Supelcowas 10; 60 m × 0.25 mm i.d., 0.25 mm
film thickness; Supelco, Prague) was used. The temperature program was: 100 °C for 1 min, subsequently
increasing at 20 °C/min to 180 °C and at 2 °C/min to 280 °C, which was maintained for 1 min. The carrier gas was
helium at linear velocity of 60 cm/s. All spectra were scanned within the range of m/z 50-500. The structures of
FAME were confirmed by comparison of retention times and fragmentation patterns with those of the standard
FAME.

Discussion and result analysis
Bacterial isolation and taxonomy
Bacterial isolate 101 was obtained from R2A agar plates inoculated with samples from Falcon tubes containing a
10-fold diluted LB broth; isolate 401 from agar plates containing only glucose inoculated with samples from
Falcon tubes containing a 10-fold diluted YPD broth. Strain RR18 was isolated from TSA agar plates containing
Reinriesling cane of Vitis vinifera and strain RR75 from Reinriesling leaves. Using 16S rRNA gene sequence
analysis, all four isolates were identified as members of the genus Kocuria, with the closest type strains shown
in Table I.
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Table I
The closest type strain of the isolates investigated based on 16S rRNA gene analysis
Isolate (accession no.)

The closest type strain based on 16S
rRNA gene analysis*

Source

101 (MH538969)

Kocuria rhizophila DSM 11926T

water spring Agricola

401 (MH539150)

Kocuria kristinae NBRC 15354

water spring Curie

RR18 (MK532018)

Kocuria rhizophila DSM 11926T

Vitis vinifera Rheinriesling cane

RR75 (MK532258)

Kocuria rosea DSM 20447

Vitis vinifera Rheinriesling leave

T

T

*the pairwise similarity between 16S rRNA genes was > 99 %

Figure 1. Yellow pigmented bacteria Kocuria sp. 101 and slightly pink pigmented bacteria Kocuria sp. 401 growth
on TSA agar

Figure 2. Pink pigmented bacteria Kocuria sp. RR75 and yellow pigmented bacteria Kocuria sp. RR18 growth on
TSA agar
Analysis of fatty acids
The content of fatty acids contained in polar lipids of Kocuria genus is summarized in Table II. Total fatty acids
ranged in 2-3% dry matter. EPA and ARA were present only in two strains isolated from radioactive springs. The
content of EPA was the highest in isolate 401 obtained from the Curie spring. Other strain isolated from canes
and leaves of Vitis vinifera did not contain PUFA.
Table II
Fatty acid content (%) of our isolates of the genus Kocuria
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Fatty acids (%)

Kocuria sp. 101

Kocuria sp. 401

Kocuria sp. RR18

Kocuria sp. RR75

iso-C13:0

1.2

0.2

0.3

0.1

anteiso-C13:0

0.6

0.3

0.2

0.2

iso-C14:0

1.8

2.1

1.0

1.8

C14:0

0.9

1.1

0.8

1.3

iso-C15:0

16.6

12.3

12.6

5.9
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anteiso-C15:0

65.4

68.7

73.1

72.3

C15:1

0.2

0.9

0.1

0.1

C15:0

0.0

0.3

0.4

0.3

iso-C16:0

1.1

1.0

1.6

2.4

C16:1 ω7c

2.0

2.3

1.7

2.6

C16:0

0.9

0.9

2.3

6.4

anteiso-C17:1

2.8

2.8

2.6

2.6

iso-C17:0

0.5

0.4

1.0

1.0

anteiso-C17:0

2.7

1.8

1.3

2.0

C18:2

0.1

0.2

0.0

0.0

iso-C18:0

0.3

0.2

0.6

0.3

C18:1

0.2

0.4

0.4

0.6

C18:0

0.6

0.7

0.5

0.4

C20:4 ω6c

0.2

0.7

0.0

0.0

2.7

0.0

0.0

C20:5 ω3c

1.9

Although 16S rRNA gene sequences of isolates 101 and RR18 are identical and the isolates are likely affiliated
with Kocuria rhizophila (Table I), the outcomes from analysis of fatty acids confirm that they are different
ecotypes. These two isolates were obtained from different sources with different temperatures and external
influences. The effect of growth temperature on fatty acid composition has been well reported in many
studies 20, 21.
Most bacteria that produce PUFA have been isolated from marine sources. They are characterized by being
psychrophilic (psychrotrophic) or piezotrophic (barophilic). The function of PUFA in the cell membranes of these
bacteria has already been discussed 22. The two bacteria of the genus Kocuria that we studied come from
groundwater located approximately 1 km below the Earth´s surface where the water pressure is about 100 MPa.
The cultivation was carried out at normal atmospheric pressure (~0.1 MPa), so we consider at more likely that
our Kocuria produce PUFA for other reason. The production of PUFA by Kocuria sp. 101 and 401 may be due to
the fact that these bacteria have been exposed to radioactivity for centuries. The water of two springs (Agricola,
Curie) mine contains a large amount of radon. Radon containing springs are found in many places around the
world, but research of bacterial community in them is just beginning. The first mention of the bacteria living in
these springs was published in 1973 23.

Conclusion
Based on 16S rRNA gene sequence-based phylogenetic analysis bacterial isolates from Jáchymov spa and canes
or leaves of Vitis vinifera were clustered with the genus Kocuria. Only two strains isolated from radioactive
springs produce PUFA that´s ARA and EPA in amount of a few percent of total fatty acids. Production of PUFA
only by Kocuria strains obtained from radioactive water of springs in Jáchymov can be a protective mechanism
against ionizing α-radiation from radioactive nucleotides.
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PLANT GROWTH PROMOTING PROPERTIES OF ENDOPHYTIC BACTERIA FROM VITIS VINIFERA
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University of Chemistry and Technology, Prague, Czech Republic
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Abstract
Endophytes are microorganisms that colonize plant tissues and give the plant many benefits by producing
metabolites that can promote plant growth. The properties contributing to the plant growth promotion are the
production of siderophores, solubilization of phosphates, ACC deaminase activity, nitrogenase activity and
production of indole-3-acetic acid and antioxidants. In this work were studied endophytic bacteria isolated from
two vineyards (conventional and organic). It was proved that all isolated endophytic bacteria from V. vinifera can
produce antioxidants and indole-3-acetic acid. All of the isolated microorganisms also displayed nitrogenase
activity. The ACC deaminase activity was observed in a higher number of bacteria isolated from the vineyard with
conventional management than in isolates from the organic vineyard. On the other hand, the production of
siderophores was higher in isolates from organically managed Vitis vinifera. Phosphate solubilization ability was
observed in an almost equal number of isolates from both types of vineyards. Plant growth promoting properties
of endophytes could be used as ecological substitute to chemical pesticides and fertilizers in winemaking
industry.

Introduction
Endophytes are microorganisms that colonize internal plant tissues and can be found in any part of the plant,
such as roots, stems, leaves, flowers and seeds 1,2. As a rhizospheric bacteria, endophytes can produce beneficial
effects on their hosts due to their plant growth promoting properties3. Plant growth promoting bacteria (PGPB)
can support plant growth and heath by producing phytohormones or by promoting nutrient assimilation4.
One of the bacterial trait involved in plant growth promotion is production of siderophores. There small organic
molecules that have high affinity to ferric ions. Siderophores can form siderophores-iron complex, which is
recognized by bacteria receptors and transferred into the cell. The production of siderophores can also play role
in indirect defense against plant pathogens. When siderophores pick up iron from environment, pathogens
haven’t enough iron for their growth5.
Phosphorus is an essential nutrient for plants, but it usually exist in nature in an insoluble form. Phosphate
solubilizing bacteria produce organic acids, that reduce surrounding pH and chelate phosphorus bound metal
cations make it available for plant assimilation6.
Ethylene is phytohormone and its concentration increase when plant is exposed to biotic or abiotic stress. The
excessive production of ethylene can lead to inhibition of plant growth. Some bacteria can produce enzyme 1aminocyclopropane-1-carboxylic acid (ACC) deaminase that degrade ethylene precursor ACC to ammonia and αketobutyrate7.
One of the other plant phytohormone is auxin, which is predominant exist in the form of indol-3-acetic acid (IAA).
Plant associated microbe posses multiple routes for IAA biosynthesis using tryptophan dependent or tryptophan
independent pathways. IAA from bacteria and IAA produced by plant stimulate plant proliferation and
elongation. IAA also induce transcription of ACC synthase, which catalyze the formation of ACC and affect
ethylene synthesis7.
Another plant growth promoting property is nitrogen fixation. As a rhizospheric bacteria, some endophytes can
fix atmospheric nitrogen and change it to usable form of ammonia. Reduction to ammonia is provided by complex
nitrogenase enzyme that is inhibited by oxygen8.
Increasing of antioxidant levels can be one of the mechanisms behind elevation in stress tolerance in plants. One
of the secondary metabolites of endophytes are phenols. Polyphenols constitute a group as some possess
important biological activities including antioxidant activity. Endophytes are considered to be a potent source for
antioxidant substances1.
To better evaluate the ability of the endophytic bacteria isolated from Vitis vinifera to promote the plant growth,
isolates from leaves and canes were tested for their PGP properties (production of siderophores, antioxidants,
indole-3-acetic acid, 1-aminocyclopropane-1-carboxylate deaminase, nitrogenase activity and ability to solubilize
phosphate).
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Materials and methods
Plant material
Leaves and shoots from four Vitis vinifera varieties (Muller Thurgau, Rheinriesling Pinot Gris and Pinot noir) were
collected in a conventional (Prague) and organic (Kutná Hora) vineyards situated in Czech Republic. The sampling
took place in May 2018.
Determination of nitrogenase activity
Endophytic bacteria were tested for nitrogenase activity by monitoring their growth in medium with lack of
nitrogen source. Endophytic bacteria was inoculated into LB medium 24 hours at 28 °C. Afterwards, culture was
preinoculated into medium for nitrogenase activity testing. Cultivation was carried out for 48 hours. Samples
were pipetted into a microtiter plate and the absorbance was measured at 550 nm.
Determination of indol-3-acetic acid production
Bacterial auxin indole-3-acetic acid (IAA) production was tested using LB broth and the Salkowski colorimetric
assay. Endophytes were cultured in LB medium with tryptophan (0.1%) for 7 days. Afterwards, bacterial culture
was centrifuged. Supernatant was mixed with Salkowski reagent and kept for 25 min at room temperature. The
absorbance was measured at 535 nm and the auxin concentrations were estimated using a standard calibration
curve of IAA.
Determination of siderophores production
This assay is performed by cultivation of the endophytic bacteria on Chromium Azurol S (CAS) agar for 48 hours
at 28 °C. The colonies forming orange/yellow zones were considered as positive.
Determination of phosphate solubilization
The ability of the tested endophytic bacteria to solubilize phosphate were determined by culturing them on
Pikovskaya’s agar medium, which is opaque because of the insoluble Ca3(PO4)2. The inoculated media were
incubated for 48 hours at 28 °C. The colonies with halo/clear zones were considered as positive.
Determination of antioxidant production
DPPH (2,2-diphenyl-1-picrylhydrazyl radical) assay was used for the determination of antioxidant production. LB
medium was inoculated with endophytic bacteria. Cultivation was carried out for 7 days. The cultured colonies
of endophyte bacteria were centrifuged and supernatant were mixed with DPPH-methanol solution (52 mg/L of
DPPH) in a microtiter plate. After 15 min of incubation in the dark, the absorbance of the mixture was measured
at 517 nm. Ascorbic acid was used as a standard for the calibration curve (2.5-15 mg/L) and the results were
expressed as ascorbic acid equivalents (mgAA/L).
Determination of 1-aminocyclopropane-1-carboxylate deaminase activity
Endophytic bacteria were tested for ACC deaminase activity by monitoring their growth in DF media
supplemented with ACC. Endophytic bacteria was inoculated into LB medium and cultured for 24 hours.
Subsequently, culture was centrifuged. The pellet was washed with DF medium, suspended in DF- ACC medium
and incubated for 24 hours. Afterwards, culture was centrifuged, each supernatant was withdrawn and DF
medium was added. Diluted supernatant together with of ninhydrin reagent were pipetted into a PCR strip. The
strips were incubated in boiling water for 30 minutes. From each tube, sample was pipetted into a microtiter
plate and the absorbance was measured at 570 nm. DF-ACC medium was used as a negative control.

Results and discussion
Increasing people population needs to increase agriculture productivity. One way to facilitate plant growth is
using of plant growth promoting bacteria. Endophytic microbiota is directly correlated with plant growth and
health. Multiple studies have compared influence of conventional and organic farming systems on soil bacteria.
These studies are mostly focused on rhizospheric bacteria, so effects of the crop management on endophytic
bacteria is poorly investigated.
In this work, endophytic bacteria were isolated in May 2018. There were 56 isolates obtained from conventional
vineyard and 89 isolates from vineyard with organic management. The amount of the isolated bacteria
correspond with the statement of higher microbial population of plants in organic farming systems. In study of
Xia et al. (2015) the effect of organic and conventional farming on the proportion of endophytes in the cultivated
plants was compared. Most of the endophytic bacteria were isolated from plants that were grown in an organic
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process. Only 29 % was isolated from plants grown using conventional techniques.
As a rhizospheric bacteria, endophytic community can be affected by the application of agrochemicals, because
it can affect the plant life cycle and metabolism9. Advantage of endophytes localization in the plant tissues is
higher stability against changes in environmental conditions compared to rhizospheric bacteria10. This work
attempts to compare properties of grapevine endophytic bacteria isolated from different types of management.
Results dealing with the screening of plant growth promoting properties are presented in pie charts below.
More than 50 % isolates from both vineyards are able to produce siderophores and produced an orange halos
on blue Chromium Azurol S agar. The higher number of active isolates (80 %) were observed in organic vineyard.
Isolates from conventional vineyard show less activity of siderophores production (61 %) (see Fig. 1.). These
results can be related to less activity against pathogens of endophytes from conventionally managed grapevine.
They have less necessity to defend with pathogenic microorganisms by siderophores production, due to
pesticides using in conventional farming.

A

B
nonactive
20%

non-active
39%

active
61%

active
80%

Figure 1. Siderophores production of endophytic bacteria isolates from organic (A) and conventional (B)
vineyards in percent of active and non-active isolates related to the total number of isolated bacteria
Figure 2 shows results that are concerning solubilization of phosphate. The ability to solubilize phosphate was
observed in an almost equal number of isolates from both types of vineyards. There 49 % of active isolates from
organically managed and 55 % of active isolates from conventionally managed vineyards.

B

A

nonactive
51%

active
49%

non-active
45%

active
55%

Figure 2. Phosphate solubilization of endophytic bacteria isolates from organic (A) and conventional (B) vineyards
in percent of active and non-active isolates related to the total number of isolated bacteria
In this work endophytes isolated from grapevine from vineyards with different types of management also were
tested for their ability of antioxidant production and nitrogen fixation. Results shows that 100 % isolates from
both vineyards produce antioxidants and have nitrogenase activity for nitrogen fixation.
Activity of 1-aminocyclopropane-1-carboxylate deaminase enzyme was observed in higher number of
endophytes isolated from conventional vineyard (27 %). Only 4 % of isolates from vineyard with organic
management showed activity of this enzyme.
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A

B

active
4%

active
27%

nonactive
73%

non-active
96%

Figure 3. ACC deaminase production of endophytic bacteria isolates from organic (A) and conventional (B)
vineyards in percent of active and non-active isolates related to the total number of isolated bacteria
Production of indol-3-acetic acid were tested by cultivation of isolated bacteria in LB medium with addition of
tryptophan. Graphs 4A below shows that addition of tryptophan makes all bacteria from organic vineyard be
able to produce indol-3-acetic acid. Results that are concerning indol-3-acetic production by endophytes from
conventional vineyard show the opposite situation (graph 4B). There 75 % of active isolates that were cultivated
in medium with tryptophan.

B

A
active
100%

non-active
25%

active
75%

Figure 4. Indol-3-acetic acid production of endophytic bacteria isolates from organic (A) and conventional (B)
vineyards in percent of active and non-active isolates related to the total number of isolated bacteria
In study Melo et al. (2016) was examined influence of different farming types on the plant growth promoting
properties of papaya’s rhizospheric bacteria. Their work shows no significant differences between plant bacterial
community in organic and conventional types of management. Nevetheless, usually results of similar studies are
controversial. There no differences observed in number of rhizospheric bacteria from organic and conventional
systems in study of Snannon at al., (2002), while others found higher number of bacteria in organically grown
crops 11,12. That variations can be explained by soil pH and chemical composition, quantities and nature of applied
fertilizers13.
In the recent decades interest on endophytes and their plant beneficial properties is increasing, but there still no
enough studies concerning endophytic bacteria from different plant management systems.

Conclusion
The objective of this study was to compare the influence of two crop management (conventional and organic) in
several important PGPB features of bacteria isolated from Vitis vinifera. Multiple studies have compared
conventional and organic farming systems. Some studies reveal that organic practices can influence soil and lead
to higher soil microbial populations, activity and community diversity, but there not many works engage in
comparing plant growth promoting properties of bacteria from different farming systems. In this work the
number of bacteria isolated from organic vineyard was higher (89 isolates) than number of bacteria from
conventional vineyard (56 isolates). There no significant differences in the number of bacteria from different
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managed vineyards that able to solubilize phosphate. The ability of siderophores and indol-3-acetic acid
production was higher in bacteria from organic vineyard, but ACC deaminase production was higher in bacteria
isolated from conventional vineyard. All of isolates from both type of vineyards have abilities to fix nitrogen and
produce antioxidants. The results of this work don’t show clear tendency of influence of farming type on plant
growth promoting properties of endophytic bacteria from grapevine but extends existing knowledge of this topic.
Clarification whether farming practices, organic or conventional, can be correlated with modification or
enhancement of the plant microbiome and their plant growth promoting abilities, is therefore of considerable
interest.
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BIOSYNTHESIZED METAL NANOPARTICLES AND THEIR ANTIMICROBIAL ACTIVITY
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University of Chemistry and Technology, Prague, Technická 5, 166 28 Praha 6

Abstract
In recent years, the popularity of metal nanoparticle use has been on the rise since their antimicrobial activity is
already well documented. The physico-chemical production of these nanoparticles is, however, not very ecofriendly and cost-effective. Successful biosynthesis of metal nanoparticles appears to be an important step
towards their sustainable use in the future. In this study, we assessed the biotechnological production of copper
and silver nanoparticles using Vitis vinifera cane extract. After that, the antimicrobial activity of biosynthesized
nanoparticles was tested against two strains of a gram-negative bacterium Pseudomonas aeruginosa. The
experimental layout was designed to explore the antimicrobial activity against planktonic cells. The results show
the biosynthesized nanoparticles exhibit measurable antimicrobial activity.

Introduction
Metal nanoparticles have proven promising in regards to combating human pathogens which are becoming
increasingly resistant to traditional antibiotics; their activity in this context is already being used e.g. in the
medical field (antibacterial nanosilver-coated bandages). Silver and copper nanoparticles proved to be effective
against both gram negative and gram positive bacteria (such as Escherichia coli, Staphylococcus aureus etc.)1-3.
The widely used physico-chemical methods of metal nanoparticle production are, however, not very costeffective nor environmentally friendly, and even more so when mass production is considered. Therefore, there
is a great need to find a low-cost sustainable process which produces metal nanoparticles suitable for medical
use. In this regard, biological agents are being explored to aid the process of reduction of metal ions and
stabilization of forming nanostructures4–6. In this study, we explored the effectivity of Vitis vinifera cane extract
in metal nanoparticle production and we also tested their antimicrobial activity against planktonic cells of P.
aeruginosa.

Materials and methods
Materials for biosynthesis
Vitis vinifera canes, silver nitrate (Sigma aldrich), copper sulphate (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. 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
%). After that, UV-VIS spectrometry was carried out using a TECAN Reader. The spectral analysis (250-700 nm)
results were evaluated and plotted to confirm the presence of nanoparticles.
Microbial strains and growth media
P. aeruginosa (ATCC 10145 and ATCC 15442). 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 pre-cultured for 24 h to achieve the exponential phase of growth (100 ml in Erlenmeyer
flasks, 150 rpm).
Evaluation of antimicrobial activity against planktonic cells
The antimicrobial effects of biosynthesized metal nanoparticles against planktonic cells was determined using a
microcultivation device (Bioscreen C, Finland). The cells of tested P. aeruginosa strains were cultivated for 24h in
a microtitre plate in the presence of different % v/v of silver and copper nanoparticles (0, 3.13 % v/v, 7.81 % v/v,
15.63 % v/v, 21.88 % v/v, 28.13 % v/v, 31.25 % v/v, 40.63 % v/v); each experiment was done in 10 parallels. After
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that, the antimicrobial activity was determined by evaluating the growth curves constructed from the data
provided by the microcultivation device.

Results and discussion
In this study, we observed the possibility of using ethanol based Vitis vinifera cane extract for the production of
silver and copper nanoparticles and inhibiting P. aeruginosa cells using these nanoparticles. The data acquired
from Bioscreen C were plotted (Fig. 1 through Fig. 4; the lowest nanoparticles concentrations correspond to the
bottom curves).
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Figure 1. The influence of different concentrations of biosynthesized silver nanoparticles (0, 3.13 % v/v, 7.81 %
v/v, 15.63 % v/v, 21.88 % v/v, 28.13 % v/v, 31.25 % v/v, 40.63 % v/v) against planktonic cells of P. aeruginosa
ATCC 10145
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Figure 2. The influence of different concentrations of biosynthesized silver nanoparticles (0, 3.13 % v/v, 7.81 %
v/v, 15.63 % v/v, 21.88 % v/v, 28.13 % v/v, 31.25 % v/v, 40.63 % v/v) against planktonic cells of P. aeruginosa
ATCC 15442
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Figure 3. The influence of different concentrations of biosynthesized copper nanoparticles (0, 3.13 % v/v, 7.81 %
v/v, 15.63 % v/v, 21.88 % v/v, 28.13 % v/v, 31.25 % v/v, 40.63 % v/v) against planktonic cells of P. aeruginosa
ATCC
10145
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Figure 4. The influence of different concentrations of biosynthesized copper nanoparticles (0, 3.13 % v/v, 7.81 %
v/v, 15.63 % v/v, 21.88 % v/v, 28.13 % v/v, 31.25 % v/v, 40.63 % v/v) against planktonic cells of P. aeruginosa
ATCC 15442
The biosynthesized silver nanoparticles showed definite antimicrobial activity against planktonic cells of both P.
aeruginosa strains. In the case of P. aeruginosa ATCC 10145, the total inhibition of growth was achieved when
15,63 % v/v of silver nanoparticles was used, whereas in the case of P. aeruginosa ATCC 15442, the total inhibition
of planktonic cells was achieved using 31.25 % v/v of silver nanoparticles.
In the case of copper nanoparticles, the antimicrobial activity was measurable but not sufficient to produce total
inhibition of the planktonic cells tested. This phenomenon can be partially explained by lower concentration of
copper nanoparticles formed by biosynthesis compared to the silver nanoparticles, which was proved using TEM
imaging (data not shown).
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Conclusion
The results showed that Vitis vinifera extract is, in fact, effective when it comes to mediating the silver and copper
nanoparticle production. Moreover, we observed that the biosynthesized silver nanoparticles are effective at
inhibiting planktonic cells of potential human pathogen P. aeruginosa.
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Abstract
Housekeeping genes are responsible for maintenance of basic cellular function. Their expression level is expected
to be constant under normal as well as stress conditions and in all stages of cell cycle. Thus, the housekeeping
genes represent the minimal set of genes required to sustain life. In addition, the housekeeping genes are used
in many biotechnological applications and genomic studies as reference genes for data normalization.
In this study, we focused on identification of housekeeping genes in Clostridium beijerinckii NRRL B-598 genome.
We performed bioinformatics analysis of transcriptomic data of this strain obtained by RNA-Seq technology and
differential expression analysis of processed data revealed candidate reference genes for Clostridium beijerinckii
NRRL B-598.

Introduction
In this study, we focused on identification of putative housekeeping genes of Clostridium beijerinckii NRRL B-598.
Our bacterial strain is rod-shaped, oxygen tolerant, spore forming and is capable of acetone-butanol-ethanol
fermentation with butanol being the main product.
Housekeeping genes are constitutively expressed during cell cycle and across all conditions and maintain basic
cellular functions. They are crucial to quantify differentially expressed genes and especially in data from reverse
transcriptase polymerase chain reaction (RT-qPCR). However, identification of reference genes in non-model
organism including our strain is challenging and often is performed by comparison of expression patterns with
the most similar model organism1. This approach can be misleading and in our study we present a new approach
with usage of RNA-Seq transcriptomic data of our strain.
RNA-Seq technology was developed to examine the quantity and sequences of RNAs. Exploring a transcriptome
is the key to understand how is genome connected to functional protein expression. RNA-Seq reveals
up and down regulated genes and evaluate the quantity of their expression. From several samples in different
time-points, we can tell how the gene expression changed between them and this can help us to understand
functionality of genes and their involvement in biological processes of the cell.
RNA-Seq technology utilizes next generation sequencing (NGS). First step in the process is creation of a cDNA
library. The mRNA of a sample is converted to cDNA by reverse transcription and sheared into fragments.
In the next step these fragments obtain sequencing adaptors. The number of adapters on fragments
determinates if produced reads are single-ended or pair-ended. The cDNA is then processed by NGS,
which produce short sequences corresponding to the fragments. Sequencing protocols vary
between available technologies and the biggest difference is in length of produced reads, which increase
with newer high-throughput technologies2, 3.

Materials and methods
For bioinformatics analysis, we used RNA-Seq data of Clostridium beijerinckii NRRL B-598 from two different
experiments. Three datasets of samples come from standard cultivation of our bacterial strain, in which samples
were taken in six time-points (3.5h, 6h, 8.5h, 13h, 18h, 23h) to cover whole life cycle. The other dataset contains
transcriptomic data from experiment of cultivation with addition of butanol to perform non-lethal butanol shock.
Samples were collected in six time points with shorter intervals (6h, 6.5h, 7h, 8h, 10h, 12h) to capture response
to butanol shock. Each sample has two replicates and library construction and sequencing were performed
on Illumina NextSeq, single-end, 75 bp.
Data preprocessing
Raw RNA-Seq reads data were processed before reads mapping. Adapter trimming were performed
by Trimmomatic4. Reads representing 16S and 23S rRNA regions were removed by SortMeRNA5 with SILVA
database6 of known bacterial 16S and 23S rRNA genes.
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Reads mapping
We performed read mapping to reference genome of C. beijerinckii NRRL B-598 to determinate the origin
of the reads. This task is more challenging with RNA-Seq, because RNA sequences are often spliced i. e. derived
from non-contiguous regions.
STAR software package7 perform this task with high speed and accuracy. STAR is able to align spliced sequences
of any length with moderate error rates. Algorithm behind STAR use uncompressed suffix arrays and a mapping
algorithm similar to those used in large-scale genome alignment tools to align RNA-seq reads to a genomic
reference. STAR is capable of discovering more complex RNA sequences arrangements such as chimeric
or circular RNA7. STAR enable mapping to reference genome with or without annotation. In this study we used
Clostridium beijerinckii NRRL B-598 reference genome with annotation available in GenBank database
under accession number CP011966.3 (https://www.ncbi.nlm.nih.gov/nuccore/CP011966.3). All output files in
SAM format were sorted and converted to more compact BAM format by SAMtools8.
Reads counting
Read count represents overall summary of the coverage of genomic features. In RNA-Seq data these counts
represent expression levels of the genes. Read counting was conducted by R package featureCount9
with different counting strategies.
Input files are reference-based alignment files (BAM/SAM files) together with annotation file with genomic
features in GTF/GFF format. This tool can be used for stranded and unstranded reads. Data from mapping
software were used to construct count tables of all samples for all genes.
Counting with featureCounts were performed with two different settings. First approach count only uniquely
mapped reads. On the other hand the second approach count multimapping reads, but the final number counted
toward certain feature is divided by number mapped features. So even with multimapping possibility the number
of reads in sample remains the same.
Data normalization
In the next step, raw read counts have to be normalized to obtain meaningful measures of expression.
Very popular normalization approach is RPKM (Reads Per Kilobase per Million). The raw count is normalized
by transcript length and sequencing depth. RPKM corrects differences in both library sizes and gene length,
but enable only comparison of gene expression within the same sample. An alternative to RPKM is called TPM
(Transcript Per Million), which in fact is only modification of RPKM10. This normalization is consistent across
samples and normalized values can be compared even across different samples.
Differential expression analysis
Final step in processing of RNA-Seq data is differential expression analysis, which was performed by R package
DESeq211. As an input DESeq2 expect un-normalized data, because DESeq2 has in-built algorithm to normalized
data by library size. DESeq2 package use negative binomial generalized linear models to estimate expression
values and differential expression. The change of expression is represented by log2FoldChange parameter,
which shows up regulation or down regulation of the genes. This change in expression is statistically tested
and estimated p adjusted values reveal statistical significant changes of expression.
Differential expression analysis is usually used to find genes that up or down regulated between time points
or conditions. But in our study, we decided to use this analysis in completely opposite meaning, to find genes
without changes in expression. We conducted analysis of both results of counting algorithms and their results
from differential expression analysis together with TPM values.

Results and discussion
For both reads counting methods we performed differential expression analysis between all combinations
of time-points, which gave us 66 time point pairs. Furthermore we estimated TPM values, their mean value
for each gene and coefficient of variation of TPM values. Identification of housekeeping genes was performed
by series of data filtering to reveal genes that have consistent expression level that do not differ in time
or under different conditions (in our experiments: standard cultivation versus butanol shock).
First filtering was performed by evaluation of padj values, where we were looking for values greater than
0.1 which represents statistically insignificant expression changes. We filtered out all genes that have number
of insignificant changes less than 50. Number of all expressed genes in our strain RNA-Seq data was reduced
from 5442 to 1203.
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Second filtering was designed to filter out genes with low mean values of gene expression, which are caused
probably by noise in data and these genes are more likely silent. Genes with mean TPM values less than or equal
to 40 were removed and number of selected genes dropped to 497.
Last filter removed genes with big changes in their expression level by evaluation of coefficient of variation (CV)
of TPM values. After filtering of genes with CV greater or equal to 0.3 only 171 genes remain, see Table I.
Table I
Part of final results shows top sixty genes together with values of parameters used for filtering, their locus tag
and putative physiological role
sum(padj > 0.1)
Locus tag
TPM ≥ 40 CV ≤ 0.3 Putative physiological role
≥ 50)

69

X276_26290

66

660.80

0.20955 stage II sporulation protein E

X276_26285

66

613.95

0.29621 stage II sporulation protein E

X276_24180

66

104.77

0.24905 penicillin-binding protein

X276_20795

66

274.13

0.20629 zinc metallopeptidase

X276_20570

66

219.36

0.23965 UMP kinase

X276_20135

66

168.81

X276_19860

66

781.81

X276_18050

66

392.62

0.28882 hypothetical protein
ATP-dependent Clp endopeptidase proteolytic subunit
0.17395
ClpP
0.29367 aspartate-semialdehyde dehydrogenase

X276_14635

66

171.42

0.23133 2-hydroxyglutaryl-CoA dehydratase

X276_07990

66

67.10

0.25818 cation transporter

X276_05485

66

127.19

0.28392 L-lactate dehydrogenase

X276_01995

66

166.23

0.29357 cell wall-binding protein

X276_00750

66

60.51

0.22200 FAA hydrolase family protein

X276_26255

65

394.79

0.27782 stage II sporulation protein E

X276_25185

65

62.79

0.27356 XRE family transcriptional regulator

X276_20645

65

264.93

0.25416 signal recognition particle protein

X276_19310

65

38.98

0.26429 cation transporter

X276_18390

65

47.04

0.28243 DNA-binding response regulator

X276_17215

65

35.40

0.22376 Stk1 family PASTA domain-containing Ser/Thr kinase

X276_27355

65

36.61

X276_24660

64

51.30

X276_24325

64

126.31

0.24679 SMI1/KNR4 family protein
UDP-N-acetylglucosamine--LPS N-acetylglucosamine
0.27310
transferase
0.25080 ribosomal-protein-alanine N-acetyltransferase
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Locus tag

70

sum(padj > 0.1)
TPM ≥ 40 CV ≤ 0.3 Putative physiological role
≥ 50)

X276_19640

64

93.06

0.22941 J domain-containing protein

X276_00760

64

49.31

0.23592 thymidylate synthase

X276_15045

63

54.86

0.21727 GNAT family N-acetyltransferase

X276_10975

63

52.28

0.24198 isopentenyl-diphosphate Delta-isomerase

X276_07155

63

55.21

0.19904 XRE family transcriptional regulator

X276_04450

63

67.19

0.20198 YigZ family protein

X276_01745

63

91.02

0.22041 diguanylate cyclase

X276_01350

63

76.74

0.16081 YvcK family protein

X276_00015

63

288.19

0.26328 membrane protein insertion efficiency factor YidD

X276_26510

62

64.18

0.28166 methionine--tRNA ligase

X276_26390

62

266.35

0.29714 metallophosphoesterase

X276_23130

62

62.41

0.19746 nitroreductase family protein

X276_18840

62

256.25

0.28391 DUF2992 family protein

X276_08600

62

48.37

0.26883 alpha/beta hydrolase

X276_00470

62

67.84

0.20539 1-acyl-sn-glycerol-3-phosphate acyltransferase

X276_27730

62

107.73

0.28920 metallophosphoesterase

X276_26275

61

718.53

0.28659 stage II sporulation protein E

X276_25940

61

520.56

X276_24320

61

82.96

X276_19755

61

70.90

0.24919 DNA-directed RNA polymerase subunit beta
tRNA (adenosine(37)-N6)0.25830 threonylcarbamoyltransferase complex dimerization
subunit type 1 TsaB
0.21653 RluA family pseudouridine synthase

X276_19750

61

41.91

0.23295 polysaccharide biosynthesis protein

X276_18880

61

47.24

0.18619 cell shape-determining protein

X276_15225

61

48.64

0.29663 serine hydrolase family protein

X276_27555

61

53.90

0.26113 hypothetical protein

X276_08130

61

55.97

0.29038 DUF2200 domain-containing protein

X276_06675

61

35.07

0.23211 AraC family transcriptional regulator

X276_05400

61

49.24

0.29516 HNH endonuclease

X276_02110

61

175.99

0.28866 glycoside hydrolase

X276_00020

61

415.71

0.22582 membrane protein insertase YidC

X276_20790

60

267.71

0.18895 16S rRNA (cytosine(967)-C(5))-methyltransferase RsmB

X276_20320

60

66.92

0.22487 OPT family oligopeptide transporter

X276_19435

60

41.12

0.27085 Crp/Fnr family transcriptional regulator

X276_19240

60

114.23

0.23931 GNAT family N-acetyltransferase

X276_17750

60

46.89

0.26869 DEAD/DEAH box helicase

X276_13030

60

51.73

0.18107 cell wall-binding protein

X276_12970

60

84.17

0.28913 hypothetical protein

X276_10970

60

52.28

0.27247 transcriptional regulator

X276_00245

60

68.35

0.25517 DNA replication protein DnaC
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Furthermore we conducted Gene Ontology (GO) enrichment analysis of molecular function (MF) of previously
selected 171 genes. Analysis was conducted by R/Bioconductor package topGO12 and results were tested with
Fisher’s exact test and p-value < 0.05. Six MF terms were significantly enriched in our results as shown in Table II
and they summarize genes’ functionality behind selected housekeeping genes.
Table II
Molecular function Geno Ontology Enrichment analysis results
GO ID

Term

Annotated

Significant

classicFisher

GO:0140098
GO:0140101

catalytic activity, acting on RNA

26

12

0.00076

catalytic activity, acting on a tRNA

15

8

0.00198

GO:0016787

hydrolase activity

189

48

0.00228

GO:0003723

RNA binding
hydrolase activity, acting on carbonnitrogen (but not peptide) bonds, in
linear amides
catalytic activity

33

13

0.00275

11

6

0.00667

516

105

0.00898

GO:0016811
GO:0003824

Our results will be further analyzed to identify genes with basal cell functions. Gene selection will be narrowed
to genes with desired value of expression that is suitable for normalization of qRT-PCR data. Final
selection of housekeeping genes will be also effected by possibility of primers design, their availability and results
from RT-PCR.

Conclusion
Identification of potential housekeeping genes of Clostridium beijerinckii NRRL B-598 was conducted
by bioinformatics analysis of RNA-Seq transcriptome. From processing of RNA-Seq data we received TPM values
of genes expression and differential expression analysis of all genes and time-points’ pairs from standard
cultivation and butanol challenge. From these results, we were able to filter out only genes with most constant
expression levels even in different experimental times and conditions. We selected 171 potential housekeeping
genes, that will be further analyzed and the final genes selection will used in normalization of qRT-PCR data.
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EXPERIMENTAL INVESTIGATION OF HIGHER ALCOHOLS CONCENTRATION PROFILES DURING WINEMAKING
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pavel.timar@stuba.sk

Abstract
The aim of the present contribution was to evaluate influence of one strain Saccharomyces cerevisiae on
secondary aroma of Gewürztraminer wine. We focused our attention on aroma compounds, namely higher
alcohols. During fermentation samples of fermentation broth were analyzed to obtain time dependent
concentrations of basic analytical parameters: reduced sugars, ethanol, assimilate nitrogen, biomass. To
investigate concentrations profiles of particular volatile organic compounds responsible for the sensory profile
of wine, we have used two-dimensional gas chromatography by GC-TOF-MS method. Relatively simple
mathematical model in form of ordinary differential equation was used for description of measured time
dependent concentration profiles of higher alcohols during fermentation process. Parameters of the model for
particular higher alcohols were calculated on the basis of experimental data.

Introduction
Wine flavor can be classified into three groups: primary (varietal), secondary (fermentative) and tertiary (wine
ageing) aroma. With modern analytical methods and equipment more than 800 aroma compounds1 such as
alcohols, esters, organic acids, aldehydes, ketones, terpenes etc. have been identified in wines with a wide
concentration range varying between hundreds of mg.l-1 to the μg.l-1 levels. Their combinations form the
character of wine and enable the differentiation of one wine from another.
Secondary aroma of wine originates from yeast and bacterial metabolism during alcoholic fermentation and
contains various organic substances. Among the compounds influencing wine aroma, besides esters higher
alcohols are very important. This contribution consequently deals with experimental measurement and
mathematical modelling of higher alcohols concentration profiles during fermentation process. Redundant
concentrations of higher alcohols lead to strong, pungent flavor and taste. However, its optimal concentrations
give the wine fruity character2. At low concentrations, most of them have pleasant fruity aromas, but excessive
concentrations are unwelcome and smell like organic solutions3. Production of higher alcohols in fermentation
broth depends on many factors including species and strain of used yeast, content of amino acids in must,
composition and quality of grape must, pH and temperature during fermentation, etc.
The aim of the present contribution was to find spectrum of higher alcohols produced by one commercial
Saccharomyces cerevisiae strain designated as Oenoferm Belle Arome (produced by company Erbslöh
Geisenheim, Germany). This strain of yeast was used as starter for fermentation process. As fermentative
medium real grape must variety Gewürztraminer was used. Total concentration of reduced sugars in the must
was 225 g.l-1. Fermentation temperature was 17°C and above mentioned strain of S. cerevisiae produced
individual metabolites in different concentrations and combinations which significantly influenced resulting wine
flavor. To investigate tine concentrations profiles of particular higher alcohols we have used liquid-liquid
extraction of samples followed by GC-TOF-MS method3.
Inside the fermentation broth we identified completely 19 various higher alcohols. Relatively simple
mathematical model in comparison with literature4 was derived. Modell has the form of ordinary differential
equation and was used for description of measured time dependent profiles of each higher alcohol during
fermentation process. Parameters of the model for particular higher alcohols were calculated on the basis of
experimental data.

Materials and methods
Materials
In experiment, one yeast strain of Saccharomyces cerevisiae was used. S. cerevisiae Oenoferm belle arome is
a commercial preparation of dry wine yeast produced by company Erbslöh Geisenheim, Germany. This strain is
characterized by high production of aromatic compounds and is suitable for production of white wines with
expressive fruity aroma.
For the experimental fermentation grapes of vine variety Gewürztraminer was used. Destemmed and crushed
grapes were macerated for 4 hours and subsequently pressed. Clarification of pressed grape juice was performed
statically using bentonite and must gelatine (preparation Mostgelatine, Erbslőh Geisenheim, Germany) (dose
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1 g.l-1). After 12 h clarified juice was treated by gaseous SO2 (10 mg.l-1), filled into 35 l glass flasks and inoculated
by yeast strain Oenoferm belle arome in form of liquid yeast starter. Starting concentration of biomass in grape
juice was 106 cells/ml. The main alcoholic fermentation had proceeded for 2 weeks at the temperature 17°C.
Layout of experimental fermentation is depicted in Fig.1.

Figure 1. Experimental layout

Methods
At regular time intervals (every 24 h), samples of fermenting medium were taken and analyzed. Before sampling,
content of fermenter was shortly stirred to homogenize the yeast biomass. After determination of biomass
concentration samples were centrifuged and analyzed in terms of the other analytical parameters.
Basic oenological parameters as well as detailed higher alcohols profile have been determined. Concentrations
of reducing sugars have been analyzed by Schoorl method, concentration of ethanol and extract pycnometrically
(OIV-MA-AS312-01A, OIV-MA-AS2-03B). Profiles higher alcohols were analyzed by comprehensive twodimensional gas chromatography using method presented in [5]. By the analysis, benzophenone was used as the
internal standard (20 ml of methanol solution of benzophenone with concentration 16 mg.l-1 was added to 6 ml
of sample).
Mathematical model
Mathematical model was derived on the basis of mass balance of higher alcohol i in fermentation broth during
very smal time interval dt, which verbal designation is as follows
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
⎧
⎫ ⎧
⎫
𝑜𝑜𝑜𝑜 ℎ𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒 ⎫
ℎ𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒
ℎ𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒
⎪
⎪ ⎪
⎪ ⎪
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑜𝑜𝑜𝑜 𝑖𝑖
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑜𝑜𝑜𝑜 𝑖𝑖
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑜𝑜𝑜𝑜 𝑖𝑖
=
−
⎨ 𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⎬ ⎨ 𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚 ⎬ ⎨ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⎬
⎪ ⎪
⎪
⎪ ⎪
⎪
⎩𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑𝑑𝑑⎭ ⎩𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑𝑑𝑑⎭ ⎩𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑𝑑𝑑⎭
⎧
⎪

(1)

Mathematical formulation of Eq. (1) is possible to write as
=>?@
=A

73
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Significance of symbols in Eq.(2) is:
𝑐𝑐EH - concentration of higher alcohol i in the liquid phase of fermentation broth
𝑐𝑐F - concentration of biomass
𝑚𝑚̇STG - mass flow rate of carbon dioxide
𝑉𝑉IVWA - volume of the fermentation broth
𝑘𝑘C,E 𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘G,E - kinetic constants.

Kinetic constant 𝑘𝑘C,E is proporcionality constant of higher alcohol formation and therefore is proporcional to
biomass concentration inside the fermentation broth. Kinetic constant 𝑘𝑘G,E is proporcional to downfall of higher
alcohol amount in fermentation broth, mainly caused by its elutriation from liquid phase with carbon dioxide.
But descending concentration of particular higher alcohol may be caused not only by desorption with carbon
dioxide. Inside the fermentation broth are present organic acids too and higher alcohols can react with them and
produce esters, because acid environment enables esterification. Both two above mentioned processes are
possible respond for decreasing of higher alcohol concentration in liquid phase and next observation is needed
on this field.
Ordinary differential equation (2) was solved by numerical method of Runge Kutta 4-th level with known initial
condition of concentration of higher alcohol in the grape must. Magnitude of velocity constants 𝑘𝑘C,E and 𝑘𝑘G,E
during calculations were changed with target to obtain minimum sum of squares between experimental and
calculated values of higher alcohol concentration profile.

Results
Generaly speaking, results of experimentaly measured concentration profiles display two basic behaviour. In first
group of higher alcohols concentration increasis with time and in second group concentration decreasis with
time during fermentation process. Numerical values of experimental profiles each identified higher alcohols are
presented in following two tables.
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Table I
Concentration of higher alcohols with increasing profiles [μg l-1], time in hours
Higher alcohol
Time [h]
0
24
48
96
144
Isoamyl alcohol
0,00
25,00
163,24 378,92 429,33
1-dodecanol
1,51
1,60
2,89
5,93
2,83
1-hexadecanol
0,00
0,00
0,66
1,17
1,95
2,3-butanediol
0,00
0,00
0,00
15,43
20,41
2-phenylethyletanol
136,65 128,00 111,06 133,43 121,82

192
598,14
4,81
2,43
63,09
166,12

240
521,51
4,00
2,19
68,58
140,72

288
514,98
5,43
2,25
94,46
142,28

Table II
Concentration of higher alcohols with decreasing profiles [μg l-1], time in hours
Higher alcohol
Time [h]
0
24
48
96
144
1-hexanol
216,19 175,00 127,99
40,11
23,05
1-nonanol
2,94
2,80
2,49
0,72
0,22
1-octanol
13,82
13,70
13,70
12,46
11,00
1-propanol-3-metyltio1,54
1,00
0,83
0,16
0,27
2-nonanol
11,24
6,00
3,64
0,00
0,00
6-metyl-5-hepten-2-ol
8,40
4,50
2,62
0,45
0,00
Benzylalcohol
2,37
2,40
2,57
1,76
1,19
1-heptanol
43,44
25,00
10,34
1,74
0,73
1-octen-3-ol
25,47
18,00
8,00
1,61
0,00
2-octanol
9,44
5,00
3,40
0,00
0,00
2-octen-1-ol
2,53
1,00
0,00
0,00
0,00
3-hexen-1-ol
0,74
0,50
0,00
0,00
0,00
3-octanol
9,53
6,50
2,79
0,00
0,00
2-ethyl-1-hexanol
6,85
7,30
7,89
1,68
0,00

192
31,13
0,00
9,63
0,46
0,00
0,29
1,40
1,21
0,00
0,00
0,00
0,00
0,00
0,86

240
20,22
0,00
6,80
0,27
0,00
0,28
1,12
0,73
0,00
0,00
0,00
0,00
0,00
0,80

288
19,65
0,00
7,18
0,24
0,00
0,00
1,36
0,76
0,00
0,00
0,00
0,00
0,00
1,74
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As it mentioned above, on the basis of measured concentration profiles we made evaluation of kinetic
parameters using mathematical model (2). Numerical results of calculations are shown in following Table III.
Table III
Kinetic constants 𝑘𝑘C,E and 𝑘𝑘G,E and correlation coefficients for alcohols with increasing profiles
Higher alcohol
𝑘𝑘C,E x107
𝑘𝑘G,E x107
Correlation coefficient
-1
[m3kg-1h-1]
[h ]
Isoamyl alcohol
120,6777
6,9496
0,7938
1-dodecanol
0,5286
7,2524
0,8323
1-hexadecanol
10,3674
4,1676
0,9903
2,3-butanediol
0,0689
0,0089
0,6273
2-phenylethyletanol
0,3947
0,0128
0,4164
On the figures below one can see how the experimental values of higher alcohol concentration changing with
time during fermentation (red points) and result of mathematical modelling (solid line). For illustration we can
see graphs of 2,3-butanediol and isoamylalcohol on Figure 2.

Figure 2. Experimental and calculated concentration profile: 2,3-butanediol (left), isoamylalcohol (right)
Next Table IV lists the results of calculation for higher alcohols with decreasing concentration profiles, kinetic
constants 𝑘𝑘C,E and 𝑘𝑘G,E .

Table IV
Kinetic constants 𝑘𝑘C,E and 𝑘𝑘G,E and correlation coefficients for alcohols with decreasing profiles
Higher alcohol
𝑘𝑘C,E x109
𝑘𝑘G,E x109
Correlation coefficient
-1
3 -1 -1
[m kg h ]
[h ]
1-hexanol
66,2339
53,4517
0,9961
1-nonanol
0
38,8690
0,9933
1-octanol
0
6,5661
0,9087
1-propanol-3-metyltio1,4046
83,7687
0,9596
2-nonanol
0,0742
188,2402
0,9924
6-metyl-5-hepten-2-ol
1,2043
159,2696
0,9919
Benzylalcohol
0,1886
9,6154
0,9640
1-heptanol
6,5613
171,0511
0,9987
1-octen-3-ol
0,1993
122,3713
0,9987
2-octanol
0,0952
146,3906
0,9891
2-octen-1-ol
0
329,8165
0,9985
3-hexen-1-ol
0
206,6681
0,9826
3-octanol
0
133,2050
0,9999
2-ethyl-1-hexanol
0,9311
30,1755
0,9519

On Fig. 3 we have depicted experimental (red points) and calculated (solid line) concentration profiles of higher
alcohol changing with time during fermentation. For illustration we introduce two compounds only: of
1-heptanol and 1-hexanol.
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Figure 3. Experimental and calculated concentration profile: 1-heptanol (left), 1-hexanol (right)

Discusion
On the basis of experimental measurements and mathematical modelling results noted above we can say, that
simple mathematical model Eq.(2) has ability amazingly good describe time evolution of aromas. For higher
alcohols with decreasing concentrations during wine fermentation the agreement between experimental and
calculated values is very good – see values of correlation coefficients listed in table IV, where its values are in the
range 0,95–0,99. In the case of higher alcohols with ascending concentrations during fermentation the
coincidense between experimental and calculated values is a little bit worse but always satisfactory.
Corresponding valueas of correlation coefficients are in the range 0,41–0,99.
On this place it is necessary to remark, that numerical values of kinetic konstants 𝑘𝑘C,E and 𝑘𝑘G,E in mathematical
model are very small. The reason is, that values of aromas concentrations are in μg l-1.
As it was mentioned above, we investigated two groups of time evolution of aromas. Higher alcohols with
ascending concentrations was observed in five cases only – see table I. The most important compounds from this
group are Isoamyl alcohol and 2,3-butanediol. This two compounds have maximal final concentration values. The
only reason for ascending time values of aromas in this group is activity of yeasts. Production of the species listed
in table I has to be very high, because in spite of elutriation this compounds by carbon dioxide its concentration
in liquid phase rising.
Group of compounds with time descending concentration during fermentation process is more numerous with
14 various higher alcohols – see table II. The largest final concentrations have 1-hexanol and 1-octanol. All other
compounds detected from chromatograms have so small final concentration in liquid phase, that are due to
higher perception threshold not sensory registered. For the reason of time descending concentration are few
possibilities. In the first case it is elutriation of aromas by carbon dioxide from liquid phase. Next reason may be
chemical reaction of higher alcohols present in liquid phase with organic acids to form esters. Up to now we have
no confirmation if esterification occurs or not and if yes what is its magnitude. For approve this it is necessary
make next special experiments.

Conclusion
In present article we are concerned with experimental measurement and mathematical modelling of time
evolution od higher alcohols during real wine must alcoholic fermentation. To investigate concentrations profiles
of higher alcohols particularly responsible for the sensory profile of wine, we have used two dimensional gas
chromatography by GC-TOF-MS method. This method enable to detect very low concentrations of aroma
compounds in μg l-1. Inside fermentation broth we detected total 19 various higher alcohols, 5 of them with
incresing time profile and 14 with decreasing time profiles of aromas. Kinetic parameters to proposed
mathematical model was evaluated and good agreement between experimental and calculated data was
obtained.
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Abstract
Bread has been one of the pillars of human diet since time immemorial. However, its ingredients change as
human preferences evolve and alter. The objective of this research is to identify factors that play the main role
in Czech consumers’ decision making when buying bread and assess their importance. By combining consumer
behaviour, theoretic models and existing research, we compiled a set consisting of 17 criteria, whose importance
was assessed by the respondents using a five-point scale. They claimed taste to be the most important aspect,
while the least important one, quite surprisingly, emerged to be quality labelling. If the respondents actually
noticed any quality labelling, they preferred the “Regional food” designation.

Introduction
Food has a central position in the life of consumers. It is the source of nutrition and hedonic experiences, it is
directly linked with consumers’ health, while it serves a social and cultural function. Steenkamp created a
consumer behaviour model for food which distinguishes the purchasing decision process and three sets of factors
(food characteristics, personal factors and environmental factors) that need to be, for the sake of understanding
human behaviour in this sphere, investigated individually as well as in interrelation1. When considering various
options within a certain food category, consumers make decisions based on criteria by which they judge the food,
while the set of criteria and their weight may differ by the type of food. Generally speaking, the most important
ones are necessity, quality, previous experience, price and product qualities and parameters (e.g. freshness,
taste, smell, etc.)2. According to the “means-end chains” theory, such evaluation by criteria may include product
attributes (physical characteristics), consequences for consumers and values3,4. When evaluating the options,
consumers search for information and process it, the course of such processes and methods applied may differ5.
What matters is the consumer’s status within a family, men are often linked with rational shopping, they assess
functionality features, while women make decisions rather on the basis of emotional factors6.
In the Czech Republic, it is predominantly women who buy food (71 %), men buy food for the household less
frequently (only 29 % of the men responded that they buy food regularly)7. The places where they go shopping
most frequently are supermarkets and hypermarkets (49 %), specialized shops including bakeries are preferred
by 7 % of the consumers8.
According to KPMG9, the most important criterion of food shopping is quality, which is a decisive factor for 46 %
of the consumers, followed by price (28 % of the consumers stated it as a decisive factor, however, its importance
decreases as their education rises), the third most important criterion is ingredients (17 %, their importance
grows together with the respondents’ education). More than 80 % of Czech consumers want to know the origin
of at least some food. Consumers do not attach much importance to the brand, advertising or packaging2.
Bread is food that has been part of the human diet since time immemorial. First findings of its existence date
back to 10,000 BC, sourdough bread seems to be younger: it was discovered in Egypt and it is presumed to date
back to 6,000 BC10. According to a survey conducted by GfK8, consumption of bread in the Czech Republic has
been falling in the recent years; at present, Czech households consume 56.3 kilos of bread and spend on bread
around CZK 6,000 a year. Bakery products account for 17 % of the money spent on fresh food, of which 27 % on
bread. The difference as to where bread is bought is evident: 51 % of the consumers buy bread in supermarkets
and hypermarkets, 14 % in specialized shops. The main reason for buying bread is, according to 77 % of the
consumers a habit, for 11 % it is a healthy lifestyle, for 7 % it is innovation and advertising and 2 % indicated other
reasons11. The basic criteria of buyer decision making includes freshness (53 %), taste (28 %), appearance and
doneness (9 %), the remaining 10 % represents shelf life, ingredients and nutrition values12.
On the basis of researching theoretical resources and published research, we compiled a list of 17 attributes that
influence consumers’ buying behaviour for food and it was subsequently verified how they influence buying
behaviour for bread.

Results and Discussion
A quantitative questionnaire survey was conducted using personal interviews; the results presented only
represent one of the three parts of the questionnaire. Questionnaires were obtained from 221 respondents, of
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whom 71 % were women and 29 % men (the population structure in terms of sex corresponds with the situation
typical of the Czech market). The age of the respondents ranged between 18 and 72 years. Other demographic
data observed included highest level of education completed: the most frequent answer (63 %) was secondary
education with a graduation exam; job category (52 % claimed to be “white collars”); population of the place
they live in (a quarter of the respondents belong to the “up to 1,000 inhabitants” category, other categories were
represented quite evenly up to the “more than 200,000 inhabitants” category). Household net monthly income
that was most frequently indicated was “CZK 35,000-45 000” (30 % of the respondents), whereas 47 % of the
respondents claimed their household income was below CZK 35,000 and 23 % stated their household income to
be over CZK 45,000. Respondents’ participation in the survey was not conditioned by any previous shopping
experience, but they had to be bread consumers.
As to shopping frequency, it proved that the respondents typically buy bread 2-3 times a week (58 %). It was
interesting to find that 52 % of the respondents answered the question “Where do you buy bread most
frequently?” claiming that they buy bread in supermarkets, while only 28 % answered they bought bread in
bakeries. By contrast, when answering the question “Where would you prefer buying bread?” only 8 % stated
that in a supermarket and 82 % in a bakery. Therefore, it can be inferred that despite consumers’ being interested
in buying bread in bakeries, the bakery network is not (particularly in small towns) sufficiently spread.
Furthermore, the respondents were asked about the selected criteria that are expected to have impact on buyer
decision making. The analysis included the following criteria: smell, appearance, taste, cracks on bread crust,
manufacturer’s name, price, shelf life, freshness, trust in product quality, handmade product, recipe, availability,
country of origin, quality labelling (BIO, Klasa, etc.), habit, previous experience, recommendations by others. In
order to assess the importance, we used the five-point Likert scale (“totally unimportant”, “unimportant”, “not
unimportant /not important”, “important”, “very important”), the answers were entered into a two-dimensional
matrix in order to minimize the risk of careless mistakes. Attributes from various areas (sensory, marketing,
linked with quality, previous experience, etc.) were arranged randomly.
The results of the interviews are shown in Figure 1.

Figure 1. Importance of criteria when shopping for bread
The most important criteria when buying bread are, according to the respondents, taste, freshness, appearance
and previous experience. Trust in quality, smell, shelf life, availability and country of origin are also important.
By contrast, the least important is the manufacturer’s name, quality labelling and whether the product is
handmade. Other features such as recipe, price, habit, cracks on bread crust and recommendations from others
are neither important nor unimportant. According to Warde13, brand also plays a very important role in consumer
decision making when selecting and buying food, however, this presumption was not confirmed for bread. In
connection with quality labelling it is worth noticing that if the respondents mentioned it as important, most of
them referred to the “Regional food” label.
With respect to the presumption that the significance of various criteria and their influence on decision making
when buying food may differ by sex14, the respondents were divided into two groups: men and women. Median
values were defined and a polarity profile was created for each attribute (see Figure 2), value 1 corresponding
with “totally unimportant” and value 5 with “very important”.
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Figure 2. Selection by sex
It is apparent that the respondent groups differ when assigning the criteria with importance. In general, men do
not mind the manufacturer’s name or quality labelling. They also stated that quality labelling was totally
unimportant.

Conclusion
Bread is certainly one of basic foodstuffs for humans. In the past decades, its popularity with Czech consumers
has been in decline, as can be evidenced by falling demand. Manufacturers who can recognize and satisfy
customers’ needs and requirements better than other competitors have a higher chance of achieving a
competitive advantage, stay in the market and succeed. In order to clarify how Czech consumer perceive
different attributes of bread, how they influence him and how they – together with other criteria – contribute to
his decision making when buying food, the presented research was carried out.
The research results show that the most important criteria of bread selection include attributes linked with
sensory qualities of bread such as taste, freshness and visual aspect. Previous experience also plays a certain
role. By contrast, the least important criteria are those linked with rather marketing aspects such as the
manufacturer’s name, quality labelling and also whether it is a handmade product. Other criteria have mostly no
impact on buyers’ decisions making.
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Abstract
The article describes current trends toward Industry 4.0. It focuses on issues related to labour productivity. There
are still other ways to solve problems of the workplace and to achieve higher work efficiency. These options are
related to the implementation of a variety of Industrial engineering and lean management methods.
The aim of this paper is to analyse the utility of these methods in selected industrial areas and to map out their
potential benefits. Questionnaire survey methods were used and supplemented by semi-structured interviews
with experts from the relevant fields. The results of the investigation have shown that industrial engineering and
lean management philosophy are still important modern business management tools. However, they do not
apply in general. Selection and usability of individual instruments in a specific one depends on the industry.

Introduction
Current general tendencies in the industrial sector are heading toward Industry 4.0. The aim of companies is to
eliminate problems with insufficient labour and to achieve even higher productivity. That is why there are many
companies whose strategic plans for innovation and investment in new equipment are aimed at conceiving the
so-called "smart" factory. However, implementation is difficult. Any new robotic workstation must be
immediately compatible with all other enterprise information systems and activities (supply, production
planning, maintenance, etc.), which poses a problem.
Companies are still on a search for ways of increasing their productivity. Lately, the GDP of many countries has
been on the rise1. The Czech Republic was one of the most successful ones among the EU countries. What is the
comparison of the Czech Republic with other countries from the perspective of productivity? We used the labour
productivity as a comparator; this indicator is calculated from the added value reflecting productivity not only in
terms of company performance2,3, but it also reflects various microeconomic influences (see Fig. 1)

Figure 1. Labour productivity of EU 28 countries in 2007 to 20164
The mean value of the EU 28 in 2007 was 51 million euros per 1,000 employees, whereas in 2016 it was almost
53.5 million euros per 1,000 employees. This growth is caused by, inter alia, the Croatia joining the EU (2013)5 as
well as by above-average values of some countries. The countries that have long been above the EU average are,
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mil. EUR/1000 works

thousand CZK/1000 works

e.g., Luxembourg, Belgium, Denmark, Sweden, Ireland and others, ranking among so-called EU 15. By contrast,
the countries that are deep below the average of the EU 28 are countries such as Lithuania, Croatia, Estonia,
Bulgaria, Romania, Poland and the Czech Republic. The low labour productivity in the Czech Republic may be
caused by a lack of quality employees, inefficient production and downtime6,7.
It is true that the mean value of a country may be distorted by various factors. It is interesting to look at the
development of the productivity indicator used for the monitored period and compare the Czech Republic only
with, for instance, manufacturing industry (see Fig. 2). The 2009 crisis did not cause a sharp drop in the
productivity curve of the Czech manufacturing industry.

Figure 2. Development of labour productivity – comparing the EU average and the manufacturing industry in the
Czech Republic8,9
With respect to the focus of this paper, it will be suitable to take a look at the development of this indicator in
various sections of the manufacturing industry. In particular, we selected sections 20 (Manufacture of chemicals
and chemical products), 22 (Manufacture of rubber and plastic products), 23 (Manufacture of other non-metallic
mineral products) and section 29 (Manufacture of motor vehicles, trailers and semi-trailers).
avarage wagge (CZK)
labour productivity (CZK/month)

avarage wagge (CZK)
labour productivity (CZK/month)

Sec. 22
Sec. 20

Figure 3. Development of labour productivity – Manufacturing industry in the CR - sections 20 and 2210
avarage wagge (CZK)
labour productivity (CZK/month)

Sec. 23

avarage wagge (CZK)
labour productivity (CZK/month)
Sec. 29

Figure 4. Labour productivity development – Manufacturing industry in the CR - sections 23 and 2910
Figures 3 and 4 clearly show that most of the monitored sections overcame the 2009 crisis without any significant
drop. Still, the labour productivity development calculated from the added value in monitored sections lags
behind the EU mean values.
That is the reason why ways of increasing labour productivity should be searched for incessantly. What are the
possible ways? In general, the following principles apply:
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Increasing prices11. However, is that the right way? It certainly cannot apply generally. It depends in what
market segment a company conducts its business. If we are to follow selected industries (sections 20,
22, 23 and 29), it should be stated that they most frequently affect B2B12, which is a sector that is
definitely free of any traditional market mechanisms.
¥ Increasing income, i.e. produce more. However, this requires constant product innovation and/or
distinguishing from the competition13, which, again, is not typical of B2B.
¥ At the same time, it should be realized that an increased production volume is conditioned by companies
ensuring sufficient production capacity2. If the capacity is to increase, companies need to invest in new
equipment and/or they need to hire more employees, which is demanding in terms of investment (just
as it is to follow Industry 4.0) or at least problematic with respect to the current situation in the labour
market.
¥ Another way of increasing added value labour productivity is through CF (cash flow). That requires a
more efficient utilization of the relationship between the production volume and product price11.
Alternatively, it is possible to focus on inventory optimization, shortening the receivable maturity, etc.
¥ The value of the monitored indicator can also be increased by increasing the output value (in terms of
accounting). This presumes either a decrease in output consumption (i.e. decreasing material, power
and service costs)2,11 or an increase in the output through innovations (technologies etc.).
If a company faces certain restrictions in the field of investments and on the labour market, then the easiest way
to increasing the added value lies in ensuring efficient utilization of labour, meaning using existing workforce in
a better way. Such an objective, again, can be achieved using various tools, e.g., through education14 and the
like. Nevertheless, this paper focuses on applying industrial engineering methods.
¥

Methods used
A questionnaire survey among Czech companies, mainly from the chemical and food industry, and semistructured interviews with experts on introducing industrial engineering methods were used in this paper.
First, we needed to compile a list of information that the survey should yield. The objective was to find out what
industrial engineering methods are used in the Czech chemical and food industry and what are the benefits of
these methods to given companies. For the sake of comparison, the survey also included companies from the
automotive industry (this industry is known for its positive approach to industrial engineering methods). The
questionnaire was submitted to respondents using an electronic questionnaire at (http://www.survio.com/cs/).
The target group of respondents were industrial engineers, production/manufacturing managers and experts on
constant improvement from companies chiefly from the chemical and food industry.
In the pilot study, 800 randomly selected companies corresponding with the investigated industries under the
CZ-NACE classification were contacted. With respect to the low return rate, data were collected using personal
contacts in the companies. With respect to the questions used: direct, closed-end, open-end and semi-closed
questions, we opted for a structured questionnaire. The pilot study was personal interviewing at an expert
conference focused on lean management on a small respondent population. The data were collected from April
to November 2018.

Discussion and result analysis
We contacted more than 150 companies. 62 filled-in questionnaires were returned, of which 4 had to be
excluded. The response rate was not very high, around 40 %.
The sample of respondents from different industries and their company size is shown in Table I. The
“Manufacture of chemicals and chemical products” category includes companies from the chemical,
pharmaceutical, glass and pottery industry (hence, this area does not correlate completely with section 20).The
“Manufacture of rubber and plastic products” category includes manufacturers of plastic products for various
industrial applications, manufacturers of rubber components and tyre manufacturers. The “Food industry”
category encompasses producers of food and beverages. The “Automotive” category includes two prominent
Czech car makers and their direct suppliers. The “Other” category includes particularly engineering companies.
From the perspective of size, the companies were divided in categories following the recommendation of the
European Commission to small (fewer than 50 employees), medium-sized (50 – 250 employees) and large (more
than 250 employees).
Only 3 companies had no experience with industrial engineering methods (see Table II), all from “manufacture
of chemicals and chemical products”, spread across the entire range of company sizes. The methods were
considered by two companies who decided not to apply them, both from the chemistry and primary material
manufacturing industry. If the sample were larger, we could conclude that the attitude of companies from the
chemical industry to lean management is still rather lukewarm, as almost 22 % of companies from this industry
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either do not know the methods, or they do not believe they can be beneficial. 10% of the respondents intend
to introduce the methods in future, half of them are from the chemistry and primary material manufacturing
industry and half from the food industry. 81 % of the participating companies apply industrial engineering
methods: 28 % cannot assess their benefits yet, 53 % have already introduced methods for a long time and know
the benefits. All companies from the automotive industry use the methods, they have introduced them and can
assess their benefits. With respect to the fact that 91 % of the respondents either use the methods or intend to
use them, we can conclude that it is an important tool of modern company management.
Table I
Questionnaire respondents (own research)
Industry / enterprise size
Manufacture of chemicals and chemical products
Manufacture of rubber and plastic products
Food industry
Automotive
Other
∑

small
2(3 %)
1(2 %)
3(5 %)

medium-sized
10(17 %)
3(5 %)
2(3 %)
2(3 %)
17(29 %)

Table II
Experience with Industrial engineering methods (own research)
Experience
none
we considered the methods but did not use them
we do not use the methods yet, but we plan to use them
we are implementing the methods, we cannot evaluate them yet
we use the methods, we are able to evaluate the benefits

large
11(19 %)
10(17 %)
8(14 %)
5(9 %)
4(7 %)
38(66 %)

Nr.
3
2
6
16
31

∑
23(40 %)
14(24 %)
10(17 %)
5(9 %)
6(10 %)
58(100 %)

%
5%
3%
10 %
28 %
53 %

Another question in the questionnaire focused on who ensures improvement in companies (Table III). 53 % of
the companies claim that all their employees contribute to improvement. The middle management ensures
improvement in 31 % of the companies and top management in 29 %. 21 % of the companies use services of
external companies and in 9 % of the companies no one is in charge of improvement or introducing industrial
engineering methods. 12 companies have a department that is in charge of ensuring continuous improvement
and introducing industrial engineering methods. In case a company has such a department, it usually consists of
3-4 employees.
Table III
Human resources necessary for industrial engineering (own research)
Who ensures improvement in companies
Top management
Middle management
No body
All their employees contribute to improvement
External companies
Industry engineering department

Nr.
17
18
5
31
12
12

%
29 %
31 %
9%
53 %
21 %
21 %

The survey also investigated in which areas the companies apply the methods (Table IV). Internal activities were
divided in four categories following Košturiak´s15 definition of a lean company, i.e. in production, logistics,
development and administration.
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Table IV
Areas of industrial engineering method application (own research)
Area
Production
Logistic
Development
Administration

Nr.
52
35
14
24

%
90 %
60 %
24 %
41 %

Significant dominance of production is given primarily by historic development. 74 % of chemical companies
apply the methods in production, 39 % in logistics, 17 % in development and 30 % in administration. All
companies from the manufacture of rubber and plastic products industry apply the methods, of which 64 % in
logistics, 36 % in development and 57 % in administration. All companies from the food industry apply the
methods in production, 80 % in development and zero in development, while 30 % of the companies apply the
methods in administration. All the companies from the automotive industry apply the methods in production,
four out of five (80 %) in logistics, only one in development (20 %) and two in administration (40 %). A surprising
finding is the fact that only one company from the automotive industry applies the methods in all four areas.
The question what experience the companies have with industrial engineering methods was obligatory, with the
option of selecting one answer. The method selection was given by expert opinions15,16,17,18,19 and the results are
shown in Table V.
Table V
Experience of companies with individual methods (own research)
Methods / using
a
b
c
d
e
f
Work measuring and analysis, standards
11
3
2
12
30
Identification and monitoring of waste, waste map
12
11
3
12
18
2
Monitoring of indicator - overall equipment effectiveness
11
9
4
10
21
3
VSM - Value stream mapping
12
14
7
12
10
3
FMEA – Failure Mode and Effects Analysis
15
9
2
12
18
2
Work and workplace standardization
8
3
2
14
29
2
5S
6
3
4
10
33
2
Systematic removal of waste, goal-directed WS
11
8
4
17
16
2
SMED – Single minute exchange die
18
8
1
10
17
4
Visual management
13
7
6
9
22
1
TPM – Total productive maintenance
11
8
6
8
22
3
System of improvement proposals
8
3
5
6
34
2
a) We have no experience with the method.
b) We don´t plant to introduce the method as we don´t believe it is beneficial.
c) We plan to introduce the method in future.
d) We are introducing the method, have introduced it partially, we are not able to quantify its benefits yet.
e) We have introduced the method, maintain it and we are able to quantify its benefits.
f) We have introduced the method but after some time we refrained from maintaining it.
Work measurement, analysis and standardization is being introduced by 21 % of the companies and it has been
introduced in 52 % of the companies, meaning 42 out of 58 respondents apply this method. It is widely used
particularly with the respect to the fact that it is a basic tool used by other industrial engineering methods. The
5S method is currently being implemented by 17 % and fully used by 57 %, which is 43 out of 58 respondents.
This method is closely linked with workplace standardization and its introduction leads to achieving results
quickly while maintaining low costs. Another largely used tool is the “system of improvement proposal
collection”. The method is currently being introduced by 10 % of the companies, while 59 % of them have
introduced it. It is a tool that undeniably saves costs in all areas of company activities.
The least used methods are “value stream mapping” and the SMED method. These methods are being introduced
or have been introduced by less than 50 % of the companies. 45 % of the respondents have no experience with
the method or they do not believe it is beneficial. The reason why the VSM method is not used more might be
that it is an activity that should be performed by qualified professionals who have experience not only with the
tool as such, but also with moderating workshops, motivation and coping with conflict. This method can reveal
system errors in important company processes and requires that the management is able of self-reflection, which
is something that – according to experts – many managers lack.
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Conclusion
Economic growth and higher living standard cannot be achieved by increasing employment, but only by
increasing productivity2,15. At the same time “the Czech labour market is shaken”20 and record-breaking number
of people are looking for another job, which is enhanced by low unemployment4,10. This is related with the issue
of employee education, automation and digitization6. “Companies have long enjoyed that the wages in the Czech
Republic were low and they did not invest in this type of development. In comparison with Germany, the number
of robots is only third the size when calculated per 10,000 employees.”20 Nevertheless, productivity cannot be
merely redeemed by new investments1,3. It is also necessary to search for other factors influencing productivity,
including industrial engineering tools15,17,18.
This paper has investigated the degree of how these methods are used in selected areas of the manufacturing
industry in the Czech Republic. Partial conclusions were discussed in the previous chapter. In conclusion, we shall
only state some general facts:
¥ Lean principles and methods (industrial engineering) can be applied in all company areas, even though
with varying benefits. The system of improvement proposals, in particular, shall be applied in the entire
company with no restrictions.
¥ Problems with introducing lean administration are linked with the fact that “employees in these fields
are more crafty and inventive as to how to circumvent rules”.14,15
¥ Another problem is that it is almost impossible to standardize work of engineering-economic staff15. This
field depends mostly on the personality, ability to motivate and authority of the executive14. The best
results are achieved during a crisis, but it is not a systematic and sustainable manner of introducing the
methods.
¥ All employees in the company shall be involved in implementing the methods, while it is very important
that such an activity stems from the top management and has its support.
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Abstract
This work is focused on reactive distillation feasibility. The reactive distillation concept is applied to 2-phenylethyl
acetate production via 2-phenylethanol esterification by acetic acid; as chemical equilibrium limitations can be
overcome, higher conversion of reactants is achieved, heat of the reaction can be used in-situ for distillation and
azeotropic or closely boiling mixtures can be more easily separated than considering a non-RD concept. However,
also reactive distillation has its limits when its utilization is delimited or not effective, and therefore feasibility
assessment is needed. Basic concept of feasibility study comprises graphical methods such as boiling point
analysis, residue curve maps and distillation boundaries for the given chemical system. Sorting of all participating
compounds by increased boiling temperature is the first analysis step which leads to the identification of possible
products distribution in the distillate and bottom product. Then, thermodynamic analysis is performed according
to available experimental data. In the next step, a suitable thermodynamic model for phase equilibria description
is selected and used to calculate residue curve maps for all possible combinations of ternary systems. Finally,
distillation regions, mixture compositions, and possible distillate and bottom product compositions are evaluated
from the ternary diagrams. Using the residue curve maps, limited miscibility areas are also identified. Results of
the chosen feasibility study show that the reactive distillation concept is suitable for 2-phenylethyl acetate
production because suitable product composition without serious process limitations is predicted. These results
form a promising basis for further steps in the research of the 2-phenylethyl acetate production process proposal
via reactive distillation.

Introduction
Nowadays, the reactive distillation concept is used in large scale. Many chemical processes such as alkylation,
amination, dehydration, esterification, hydrolysis etc. are performed by reactive distillation1. Chemical reaction
and product separation occur in one vessel when reactive distillation is used. It has many considerable
advantages such as reduced capital investment and significant energy savings, as it can surpass equilibrium
limitations, simplify complex processes, increase product selectivity and improve separation efficiency2. This is
in agreement with the present trend of reducing energy and raw material consumption. However, the
disadvantages of reactive distillation should not be forgotten. Suitable process operational conditions
(temperature and pressure) considering both separation and chemical reaction; occurrence of reactive
azeotropes or distillation boundaries and strong nonlinear character of the reactive distillation process have to
be taken into account. The conventional process set up, a reactor followed by a separation unit, is connected
with simpler design, however higher energy and raw material consumption compared to reactive distillation may
be expected. Also, capital costs are usually much higher, when two vessels are needed. The decision on which
approach is the most suitable is a result of a complex analysis. Design of a conventional process set up is easier
compared to the reactive distillation concept considering modeling, simulation and analysis. So, reactive
distillation assessment is a more challenging task due to its complex behavior. Graphical mapping methods are
used at the first level of RD process feasibility analysis3, 4. Boiling point analysis, residue curve maps, distillation
line and operating window estimation are commonly applied mapping methods2 – 4. Thus, obtained analysis
results could bring answers for reactive distillation applicability assessment. Also, suitable RD column parameters
can be estimated as a basis for the next steps of process proposal.

Theoretical
Model system
Production of 2-phenylethyl acetate (PEA) via 2-phenylethanol (PE) esterification by acetic acid (AA) was the
investigated chemical synthesis. 2-Phenylethyl acetate is a highly demanded ester used as odor agent and honeylike aroma5, 6. PEA is commercially produced by biotransformations (acetate ester alcoholysis with 2phenylethanol in the presence of Yarrowia lipolytica7), or synthetically by several chemical reactions8. The
highest quality of produced PEA is expected, when the biotechnological way is used. Such natural product
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(absence of toxic chemicals, petrochemicals, metal catalysts etc. in the production process9) is the most suitable
for food and pharmaceutical industry applications. Another possible simple way to achieve the desired product
quality without threatening effects is the application of reactive distillation. 2-Phenylethanol produced
biotechnologically as presented in paper10 is considered to be a suitable reactant. Acetic acid is needed as the
second reactant to form 2-phenylethyl acetate. Esterification reactions between alcohols and carboxylic acids
are a typical example of equilibrium-limited reactions producing water as a by-product. The RD application
concept is based on water removal from the reaction mixture, thus chemical equilibria is shifted to the right, so
enhanced yield of the desired product (PEA) is expected; at maximal PE conversion and product separation. The
investigated chemical system consists of four compounds – water, acetic acid, 2-phenylethanol and 2phenylethyl acetate. Physical properties of these compounds are commonly available in Aspen Plus databases11.
A summary of molecular structure, molecular weight and normal boiling point is provided in Table I.
Table I
Molecular structure, molecular weight (M) and normal boiling point of compounds (tb)
M
tb
Compound
Abbreviation Molecular structure
[g mol-1]
[°C]
Water

18.02

100.00

Acetic acid

AA

60.05

117.90

2-phenylethanol

PE

122.17

218.90

2-phenylehtyl acetate

PEA

164.20

232.56

Graphical mapping methods
RD process proposal comprises several steps which deal with different levels of process details. For the first step,
process assessment, expected product composition and first process parameters estimation is needed. The
second one is focused on exact RD column parameters (number of theoretical stages, reflux ratio, feed location,
column dimensions, column internals etc.), and achievable product composition is evaluated. The last step is
used for process optimization, which requires a rigorous process model (based on the results of previous steps)
and well-defined optimization criteria. Graphical mapping methods are the most common methods used in the
first step. Boiling point analysis, residue curve maps, distillation line and operating window estimation are some
examples of graphical mapping methods.
Boiling point analysis is an approximate method based on sorting all participating compounds by their boiling
point temperatures, showing whether it is possible to separate products by distillation. Residue curve maps are
used for proper testing of the feasibility of mixtures separation12. Residue curve describes the change of the
liquid phase composition during continuous evaporation (with regard to the vapor-liquid phase equilibria). A set
of the residue curves for a single mixture is called a residue curves map13. Pure component and azeotropic points
(marked as nodes) and distillation regions are also presented in the residue curve maps. There are three different
kinds of nodes: stable node, unstable node and saddle. The stable node is defined as pure component or
azeotropic point with the highest boiling temperature, all residue curves end in the stable node. Residue curves
start in the unstable node – pure component or azeotropic point with the lowest boiling temperature. The saddle
is characterized as a point with intermediate boiling temperature. Residue curves are shifted towards and then
away from the saddle, but they never end here. Distillation lines/borders start/end in saddles only11, 14. More
than one distillation region can be observed when there is an azeotropic point, usually. Distillation regions are
separated by border lines starting and ending in the saddle. Residue curves which started in one distillation
region cannot cross to another one, which leads to distillation process limitations. If the pure compounds points
are located in different distillation regions, a mixture of these compounds cannot be separated by distillation13.
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Phase equilibria description
Proper phase equilibria description is essential for the analysis of residue curve maps. An appropriate
thermodynamic model must be capable of properly describing phase equilibria for the selected model system
composed of water, acetic acid, 2-phenylethanol and 2-phenylethyl acetate. Correct composition of all valid
phases has to be predicted (including azeotropes) considering possible compounds separation. Both vapor –
liquid and vapor – liquid – liquid phase equilibria descriptions have to be considered according to experimental
data available in literature. Strong associations in the vapor phase are expected in the water – acetic acid binary
system15. Interactions between carboxylic acid and water molecules in the vapor phase are described properly
by the Hayden-O'Connell equation of state (HOC) that predicts solvation and dimerization in the vapor phase up
to medium pressure11. Limited miscibility is identified in the water – 2-phenylethanol and 2-phenylethyl acetate
binary systems (supported by experimental measurements16). Real liquid phase behavior (including the
formation of two liquid phases) is described by activity coefficients. NRTL equation is used to calculate activity
coefficients with good agreement with experimental data15, 16. Binary interaction parameters of the NRTL
equation for all systems are available in the Aspen Plus database11, except those of 2-phenylethyl acetate binary
systems. These are estimated by the UNIFAC group contribution method17. Selected thermodynamic model is
composed of the NRTL equation and the HOC equation of state. This model provides good description of phase
equilibria for both liquid and vapor phases.

Results and discussion
Normal boiling point temperatures of all present pure components increase in the following order: water, acetic
acid, 2-phenylethanol, 2-phenylethyl acetate (𝑡𝑡",$%& < 𝑡𝑡",'' < 𝑡𝑡",() < 𝑡𝑡",()' ), see Table I. This is in agreement with
the recommendation for quaternary reversible chemical reactions, such as esterification, proposed in work4.
According to the boiling point temperatures of all compounds, by-product (water) can be easily separated, thus
chemical equilibria are shifted to produce the main product, 2-phenylethyl acetate, preferably.
Thermodynamic model NRTL – HOC was used for vapor – liquid – liquid phase equilibria calculations at
atmospheric pressure. Residue curve maps were calculated in the Aspen Plus software for all combinations of
ternary systems (water – AA – PE; water – AA – PEA; water – PE – PEA and AA – PE – PEA). Three binary
azeotropes were identified in all the tested system, temperature, composition and node type are presented in
the following Table II.
Table II
Identified azeotropes at atmospheric pressure
Composition mole %
Temperature
Ternary system
[°C]
water AA
PE
PEA
water – PE – PEA
water – AA – PE
water – AA – PEA

218.58
99.89
99.75

0.00
99.09
99.03

--0.00
0.00

87.48
0.91
---

12.52
--0.97

Node
classification

Node type

saddle
unstable node
unstable node

homogeneous
heterogeneous
heterogeneous

Water forms a binary azeotrope with both PE and PEA. These azeotropes are heterogeneous, located in the area
of limited water – PE, water – PEA miscibility, respectively16. The third azeotrope is formed by PE and PEA. There
is no azeotropic mixture containing acetic acid in the model system.
Residue curves map for ternary system water – AA – PE shows that pure water removal from the ternary mixture
is only possible if there are no traces of PE in the mixture (see Figure 1). Otherwise, water – PE azeotrope
(unstable node with the lowest boiling point in the ternary system) is formed in the distillate. Thus, pure water
separation is not possible. Pure acetic acid is a saddle node, thus water formed by an equilibrium chemical
reaction can be separated quantitatively in favor of enhancing PE and AA concentrations. Thus, chemical
equilibria are shifted towards PEA production as expected.
Second important residue curves map of ternary system water – AA – PEA is presented in Figure 2. This diagram
shows that only PEA can be expected as the bottom product. No separation limitations are predicted for any of
the mixture components, so PEA can be separated as pure compound. The areas of limited water – PE and
water – PEA miscibility (see Figures 1 and 2) do not cause any problems in the distillation process. Both PE and
PEA solubilities in water can be enhanced at higher content of AA.
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Figure 1. Residue curves map for ternary system I: water – AA – PE at atmospheric pressure

Figure 2. Residue curves map for ternary system II: water – AA – PEA at atmospheric pressure
The third ternary map (see Figure 3) is focused on the possibility of PE and PEA separation in presence of water.
Separating the mixture into pure compounds seems to be possible considering the boiling point temperatures
(see Table I). However, there are distillation boundaries formed by three binary azeotropic points (listed in Table
II). Separation of pure PEA is possible only if its content in the feed/stage is higher than 13 mole % (binary mixture
PE – PEA). In case of a ternary mixture, composition of the distillation products depends on the distillation region
in which the feed composition is located. Pure PEA cannot be obtained in the bottom product if the mixture
composition is within the distillation region formed by pure PE (stable node), PE – PEA azeotrope (saddle), pure
water (saddle) and water – PE azeotrope (unstable node). This distillation boundary can be overcome by
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increasing the PEA content in the mixture, which can be achieved by consuming PE in the esterification reaction
with AA to form PEA and water.
The last ternary map of AA – PE – PEA system is presented in Figure 4. There is also a distillation boundary
connecting the PE – PEA azeotrope and pure AA. Separation limitations are the same as for the third ternary
system (water – PE – PEA). Pure PEA can be obtained in the bottom product if the PE concentration is below 87
mole % (distillation region formed by pure PEA (stable node), PE – PEA azeotrope (saddle) and pure AA (unstable
node)).

Figure 3. Residue curves map for ternary system III: water – PE – PEA at atmospheric pressure

Figure 4. Residue curves map for ternary system IV: AA – PE – PEA at atmospheric pressure
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Conclusion
Graphical mapping methods were used to assess 2-phenylethyl acetate production via the reactive distillation
concept. Complex thermodynamic and phase equilibria analysis for the selected model system were evaluated
choosing the thermodynamic model NRTL-HOC as suitable. Residue curves maps (including azeotropic points and
distillation boundaries) were calculated by the Aspen Plus software. Three binary azeotropic points, limited
miscibility areas, were identified. Achievable distillate and bottom product compositions were estimated
according to the residue curves. It is assumed that chemical equilibrium can be overcome by water (by-product)
removal via distillation. Finally, pure 2-phenylehtyl acetate (desired product) can be obtained in the bottom
product. An overall analysis proved that distillation boundaries can be easily overcome by suitable feed
composition. The study results provide a comprehensive basis for further reactive distillation process design.
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Abstract
The visualization method for combustion processes - Chemiluminescence is briefly introduced. An experimental
workstation was created to visualize the burning of the gas mixture and an experimental device was set up. The
measuring point to determine the optimal setting of the observation device, and thus the best resultant flame
visualization consisted of a propane-butane burner, a burner, a support structure, an evaluation PC with Dynamic
Studio software and observation device. Two main parameters of the observation devices and their combinations
were selected for the investigation - camera exposure time parameters ranging from 715 to 10010 µs and
amplifier pulse delay from 0 to -5,000 µs. In addition, the amplification of the amplifier pulse was considered.
The data were evaluated in MATLAB and processed using the steepest descent method to determine the optimal
setting of the observation device. Thus, a validated procedure for further data evaluation or similar
measurements was obtained.

Introduction
The aim of this work is to design an experiment with respect to conditions in the CTU laboratory, where a
qualitative measurement will be carried out using the Chemiluminescence method of visualization of combustion
processes. For example, it is a less sophisticated method than the Laser Induced Fluorescence method. However,
the method offers a simpler way of setting that is less prone to error. It is also less costly to equipment that is
easy to carry because only the amplifier and the camera are needed from a special measurement. The method
gives very good results in sufficient quality. The aim of this work is to find suitable settings of selected devices so
that the results of this experiment are as optimal as possible for further processing.
Chemiluminescence
Chemiluminescence is a special case of luminescence. It is the production of light by chemical reaction. Several
requirements are needed to achieve a chemiluminescent phenomenon.
In the reaction, enough energy is needed to excite the electrons. It follows that the reaction must be exothermic.
Furthermore, there must be a mechanism for directing energy for the need of electron excitation. If the energy
from the chemical reaction lost in its heat of the most part, as in most cases, chemiluminescence will not happen.
Finally, the exciting product must be able to lose its photon energy or convert it to fluorescent compounds. As a
result, photon emission manifests itself as short light flashes. Conversely, the conversion of energy into
fluorescent compounds manifests itself as long-term light emission usually in minutes.
This phenomenon allows to observe, visualize and subsequently evaluate combustion processes. The
visualization of OH radicals by chemiluminescence is used in this work.
Chemiluminescence of OH radicals
One of the most common optical diagnostic methods is chemiluminescent imaging of OH radicals. This imaging
technique captures wavelengths (306 ~ 310 nm) from naturally excited OH radicals as they return to baseline. It
is relatively easy to perform it and use it to identify high-temperature reaction zones in flame burning as well as
to determine key flame parameters. Since the images are integrated into the visual field, the construction details
of the flame cannot be visible.
Experiment
The experiment was conducted in the laboratories of the CTU Faculty of Mechanical Engineering in Prague. Aim
of the experiment was to visualize the combustion intermediate products in the process of burning the gas
mixture, in this case, propane-butane, using a chemiluminescent method. The experiment consists of a
supporting frame, a propane-butane cartridge lab burner, observation optics, a timer box, and Dynamics Studio
computers. The optical assembly consisted of a Dantec Dynamics FlowSense 4M MkII camera, a Hamamatsu
C9547 03L amplifier, an OH particle filter, and two optical parts located behind the camera and amplifier. This
optical part which is placed behind the amplifier is made of quartz glass for UV wavelength transmission. This
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custom optics was provided by CTU laboratories. Figure 1 shows the experiment scheme and Figure 2 of the real
laboratory measurement.

Figure 1. A schematic diagram of an experiment for combustion visualization using Chemiluminescence of OH
radicals

Figure 2. Experiment for combustion visualization using Chemiluminescence of OH radicals
Used devices
Camera
Dantec Dynamics's FlowSence 4M Mk II camera was used for recording.
The resolution of this camera is 2048x2048 pixels, i.e. 4 Megapixels. The bit depth is 12 bits or 4096 greyscales.
The scan rate is 200 ns at 32 fps. Pixel size then 7.4 µm. The scale of up to 250 greyscales was used in the
experiment, that is enough for the experiment. The sample rate used for the experiment was 10 Hz.
Amplifier
The amplification of the Hamamatsu C9547 - 03L amplifier was adjusted by the controller. The luminophore in
the amplifier is of the P43 type - phosphorus. Figures 3 and 4 show the finding of the parameters by which the
amplifier was set for this experiment.

Figure 3. Parameters of the Hamamatsu C9547 - 03L amplifier

Figure 4. Typical dimming of the
phosphor for the amplifier

Filter
The OH particle filter was used to observe the OH radicals in the chemiluminescent burning process. The filter
has the highest permeability at 310 nm.
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Timer box
A timer from the same company was used to synchronize camera and amplifier data with Dynamic Studio
Software.
Procedure of measurement and evaluation
The measurement took place in several steps briefly described in the following points:
• Creation of an experiment in CTU laboratories, devices assembling
• Initial measurement to calibrate and synchronize devices
• Selection of parameters and combinations of values for measurement
• Measure data for selected values (100 frames)
• Export data in .tif format
• Selecting the plane to evaluate the signal size
• Merge the signal of 100 frames in a line-by-line format
• Evaluate the mean value for the merged signal
• Determine the maximum of steepest descent size for each series
• Select the series with the steepest descent
Table I
The records of chemiluminescence method contained a Code markings for measurement - complete
large number of data sets, and therefore a sorting system
with code markings for individual measurements had to be
created. This system is shown in Table I. It is always visible
under the unique code for each combination of camera
settings, amplifier, and amplifier gain. The camera's
exposure time was set in µs, the amplifier’s pulse delay in
µs, and the amplifier gain value were set. Subsequent data
processing will determine which setting is best for the
chemiluminescence method, for the experiment set up so
far, for further data processing. Table I shows the complete
list of captured records.
Explanation of code mark table
The first code number indicates the camera settings, the other two the amplifier settings. The measurements
were also performed in this order. The additional letter "a" for some series indicates a repeat of the
measurement with a different amplification gain value. These values were used to estimate the initial settings.
The 600 tags were created for initial setup estimation and will no longer be needed. However, it was essential
for the experiment, and therefore it is referred to in the grey line.
Also, the series of records 601a-609a will not be further processed because the record was not, as can be seen,
clear and readable (Figure 5). This is due to the construction of the burner head, which contains a screen at the
outlet which forms the internal structure of the flame. It was, therefore, necessary to set the measuring devices
so that the direction of the optics was identical to the direction of the screen of the burner. Furthermore, the
amplification value of the amplifier, which at high values of the amplifier, at a set value of 10%, did not show
visible results (Figure 6) was also adjusted for further measurement. In contrast, correctly recorded data using
chemiluminescence already creates a clear appearance of the flame at first glance and looks, for example, as
follows (Figure 7):

Figure 5. Distortion measurement
through the grid - measurement 605a
image 6/100
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Figure 6. Improper amplifier gain
adjustment - measurement 609a
image 6/100

Figure 7. Correct display
Chemiluminescence measurement 110, image 6/100
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Evaluation of one series
One series of data, such as the series 101, contained 100 images capturing the evolution of flame over time in
seconds. A timing chart of the amplifier delay set-up versus the camera from Dynamics Studio was recorded
(Figure 8). FlowSense 4M MkII is the setting for the camera, the Custom Image Intensifier is the setting for the
amplifier. The captured data/images were subsequently exported in .tif format to folders according to the
spreadsheet structure. Example of the result is from series 101 (Figure 9).

Figure 8. Graphical representation of amplifier and camera settings
for series 101

Figure 9. Measuring 101 image
50/100

Subsequently, the evaluation was performed in Matlab. For each series, a sliced signal for all 100 series images
was evaluated, which was subsequently merged by row into one matrix from which the mean value was
evaluated. In the graphs, merging the signals of all 100 images is blue and the mean is red. The data was selected
in the horizontal plane at 1700 pixels as shown (Figure 10) because it is visually the strongest signal. The result
can be seen below in Figure 11. The following Figure 12 then shows a comparison of the series 101 with the
series 810 from the opposite end of the table.

Figure 10. Section to evaluate the
signal size

Figure 11. Series 101 evaluation

Figure 12. Comparison of
series 101 and 810

After the evaluation of all series, the steepest descent method was chosen. For clarity, the solution in one x-axis
is chosen in this experiment, so the equation (Equation 1) can be used in abbreviated form, where only one part
is used to determine the maximum of the steepest descent value over the mean value.
)*

∇f(𝑥𝑥, 𝑦𝑦) =
(Equation 1)
)+
A new organizational table has also been compiled for the purposes of evaluating the best settings (Table II). This
includes the only a series of measurements that were relevant to the evaluation. A similar table (Table III) shows
the maximum of the steepest descent values for the mean of the corresponding series.
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Table II
Code markings for steepest descent evaluation

Table III
Steepest Descent Values

Graphical representation of the steepest descent
map chart (Figure 13) for each series clearly
shows that the steepest descent is across the
series 8. Thus, to set the camera exposure to
10.010 µs and the amplifier pulse delay from 0 µs
to 5,000 µs.
From the previous interpretations of the chosen
method of the steepest descent, it follows that
the best setting for this experiment is 810
because it has the steepest descent value, i.e.
69.955. However, the very same given values, it
can be said that the whole series 8, i.e. the
camera exposure setting of 10,010 µs, is suitable
for the measurement of burning by
chemiluminescence in the conditions of this
Figure 13. Steepest descent size field
experiment.

Discussion and result analysis
Series 810
The series 810 has been evaluated as the best in this experiment. The camera exposure setting value is 10.010
µs and the amplifier pulse delay is 5,000 µs. The following is a chemiluminescence record from the camera (Figure
14), evaluation of a series of all 100 images with the indicated mean values and comparison of the series 810
with 410 (Figure 15 and 16). In series 410, the key parameter - camera exposure value - is about one-tenth of the
value, i.e., 1,007.5 µs.

Figure 14. Measuring 810 image
50/100
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Figure 15. Series 810 evaluation

Figure 16. Comparison of
the series 410 and 810
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Conclusion
The aim of this work was to perform experimental measurement by the method of Chemiluminescence of OH
radicals and to find out the optimal setting of observation technique for given laboratory conditions. In the
laboratories of the Faculty of Mechanical Engineering of the Czech Technical University in Prague, a measuring
station was constructed, which offered the possibilities of measurement for both the chemiluminescent method
and the Laser Induced Fluorescence.
For the experiment, measurement using a chemiluminescent method was chosen. The preparation of the
experiment in the laboratory consisted of selecting a suitable measuring and observation devices and
constructing the experiment. Two parameters have been selected to influence the measurement results. These
are camera’s exposures and amplifier’s pulse delays. A combination of a total of 90 measurement sets was
chosen, for the meaningfulness of the results. Each contained 100 frames of the observed flame taken at 10 Hz.
The graphical processing of each set in the Matlab program yielded an average grey value signal. Subsequently,
the steepest descent method of mean signal values was used to select the optimal setting. After compiling the
steepest descent map, it was clear that the best setting for chemiluminescence measurements in the conditions
of this experiment is a measurement with the designation 810. Specifically, the camera exposure setting is 10,010
µs and the amplifier pulse delay 5,000 µs. The amplifier gain value was 50% when measured.
It is clear from the results that the camera exposure is the most influential parameter for the setting, while the
amplifier setting has no significant effect. This fact is evidenced by a similar steepest descent value for all
measurement sets with the same camera exposure setting.
This work for an experiment compiled in the CTU laboratories determined the ideal setting of the
Chemiluminescence method, which can be used for further processing, such as flame edge detection.
Thus, the objectives of the paper in the introduction were complied. The physical basis was developed for
methods capable of visualizing combustion processes. The qualitative measurement was performed and its
results were clearly visualized and processed using the steepest descent method.
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Abstract
La0.8Sr0.2Mn0.95O3-x (LSM) and ZrO2-Y2O3 (YSZ) are commonly used materials in high temperature solid oxide cells
(SOCs). Particularly the degradation of electrode-electrolyte interface contact at an oxygen electrode has a great
impact on SOCs overall performance. However, because the oxygen evolution or reduction reaction (OER/ORR)
is predominantly responsible for cell activation losses. It is important to minimize these losses at the oxygen
electrode. A thorough understanding of the electrochemical reactions and structural characteristics of the
oxygen electrode-electrolyte interface is needed. Therefore, symmetrical LSM-YSZ-LSM cells were prepared to
examine degradation mechanisms and kinetics of OER and ORR under different operating conditions. Each cell
was examined by electrochemical methods and spectroscopic methods. Higher operating temperature leads to
better performance; in contrast, the measured variation of oxygen concentration has a negligible effect on the
cell performance.

Introduction
Today an efficient technology for intermittent energy storage is needed to fully utilize renewable energy
resources with an unstable power output over time. This obstacle can be solved by the conversion of electric
energy to easily storable chemical energy – the most suitable way seems to be storing of electric energy into the
energy of chemical bond of the hydrogen molecule, so-called hydrogen economy concept1. High temperature
solid oxide cells (SOCs) are a vital technology in the hydrogen economy concept because they offer significant
advantages over similar low temperature technologies. This is mainly the consequence of high operating
temperature (700 – 900 °C), which leads to fast electrodes kinetics and lower energetic demand for water
splitting without the need of PGM catalyst2. Moreover, SOCs possess an extraordinary possibility to operate in
reversible modes (electrolysis – EC or fuel cell – FC)3. Despite these benefits, there remain major obstacles to the
large scale application of SOCs, one of which is that insufficient reliable data exists regarding the reaction kinetics
and degradation mechanisms of the system.
Especially the interface contact degradation of electron-ion conductive phase is not sufficiently explained in the
literature, despite the huge impact of this degradation on overall SOCs performance4-6. Materials used in SOCs
have to have suitable mechanical and chemical stability and thermal expansion similar to each other7. Commonly
used materials for SOCs fabrication is ZrO2 – 8 mol.% Y2O3 (YSZ) as ion conductive material coupled with
(La0.8Sr0.2)0.95MnO3-x (LSM) and Ni-YSZ as electrone conductive materials for oxygen electrode resp. fuel
electrode8. At the oxygen electrode (LSM-YSZ) – electrolyte (YSZ) interface occurs oxygen evolution reaction and
oxygen reduction reaction (OER/ORR) during electrolysis resp. fuel cell mode. Because the OER and ORR are
predominantly responsible for cell activation losses, it is important to minimize activation and ohmic losses and
prevent following inevitable degradation at the oxygen electrode.
Therefore, a thorough understanding of the electrochemical reactions and structural characteristics of the
oxygen electrode-electrolyte interface is needed. To focus only on this type of interface, symmetric SOCs
LSM-YSZ|YSZ|LSM-YSZ are preferred in order to the omit possible influence of fuel electrode (Ni-YSZ).
Accordingly, a series of in-house symmetric SOCs were fabricated to investigate performance dependence on
operating temperature and concentration of oxygen at the oxygen electrode.

Materials and methods
In-house fabrication of SOCs was optimized in following works9-10. All tested cells were fabricated from
commercial powders: La0.8Sr0.2Mn0.95O3-x – ZrO2-Y2O3 (LSM-YSZ, fuelcellmaterials) electrodes and
ZrO2 – 8 mol. % Y2O3 (YSZ, TOSOH Corp.) electrolytes. At first, the electrolyte was prepared by uniaxial
compression of electrolyte powder (YSZ) followed by its calcination in a furnace at 1350 °C for six hours. Then
the suspension of electrode powder (LSM-YSZ) in a-terpineol (SAFC) was deposited on prepared electrolyte via
a screen printing method. The cell with the deposited electrode was then calcinated at 1150 °C for three hours.
At last, an identical electrode was prepared on the other side of electrolyte; furthermore, reference electrode
(LSM-YSZ) was deposited using a brush at the perimeter of electrolyte. A typical prepared cell has these
dimensions: electrolyte diameter 35 mm and thickness 0.9 mm; electrodes diameter 16 mm. As shown in Figure
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1 whole cell composes of three electrodes: working electrode (WE, b) directly against a counter electrode (CE, c)
with a ring reference electrode (RE, d).

Figure 1. Symmetric solid oxide cell (a – electrolyte; b – working electrode; c – counter electrode; d – ring
reference electrode)
Fabricated cells were put inside corundum measuring apparatus, which was placed inside a tubular furnace with
inbuilt thermo-sensor allowing precise temperature control. All measurements were done at 700 or 800 °C.
Measuring apparatus was divided into two compartments by inserted SOC. Into both compartments gaseous
mixtures of different composition were fed. In WE compartment was fed mixture of O2/N2 with concentration of
oxygen from 100 % to 20 %. To ensure stable RE potential only pure oxygen was fed into the CE+RE compartment.
Gas flow was controlled by rotameters and mass flowmeters.
Fabricated cells were characterized in situ by means of cyclic voltammetry (CV) in potential range <-0.5 V; +0.5 V>
vs RE with a sweep rate of 5 mV s-1. Due to high ohmic resistance of the electrolyte, the iR correction of applied
potential was needed; therefore, electrochemical impedance spectroscopy (EIS) was utilized to obtain the
dependence of ohmic resistance between RE and WE at applied potential. EIS parameters were: WE constant in
the potential range <-0.5 V; +0.5 V> vs RE with potential step 0.1 V; amplitude 50 mV; frequency range from 65
kHz to 0.1 Hz. All electrochemical measurements were obtained using potentiostat Solartron SI 1287
Electrochemical Interface coupled with frequency analyzer Solartron SI 1260 Impedance/Gain-Phase Analyzer
(UK).

Results and discussion
One of the typical un-corrected polarization curve recorded by means of cyclic voltammetry is shown in Figure 2.
This polarization curve was measured at 700 °C and 40 % of O2 in WE compartment. Polarization curve can be
divided into two separate regions the first region can be ascribed to OER and can be found at positive current
density; in the second region ORR occurs within negative current density. The important point of this curve is
open circuit potential (OCP), which is shifted from the origin of coordinates. This shift is influenced by activity
ratio of gaseous oxygen in electrode pores and oxygen OII- ions at available vacancies in the electrolyte; and can
be calculated by means of Nernst equation. Another important aspect of this polarization curve is its linearity,
which is caused by rather high ohmic resistance of the SOC. Relatively high ohmic resistance is mainly caused by
the thickness of electrolyte, but higher thickness contributes to better mechanical properties of fabricated SOC.
This ohmic resistance has to be excluded by iR drop correction as given in Equation 1, where 𝜂𝜂 is overpotential,
𝐸𝐸 is recorded potential, 𝑖𝑖 is current, 𝑅𝑅 is measured ohmic resistance of cell and 𝑂𝑂𝑂𝑂𝑂𝑂 is the measured potential
at open circuit conditions. The ohmic resistance of the cell was measured by means of EIS, which is discussed
later in this paper.
𝜂𝜂 = 𝐸𝐸 − 𝑖𝑖𝑖𝑖 − OCP
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Figure 2. Uncompensated polarization curve of symmetrical SOC; 700 °C; 40 % O2/N2 in WE compartment;
sweep: 0 V, +0.5 V, -0.5 V, 0 V vs RE; sweep rate 5 mV-1 s; arrows indicate sweep direction
The same polarization curve as in Figure 2 is shown after iR drop correction in Figure 3. There are two obvious
changes in comparison to Figure 2. The first is bending of the polarization curve. During ORR the bending of the
curve is probably caused by an insufficient amount of available gaseous oxygen for its reduction. On the other
hand, the curvature during OER is probably caused by the initiation of electrode activation processes. The second
important change in polarization curve is pronounced hysteresis during ORR and OER. Higher current density is
achieved with backward scan (from either top or bottom vortex back to OCP). This hysteresis may be caused by
electrode activation processes or by an intermediate increment of OII- ions incorporated into YSZ lattice. Both of
those possibilities are due to the higher overpotential at the vortex, which leads toward faster desorption of
gaseous O2 during OER and faster electron transfer at LSM-YSZ phase boundary. Different mechanism
enhancement during OER or ORR are chosen because desorption during OER and electron transfer during ORR
seems to be step determining mechanisms; this difference will be discussed later together with EIS results.
1000
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j / A m-2
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0

-500
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-1000
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Figure 3. iR compensated polarization curve of symmetrical SOC; 700 °C; 40 % O2/N2 in WE compartment;
sweep: 0 V, +0.5 V, -0.5 V, 0 V vs RE; sweep rate 5 mV-1 s; arrows indicate sweep direction
All iR corrected polarization curves for every measured gaseous O2/N2 mixtures are shown in Figure 4. Measured
curves are plotted in so-called Tafel plot (dependence of overpotential on logarithm of current density) to
evaluate kinetic parameters. Darker colors are reserved for measurement at 700 °C; contrarily, lighter colors
were used for measurements at 800 °C. Within measured temperature range, it is clear that higher temperature
leads toward higher performance due to faster reaction kinetics. Furthermore, previously discussed hysteresis is
more pronounced at 700 °C. This observation confirms slower kinetics at lower temperatures including the main
electrode reaction as well as parallel processes. Second important dependence is the influence of gaseous oxygen
partial pressure on SOC performance. At 700 °C all measured polarization curves are overlapping each other,
which suggest a rather small influence of oxygen concentration at WE compartment. However, at 800 °C the
overlapping of polarization curve is not that distinctive. Proper reason for this diversity is not the dependence on
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oxygen concentration, but partially inaccurate iR correction; therefore, at both measured temperatures was not
observed any influence of oxygen partial pressure in WE compartment on SOC performance. This iR correction
inaccuracy is caused by a rather fast increment in cell ohmic resistance, which time dependence is shown and
discussed later (Figure 7).
% O2 in N2
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40
h / mV

700 °C, 40 %
700 °C, 60 %
700 °C, 80 %
700 °C, 100%
800 °C, 20 %
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0

-40

ORR
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log(j) / log(A m-2)
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3.5

Figure 4. Tafel plot of iR compensated polarization curves of symmetrical SOC; 700 °C (darker colors);
800 °C (lighter colors)
The second used electrochemical technique was electrochemical impedance spectroscopy (EIS), which is utilized
to obtain more complex information about processes taking place at electrodes. However, performing successful
interpretation may prove to be complicated in SOCs system. To characterize recorded spectra an equivalent
circuit suggested in works Nechache et. al. and Yuan et. al. was used11-12. Suggested equivalent circuit and
comparison of experimental impedance spectrum (for cell voltage 0 V) with calculated fits for symmetrical SOC
is shown in the Nyquist diagram in Figure 5. Main parameters governing the cell behavior are the cell ohmic
resistance (RΩ) and two different mechanisms – one at higher frequencies represented by polarization resistance
(Rp1) with parallel constant phase element representing distributed capacitance of the 3D electrode structure
(CPE1) and the second mechanism at lower frequencies again represented by polarization resistance (Rp2) and
constant phase element (CPE2). A rather good overlapping of experimental data and calculated fit was achieved
by adding inductance parameter (L), which correspond to electrical inductance in wires caused by the heating
coil of a furnace. According to work Nechache et. al.11 mechanism at higher frequencies can be ascribed to
electron transfer and mechanism at lower frequencies seems to be ad- or desorption. However, arcs
corresponding to those two mechanisms are not very clearly visible in Figure 5; therefore, an idealized impedance
spectrum is shown in Figure 6, where both mechanisms are distinctively ascribed to their corresponding
semi-arcs.

Figure 5. Part (a) equivalent circuit representing electrochemical impedance of the SOC; RΩ, ohmic resistance;
L, parasitic inductance; Rp1/Rp2, polarization resistance of higher/lower frequency mechanism;
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CPE1/CPE2, constant phase element of higher/lower frequency mechanism. Part (b) Typical experimental spectra
(dots) in Nyquist diagram overlapped by fit (squares) recorded at symmetrical SOC.

Figure 6. Idealized scheme of impedance spectra with corresponding mechanisms
Evaluated impedance spectra were used to follow two main trends – development of ohmic resistance over time
and reciprocal intensity of semi-arcs on the applied potential. Figure 7 shows the development of ohmic
resistance over time at both measured temperatures. In this figure is a clearly visible drop in ohmic resistance
after the increase of operating temperature from 700 °C to 800 °C due to higher ion conductivity of OII- ions in
YSZ lattice. Nevertheless, the degradation of SOC is apparent at 700 °C at higher temperature this degradation is
much more pronounced. This much faster degradation leads towards inaccurate iR drop calculation discussed in
previous paragraphs at a certain time because impedance spectra were recorded only once per several hours.
3.5
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Figure 7. Time dependence of ohmic resistance recorded by EIS at symmetrical SOC; 700 °C (dots) and 800 °C
(triangles)
At 700 °C influence of mechanisms occurring at WE was studied by means of monitored semi-arc mutual
intensity. Recorded spectra are shown as Nyquist diagrams in Figure 8. At the potential of zero current (Figure 8b) both monitored semi-arcs appear to have the same intensity. If the potential is lowered to -0.5 V (Figure 8-a)
ORR occurs at WE and electron transfer corresponding to the higher frequencies of perturbating signal becomes
a rate determining step. On the other hand, at higher than OCP applied potential (+0.5 V, Figure 8-c) OER occurs
at WE. In this case, semi-arc at higher frequencies is less pronounced than semi-arc corresponding to sorption
mechanism. Obtained results indicate, that ORR is limited by electron transfer; consequently, the catalytic
activity of LSM-YSZ electrode is dramatically lower for ORR than for OER. Differently, results at higher applied
potential suggest that probably desorption of gaseous O2 is the rate determining step for OER in SOC. Previously
discussed results were nearly identical for every O2/N2 mixture regardless of O2 concentration at WE
compartment.
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Figure 8. Nyquist diagrams recorded by EIS at symmetrical SOC; applied potential (a) -0.5 V, (b) 0 V, (c) +0.5 V;
700 °C, 20 % O2/N2 in WE compartment; frequency: 65 kHz – 0.1 Hz; amplitude 50 mV

Conclusion
The results clearly showed that the performance of symmetric LSM-YSZ|YSZ|LSM-YSZ cell is significantly better
at higher operating temperature due to better reaction kinetics and ion conductivity of YSZ electrolyte. However,
the concentration of O2 has almost no impact on cell performance for either ORR or OER. Recorded impedance
spectra indicate a change of reaction rate determining step between ORR and OER. During ORR the limiting step
may be the electron transfer and on the other hand, during OER limiting step may be desorption of oxygen.
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Abstract
In this work, the orthoferrites based on PrFeO3 doped by Bi were investigated as inorganic pigments. The samples
with chemical formula BixPr1-xFeO3 (x=0-0.3) were synthetized by solid state reaction and an influence of different
raw material source of Fe3+ (Fe2O3 and FeOOH) was studied. Calcination process was performed at 1000 °C and
1100 °C with maintaining for 3 hours. The particle size distribution was measured by the device Mastersizer
2000/MU (Malvern Instr., GB). The phase composition was verified by the X-ray diffraction analysis using Miniflex
600 (Rigaku, Japan) and the phase identification of studied powders was achieved with a program that using
matching of the diffraction patterns with data by the ICDD-PDF2 database. A heating microscope with automatic
image analysis EM201-12 (Hesse-Instruments, Germany) was used for study of the thermal stability. The greatest
attention was focused on determination of the colour properties. Colour properties of the powders and pigments
applied into organic binder were studied with using device ColorQuest XE (HunterLab, USA). The results have
shown that the utilization of a suitable Fe3+ raw material has a significant effect on the colour properties of the
orthoferrites. Pigments prepared from FeOOH were significantly darker with a lower contribution of the red
colour. Shades were brown to red-brown. In contrast, pigments prepared from Fe2O3 showed brighter orange to
reddish orange shades.

Introduction
Oxide compounds with perovskite-type structure have a general formula ABO3. In this compound A is formed by
a large cation and a smaller one is placed on B side. Oxide perovskites have a stoichiometry with a structure that
consists a three-dimensional framework of corner-sharing BO6 octahedron that contains A cations at 12coortinate sites1,2. In case of the A3+-B3+ or (3-3) type perovskites (in their orthorhombic forms), the displacement
of different A3+ cations from ideal position appears to decrease with increasing the size of A3+ with the same B3+
cation1,3.
When Fe3+ ions are on the place B, the compounds are called orthoferrites4. The orthoferrites doped by Ln are
also interesting from point of view of research of inorganic pigments. Rare earth elements with not completely
filled f orbitals offer an opportunity to tune the colour response through manipulation of energy and
delocalization phenomenon in conduction and valence bands, which can affects the optical properties of
materials5.
Result of the colour of the orthoferrites is very dependent on condition of the preparation2 and also on used
starting Fe3+ materials and rare earth oxides6. Based on determination of colour properties of LnFeO3 (when
Ln=La, Gd, Yb, Tm and Lu), the pigments can be divided into two groups. The first one is represented by pigments
with the bigger ionic radius (La3+ and Gd3+), which forms pigments with sienna colour. Second group presents
orthoferrites with smaller ionic radius (Tm3+, Lu3+ and Yb3+) forming compounds with reddish brown colours6.
Bismuth ferrite oxide (BiFeO3) is an one of the most studied multiferroic materials. That's because it is the only
material known to exhibit magnetic and ferroelectric order at room temperature7. BiFeO3 is distinguished by its
extremely high magnetic and ferromagnetic transition temperatures, it has a rhombohedrally distorted structure
and possesses a large polarization8,9. Synthesis of single-phase bismuth ferrite prepared by solid state reaction
can be very difficult. For synthesis of pure BiFeO3 from oxides, ultrapure starting oxides are necessary to used.
However, when the BiFeO3 is prepared from materials about analytical purity, secondary phases, the mullite with
orthorhombic structure (Bi2Fe4O9) and the sillenite (Bi25FeO40) with cubic structure next to BiFeO3 can be
formed10.
Currently, inorganic pigments are mostly produced from simple oxides. However, more alternative raw material
sources can be used for production of pigments. Therefore, the knowledge of the fundamental pigmentary
properties with respect to the different raw material sources is one of the primary necessity of an inorganic
producer.
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In this work the orthoferrites based on PrFeO3 doped by Bi were prepared and an influence of different raw
material sources of Fe3+ was studied. The primary pigmentary properties (a particle size distribution, a phase
composition, a thermal stability and colour properties) of BixPr1-xFeO3 pigments prepared from Fe2O3 and FeOOH
were compared in this contribution.

Experiment
The commercially available components Fe2O3 and FeOOH (Precheza a.s., Přerov), Bi2O3 (Pliva Lachema, a.s.
Brno) and Pr6O11 (importer: ML Chemica, Troubsko) with analytical purity were used for preparation of the
orthoferrite compounds. The BixPr1-xFeO3 pigments were prepared by calcination of homogenised initial mixture
in stoichiometric ratio. The calcination was performed at 1000 and 1100 °C with the duration 3 hours on
maximum temperature. Heating rate of calcination process was 10 °Cmin-1.
All powder samples were milled by using planetary mill Pulverisette 5 (Fritsch, DEU) due to improve particle size
distribution. Conditions of milling: speed – 200 rpm; time: 20 min; milling bowl: agate; milling balls: zircon balls
with diameter 1.1-1.2 mm; ball-to-power weight ratio: 8:1; wet milling: in ethanol.
For characterisation of prepared samples some techniques have been used.
A heating microscope with automatic image analysis EM201-12 (Hesse-Instruments, DEU) was used for study of
the thermal stability. This apparatus enables to monitor the dilatometric behaviour of the powder compressed
into a tablet depending on heating temperature. For investigating of thermal stability, the tablets of powders in
shape of cylinder a diameter of 3 mm and height of 6 mm were prepared.
Particle size distribution was performed on device Mastersizer 2000/MU (Malvern Instruments, Ltd., GB). It is
highly integrated laser measuring system for analysing of particle size distribution. Before own measuring, the
all samples were ultrasonically homogenized in Na4P2O7 solution (c=0.15 mol.dm-3). The signal was evaluated
based on the Fraunhofer bending.
Phase composition of the tested pigments were verified by XRD analysis using an equipment diffractometer
Miniflex 600 (Rigaku, Japan) in range 2Θ from 10 to 80° with 1D D/teX Ultra silicon strip detector an Kβ filter. The
Cu Ka radiation was used for this analysis. More precisely, Cu Ka1 (λ=0.15418 nm) radiation was used for range
2Q < 35°, and Cu Ka2 (λ=0.15405 nm) for range 2Q > 35°. The phase identification of studied powders was
achieved with a program that using matching of the diffraction patterns with data contained in the JCPDS
database.
Density of powdered compounds was obtained with using equipment AutoPycnometer (Micrometrics, USA). A
principle of the measurement is based on the gas displacement method to measure volume accurately. Helium
as the displacement medium was used. Based on knowledge of the exact volume and weight of the sample
density of powders is calculated.
The main attention was focused on comparison of colour properties of the samples prepared from different raw
materials. The colour parameters were studied for the powdered samples and for samples applied in organic
matrix in mass tone (Parketol, Akzo Nobel Coatings CZ, a.s., Opava, Czech Republic). The colour properties were
measured in the visible region of the light (400-700 nm) using the spectrophotometer ColorQuest XE (HunterLab,
USA). The colour was evaluated in the system CIE L*a*b* (1976). In this system, the L* represents lightness or
darkness of the pigment. The values a* and b* indicate the direction of the colour; +a - the red colour; -a – the
green colour and similarly +b – the yellow colour; -b – the blue colour. Next colour characteristics have been
calculated for better description of the colour, the chroma C, the hue angle H° and for observing of colour
changes the total colour difference DE*CIE. The total colour difference can be found out from formula:
DE*CIE=[(DL*)2+(Da*)2+(Db*)2]1/2, where DL* - brightness difference between the standard and given sample,
Da*, Db* - difference of the colour coordinates a* and b* between the standard and the given sample. The
standard sample (PrFeO3) and the BixPr1-xFeO3 (x=0.1-0.3) samples have been compared. The chroma represents
saturation of the colour, ranges from 0 (gray) to 100 (pure colour) and it is possible to calculate using the formula:
C=(a*2+b*2)1/2. The hue angle H° is expressed in degrees and moves in the range within 0°- 360°C. The value of
the hue angle can be found out from the formula: H°=arctg(b*/a*). The interval H° for this studied system of
studied pigments is following: 350°-35° red hue, 35°-70° orange hue, 70°-105° yellow hue11.

Discussion and result analysis
Thermal stability is one of the basic properties of inorganic pigments12. Therefore, the studied powders prepared
by calcination from different starting components were compressed into tablets and they were subjected to
verify their thermal stability. The results of this analysis are summarized in Table I and it is obvious that only start
of sintering (t1) and deformation temperatures (t2) were detected. The temperature of sintering was decreased
with growing amount of Bi in BixPr1-xFeO3 for all measured samples. But deformation temperature (t2) in case of
samples prepared from Fe2O3 was detected only for samples x=0.2 and 0.3 which were heated at 1000 °C. It was
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found that powders prepared from the FeOOH had in comparing with samples from Fe2O3 lower sintering
temperature values and the deformation temperature was detected for most of samples. From the point of view
of thermal stability, the Fe2O3 can be recommended as a starting material for the preparation of Bi - doped
orthoferrites. Powders prepared from this raw material have greater thermal stability and lower area losses. The
lower stability of samples from FeOOH is probably due to the presence of more side-compounds and unreacted
raw materials, as it was confirmed by XRD analysis.
Table I
Table of detected characteristic temperatures (t1- start of sintering temperature; t2 – deformation temperature)
and decreases of area in dependence on calcination temperature, raw material and partial substitution of Bi in
BixPr1-xFeO3
Samples prepared from Fe2O3
Samples prepared from FeOOH
1000°C
1100°C
1000°C
1100°C
x
t2
t1
decr.
t2
decr.
t2
[°C]
of
[°C]
of
[°C]
[°C]
area
area
[%]
[%]
0.0
1050
26.7
37.0
1333
0.1
980
34.6
995
21.6
960
1381
32.3
970
23.2
0.2
1442
970
30.0
1330
41.9
1396
0.3
1431
960
35.9
1332
41.7
1321

a)

b)

Fig. 1: X-ray diffraction patterns of samples prepared at 1100°C: a) Bi0.3Pr0.7FeO3 from Fe2O3; b) Bi0.3Pr0.7FeO3
from FeOOH
Figure 1. XRD patterns of Bi0,3Pr0,7FeO3 calcinated at 1100 °C and prepared form: a) Fe2O3; b) FeOOH
The phase composition of the powders was verified by XRD analysis and the identification of the individual phases
was realized by matching of obtained diffraction patterns with the data in the ICDD-PDF2 database. PrFeO3 (with
2Q » 22.7°, 25.5°, 32.0°, 32.4° and 32.6°) was identified as the major phase for all samples. Nevertheless, the
diffraction lines at position 2Q » 22.2°, 32.0°, 32.4° and 32.6° were found and responded to BiFeO3. Based on
results of XRD, there a superposition of diffraction lines assigned to PrFeO3 and BiFeO3 was proven and it shown
formation of BixPr1-xFeO3 solid solutions for both sets of samples. A single-phase composition was detected for
only samples prepared from Fe2O3 at 1100 °C. In the other samples, unreacted compounds (Fe2O3 and Pr6O11)
were found. However, in addition to the unreacted compounds, samples prepared from FeOOH also contained
impurity - Bi2Fe4O9 with mullite structure.
Density is from next primary properties of the pigments. It is also an important indicator for assessing the type
and purity of the pigment under investigation. A theoretical density can be counted from crystallographic
parameters12. The theoretical density values of BixPr1-xFeO3 compounds shifted from 6.82 gcm-3 to 7.36 gcm-3
with increasing amount of Bi. The measured densities of orthoferrites prepared from Fe2O3 were very close to
theoretical values and they indicated that the studied compounds were probably pure. It was confirmed by XRD
analysis. Conversely, large differences between theoretical and determined density were registered for pigments
synthesized from FeOOH. The determined densities of these orthoferrites were in interval 6.52-6.80 g.cm-3. Large
deviations from the theoretical density values were probably caused by presence of unreacted compounds and
impurities, which it was again consistent with the results with XRD analysis.
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Information about particle size distribution belongs to the fundamental pigmentary properties13. Obtained
results of particle size are summarized in Table II. The d50 values of powders prepared from Fe2O3 were around
1 µm for calcinations 1000 °C without a visible trend of the effect of doping ion. However, very slight growth of
particles with increasing amount of dopant is noticeable in samples prepared from Fe2O3 at 1100 °C. A similar
dependence was found for orthoferrites prepared from FeOOH. By comparing the results for both investigated
materials, larger particles were proven for pigments prepared from FeOOH. Generally, the studied pigments had
a suitable particle size especially for application to an organic binder (where a mean particle size of about 2 µm
is recommended).
Table II
The particle size distribution of studied samples
Samples from Fe2O3
1000 °C
1100 °C
x
d10 - d90
d50
d10 - d90
[µm]
[µm]
[µm]
0.0
0.37 – 2.11
1.08
0.40 – 2.88
0.1
0.35 – 2.16
1.25
0.33 – 3.40
0.2
0.91
0.35 – 2.22
1.28
0.31 – 3.55
0.3
0.36 – 2.64
1.59
0.33 – 4.33

d50
[µm]
1.00
0.89
1.06
1.16

Samples from FeOOH
1000 °C
1100 °C
d10 - d90
d10 - d90
[µm]
[µm]
0.38 – 2.30
0.42 – 2.36
0.40 – 1.83
0.33 – 2.75
0.43 – 2.47
1.22
0.31 – 3.45
0.43 – 2.75
0.38 – 5.62

The main aim of this work was study of colour properties of Bi-doped orthoferrites which were prepared from
different starting materials. The colour properties were investigated for powders and for pigment after their
application in organic binder in mass tone. The dependence of a*b* coordinates on the starting raw materials,
the calcination temperature and the amount of substitution is shown in Fig. 1. A two-dimensional a*b* graph
(Fig. 2a) summaries the influence of raw material of colour properties of powdered samples and it is shown that
pigments prepared from FeOOH had lower values of colour coordinates. The biggest a*b* values were obtained
for pigments prepared from Fe2O3. In addition, there is a trend of growth colour coordinates with increasing Bi
content in BixPr1-xFeO3. This character was for both investigated raw material sources. However, the increasing
calcination temperature from 1000 to 1100 °C had a negative character to the colour properties. Pigments
prepared at this temperature had lower colour coordinate values and had darker shades of orange-brown. The
same character observed for powder pigments was also obtained for pigments after their application in an
organic matrix (Fig. 2b).

b)

Figure 2. Colour properties of BixPr1-xFeO3 prepared from different iron raw materials: a) powdered samples; b)
pigments applied into acrylate binder in mass tone
The resulting colour of the pigments depends on the starting materials. By comparing the colour characteristics
(Table III), it was found that brighter and lighter pigments were prepared from Fe2O3. The values of chroma C
and brightness L* were for pigments from Fe2O3 greater. According the hue angle values, the all pigments were
placed in the orange region. The decreasing character of coordinate L* with increasing Bi substitution in
BixPr1-xFeO3 compounds was found for both studied sets. This is consistent with visual appearance of samples,
where the darkening of compounds from x = 0 to x = 0.3 was highly visible to the naked eye. The biggest value of
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the chroma was detected for pigment with substitution Bi x=0.1. The shift from orange to red-orange region with
increasing Bi in BixPr1-xFeO3 is noticeable. The colour change can also be evaluated based on the total colour
difference. In this case the standard (PrFeO3) and the sample with different Bi amount were compared. For
sample x = 0.1 prepared from FeOOH, the DE*CIE value close to 1 was found and it belongs to the barely
perceptible colour difference (0.5≤ DE*CIE≤1.5). However, for the same sample but prepared from Fe2O3, the
lowest DE*CIE was also detected, which in this case belongs to the area of perceptible colour difference
(1.5≤ DE*CIE≤3). If the values are greater than 3, DE*CIE belongs to the area of large colour differences and it is very
well perceptible by a human eye.
Table III
Comparison of the values of L*, C, h° and DE*CIE for the pigments BixPr1-xFeO3 applied into organic acrylate binder
in mass tone
x
0.0
0.1
0.2
0.3
x
0.0
0.1
0.2
0.3

Samples from Fe2O3
L*
48.98
47.61
47.08
44.83

C
39.03
38.38
39.03
36.93

1000 °C
h° [°]
57.85
54.38
51.17
47.28

L*
42.71
42.71
41.43
40.59

C
28.38
29.09
28.45
27.31

1000 °C
h° [°]
53.18
52.43
47.66
43.09

L*
DE*CIE
46.44
2.79
44.10
4.93
43.67
8.40
42.72
Samples from FeOOH
DE*CIE
0.81
3.02
5.09

L*
40.85
40.25
40.22
37.92

1100 °C
C
34.88
32.59
32.35
31.42

h° [°]
55.74
51.74
48.80
44.54

DE*CIE
4.03
5.53
8.22

1100 °C
C
25.09
24.60
24.36
20.39

h° [°]
51.85
50.61
48.38
41.66

DE*CIE
0.94
1.78
6.84

Generally, the results have shown that the utilization of a suitable Fe3+ raw material has a significant effect on
the colour properties of the orthoferrites. Pigments prepared from FeOOH were meaningly darker with a lower
contribution of the red colour. Shades were brown to reddish-brown. In contrast, pigments prepared from Fe2O3
showed brighter orange to reddish orange shades.

Conclusion
In this work, the orthoferrites based on PrFeO3 doped by Bi were investigated as inorganic pigments. The samples
with chemical formula BixPr1-xFeO3 (x=0-0.3) were synthetized by solid state reaction and the influence of
different raw material sources of Fe3+ (Fe2O3 and FeOOH) on pigmentary properties was studied. By comparison
of results was found, that:
- the particle size distribution: larger particles were prepared using the raw material FeOOH.
- the thermal stability: more thermally stable pigments were prepared from Fe2O3.
- the phase composition: the results indicated the formation of BixPr1-xFeO3 solid solutions in both
cases. However, the powders prepared from FeOOH containing more secondary products or
unreacted components.
- the colour properties: observed colour properties and other parameters confirmed that more
attractive shades of brown-red colour were prepared from Fe2O3.
Based on all results, for the preparation of orthoferrite compounds doped with Bi, the Fe2O3 as the starting raw
material can be recommended.
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Abstract
A graphitic carbon nitride has drawn attention as a metal-free and visible-light-responsive photocatalyst in the
area of solar energy conversion and environmental remediation due to its electronic band structure, high
physicochemical and thermal stability, and non-toxic nature. In this work, graphitic carbon nitride was prepared
by thermal treatment from melamine and to enhance the photocatalytic performance of prepared material, it
was further modified by exfoliation. The great emphasis was placed on the preparation of layers.

Introduction
As graphitic carbon nitride (g-C3N4) gained a lot of attention as a metal-free and visible-light-responsive
photocatalyst in the arena of solar energy conversion and environmental remediation in past few years. Graphitic
carbon nitride is a polymeric material based on melon units. The extraordinary diamond-like properties of g-C3N4
are thermal, chemical and photochemical stability due to heptazine-based building blocks and strong covalent
bonds between carbon and nitrogen atoms1,2. Another important property of g-C3N4 is its band gap energy of 2.7
eV which enables absorption of visible light of wavelength lower than 460 nm. That is why various applications
of g-C3N4 in photochemistry including photocatalysis have been studied. Except PVD and CVD synthetic
procedures, g-C3N4 can be simply prepared by thermal condensation of nitrogen-rich precursors, such as
cyanamide, dicyandiamide, melamine, urea and so forth3. A low specific surface area of original bulk g-C3N4 can
be enlarged by exfoliation which is useful for e.g. photocatalytic applications4.
The aim of the present work was the synthesis of bulk and exfoliated g-C3N4, its characterization via different
methods, such as SEM, TEM, XRD, UV-VIS spectroscopy, and its immobilization for the purpose of photoactivity
evaluation using 2 different organic model pollutants (Benzoic Acid and Acid Orange 7).

Experimental details
Materials
Melamine (≥ 99%) was purchased from Sigma Aldrich. Redistilled water was used for all the experiments. Azodye Acid Orange 7 (AO7, C16H11N2NaO4, Sigma-Aldrich) and Benzoic Acid (BA, C7H6O2, Lach-Ner, s.r.o.) serving as
the model compounds were used without further purification.
Synthesis of catalyst
Bulk g-C3N4 was synthetized by the thermal treatment of melamine at 550°C for 4 hours. Exfoliated graphitic
carbon nitride (g-C3N4 exf) was prepared by thermal treatment of bulk g-C3N4 at 500°C for 2 hours. To increase a
particle size of prepared g-C3N4, ultrasonic treatment in different solvents (distilled water, ethanol, isopropanol)
for different period of time (3 and 10 h) was used.
Characterization methods
Scanning electron microscopy (SEM) 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 (TEM) was performed with a JEM 220FS microscope (Jeol, Japan) with a LaB6 electron gun. The
accelerating voltage of 80 kV was applied. Before the TEM analysis 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 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
(SBET) at temperature 77 K and N2 was used as an adsorbate.
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UV-VIS Diffuse reflectance spectra (DRS) 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. The
concentration of model compounds was followed by measurement of UV–VIS spectra (in the range 200–800 nm)
on a Varian Cary 100 Scanning UV–VIS Spectrophotometer.
Measurement of particle size of selected samples was performed using MasterSizer 3000, Malvern Instruments.
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Evaluation of photocatalytic activity
Measurement of photocatalytic activity was performed in suspension using 2 model compounds (Benzoic Acid
and Acid Orange 7). Tests were performed in small stirred cooled reactors (V = 25 ml, temperature of cooling
water 20 °C), light source was UV Sylvania Lynx-S BLB, with broad maximum at 365 nm. At first, tests in dark were
performed to determine the adsorbed amount of the model compounds on the photocatalyst. Then the fresh
powders were used to determine the concentration decay of both model compounds due to the UV irradiation.
After given time in dark or under UV irradiation photocatalyst was separated by centrifugation and the reaction
mixture was analysed by UV-VIS spectroscopy.

Results and discussion
Material characterisation
The g-C3N4 samples were characterized by several common methods. The SEM images of bulk and thermally
exfoliated g-C3N4 are shown in Figure 1.

A)

B)

Figure 1. SEM micrographs of A) bulk and B) exfoliated g-C3N4
Blocks of layered structures of bulk g-C3N4 are visible in Figure 1. A. On the contrary, partially disordered g-C3N4
structures composed of randomly oriented objects caused by thermal treatment are visible in Figure 1. B. TEM
images of bulk and exfoliated g-C3N4 were taken as well, see Figure 2. Bulk g-C3N4 contained flakes with different
thickness, which were agglomerated (Figure 2. A). Exfoliation process led to the formation of shell-like structures
(Figure 2. B). Both the TEM and SEM images document the partial exfoliation of g-bulk C3N4 blocks at the high
temperatures. This effect was also observed by other methods mentioned below.

A)

B)

Figure 2. TEM micrographs of A) bulk and B) exfoliated g-C3N4
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The XRD patterns of the bulk and exfoliated g-C3N4 are compared in Figure 3. It is widely accepted that g-C3N4 is
based on polymerized melem building blocks and by the strongest peak at 2θ = 27.6o is related to interlayer
stacking of the (002) melem planes. The peak at 2θ = 12.9o is attributed to the (100) planes corresponding to
in-plane ordering of the nitrogen-linked heptazine units3. The interlayer distance of 0.323 nm of bulk g-C3N4
corresponding to the 002 diffraction peak was changed to 0.320 nm in case of exfoliated g-C3N4. It confirms that
complex agglomerates remained their layered structures even after the exfoliation.

Figure 3. XRD patterns of bulk and exfoliated g-C3N4
The physisorption of nitrogen showed the significant increase of SBET from 8 m2/g of bulk to 93 m2/g of exfoliated
g-C3N4 which corresponds with the samples morphology observed by SEM and TEM. Diffuse reflectance spectra
of the studied samples in the region of 300-800 nm are shown in Figure 4. A. Relevant Tauc’s plots5 for indirect
bang gap6 are demonstrated in Figure 4. B as well. The DRS spectrum of exfoliated g-C3N4 was blue shifted in
comparison to the bulk g-C3N4 one: The band gap energy increased from 2.66 eV to 2.71 eV.

A)

B)

Figure 4. A) DRS spectra and B) Tauc’s plots of bulk and exfoliated g-C3N4
Deposition of layers
The preparation of thin layers from powder material is a challenging task. A drop-casting method is commonly
used method for layers deposition from suspensions of powder catalysts. Based on our previous study with TiO27,
the photocatalyst concentration in suspension 2.5 g/l was chosen and the final mass concentration of g-C3N4 in
a layer was 0.5 mg/cm2. The suspensions were prepared in different solvents (distilled water, ethanol,
isopropanol). The deposition was performed on a different substrate (microscopic glass, sandblasted glass and
ceramic tile without glaze). However, the prepared suspensions were not homogeneous; the sedimentation of
particles was observed in short period of time and the layers prepared from such suspensions were not stable
after immersion into the water. So the ultrasonic treatment was used to decrease the size of particles in
suspensions. The influence of sonication on particle size of bulk and exfoliated g-C3N4 is shown in Table I which
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contains the values of D(x)50 (medium value of particle size distribution, it is the value of the particle diameter
at 50% in the cumulative distribution) and the whole range of particle sizes of measured sample. However, even
the use of sonication did not lead to the preparation of stable suspensions. The separation of smaller and bigger
particle was observed. The particles with size lower than 10 µm stayed suspended. However, even the use of
separated small particles, which produced stable suspensions, did not lead to the preparation of homogeneous
layers and prepared layers were not stable in water, even if the rough substrates were used.
Table I
The influence of ultrasonic treatment on hydrodynamic particle size of bulk and exfoliated g-C3N4
Dx(50)
Particle size range
Sample
[µm]
[µm]
g-C3N4 as prepared
117
5-1000
g-C3N4 settled particles from water susp. 3h US and dried
30
1-200
g-C3N4 settled particles from EtOH susp. 3h US and dried
14
0.2-140
g-C3N4 settled particles from IPA susp. 10h US and dried
16
1-200
g-C3N4 stable part of aq. susp., 3h US
2.5
0.1-10
g-C3N4 stable part of EtOH susp., 3h US
2
0.2-10 and 20-200
g-C3N4 stable part of IPA susp., 10h US
90
0.2-4 and 35-150
g-C3N4 EXF as prepared
93
5-700
g-C3N4 EXF settled particles from aq. susp. 3h US and dried
14
0.5-90
g-C3N4 EXF stable part of aq. susp. 3h US
2
0.2-20
Photocatalytic activity
Since the prepared layers were not stable in water, we performed tests of photocatalytic activity in suspension.
The powders (g-C3N4 and exfoliated g-C3N4) treated 3h in an ultrasonic bath in aqueous suspension were used.
The adsorptions values for Benzoic Acid at 228 nm and for Acid Orange 7 at 488 nm increased after 30 minutes
of stirring for about 2-3 % for BA and 4-5 % for AO7 and remained the same after 2h, this can be caused by the
presence of very small particles in the measured solution which were not separated by centrifugation. This was
confirmed by comparison of UV-VIS spectra, as shown in Fig. 5 and Fig. 6. The increase of absorbance after
removal of exfoliated g-C3N4 by centrifugation was observed in the whole region of measured wavelengths, it is
more evident in UV region. If we compare the spectrum of the pure model compound with the one after
adsorption in dark, we can see the increase of absorbance which almost corresponds to the sum of pure AO7
and distilled water after exfoliated g-C3N4 separation (Figure 5). In the case of BA, we observed similar trend for
adsorption as for AO7, but the increase of absorbance after separation of exfoliated g-C3N4 was lower (Figure 6).

Figure 5. Absorption spectra of: AO7 (initial concentration), water after separation of exfoliated g-C3N4 by
centrifugation, AO7 irradiated for 2 h by UV light after separation of exfoliated g-C3N4 by centrifugation, AO7
after 2 h of adsorption in dark after separation of exfoliated g-C3N4 by centrifugation.
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Figure 6. Part of absorption spectra of: BA (initial concentration), water after separation of exfoliated g-C3N4 by
centrifugation, BA irradiated for 2 h by UV light after separation of exfoliated g-C3N4 by centrifugation, BA after
2 h of adsorption in dark after separation of exfoliated g-C3N4 by centrifugation
Under UV irradiation, we observed slight decrease in the concentration of BA in time after 2 h of irradiation; the
concentration decrease was about 5 % for both samples (Figure 7). In the case AO7, we observed faster AO7
disappearance, the AO7 concentration decreased by 30 % using g-C3N4 and by 54 % using exfoliated g-C3N4 (Figure
8).

A)

B)

Figure 7. Photocatalytic degradation of Benzoic Acid for A) bulk g-C3N4 and B) exfoliated g-C3N4. Concentration
decay under UV illumination (black) and due to adsorption in dark (grey)
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A)

B)

Figure 8. Photocatalytic degradation of Acid Orange 7 Acid for A) bulk g-C3N4 and B) exfoliated g-C3N4.
Concentration decay under UV illumination (black) and due to adsorption in dark (grey)

Conclusion
Exfoliated g-C3N4 was successfully prepared by the thermal exfoliation of bulk g-C3N4 synthetized by
polymerization of melamine. The XRD and BET analyses proved the exfoliated g-C3N4 remained its layered
structure and its SBET increased more than 10 times. SEM revealed the disordered character of exfoliated g-C3N4
and TEM documented its complex flake and shell-like structure. The band gap energy of exfoliated g-C3N4 was
blue shifted from 2.66 eV to 2.71 eV. Prepared g-C3N4 powders contained particles with wide range of sizes, after
sonication, particle size decreases; however, homogeneous suspension was not obtained. The drop-casting
method was not suitable for the preparation of g-C3N4 layers; g-C3N4 powders did not show good adhesion to the
surface of used substrates. Both types of g-C3N4, bulk and exfoliated, treated for 3h in ultrasonic bath, showed
photocatalytic activity. Exfoliated g-C3N4 removed 54% of AO7 in 2h, while bulk g-C3N4 only 30 %.
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Abstract
This works deals with the plasma surface treatment of various materials. The treatment was carried out using
cold atmospheric plasma (volume DBD). The treatment was units of seconds long and the working conditions
were as follows: frequency 3 kHz, discharge voltage 20 kV, electrode distance 5 mm. The treated materials were
either powder materials (grass seeds, polyethylene powder), either bulk materials (polycarbonate sheets) or
porous materials (polypropylene nonwoven fabrics, polycaprolactone microfibers and polyurethane nanofibers).
The treatment resulted in significant changes of all of the tested materials.

Introduction
The plasma treatments of various surfaces have important role in modern production processes. Despite
demanding handling of plasma technologies, these have recently seen a great development. Low plasma
temperature can be achieved either by low pressure discharge or by DBD at atmospheric pressure. The low
pressure plasma techniques can be used for surface treatment and for deposition of thin films as well. However,
cost of vacuum technology is high and the maintenance is also expensive. These drawbacks are partially solved
by using atmospheric pressure plasma1. Several atmospheric plasma discharge types can be used. Corona
discharge is not suitable for homogeneous treatment of temperature sensitive substrates, plasma jets are not
suitable for treatment of larger areas and therefore the dielectric barrier discharges (DBD) come in handy2. In
DBD, the plasma discharge is sustained between two electrodes where (at least) one of them is covered by
dielectric material. The DBD’s are then divided to volume discharges, coplanar discharges and plasma jets.
Positive effect of plasma treatment on broad class of materials was described by many researchers1-10. The
influence of low pressure microwave plasma on the poppy seeds germination was described in3. The effect of
oxygen (or air) plasma surface treatment of polymer powder in a fluidized bed reactor was studied by5. The
atmospheric plasma torch influence on the polyolefin wettability was described in6.
This work brings summary information about treatment of various classes of materials that are modified by single
plasma treatment (atmospheric DBD) at the same working conditions, contrary to the other works where each
material type is treated differently. The tested materials were powders (grass seeds, polyethylene (HDPE)
powder), bulk materials (polycarbonate sheets - PC) as well as porous materials – polypropylene (PP) nonwoven
fabrics, micro and nanofibers from polycaprolacton (PCL) and polyurethane (PU).

Experimental
Materials
The aim of this work is to assess the effectivity of volume DBD treatment of different materials. The chosen
materials were:
Powder materials
¥ standard grass seed
¥ HDPE powder
Porous materials
¥ The PP nonwoven fabric, 3 mm in thickness and 190 g/m2 in density, diameter of a single fiber 20 μm
¥ nanofibers structure from PCL and PU
Bulk material
¥ PC sheet, thickness 3 mm
Methods
The surface treatment was carried out through whole volume of the powder and fibers materials and on the
surface of the bulk PC using DBD apparatus made by MSV SYSTEMS CZ, s.r.o. The geometrical arrangement is
given in Fig. 1. Working conditions: atmospheric pressure, working gas air (relative humidity 40%), voltage 20 kV,
frequency 3 kHz, inter electrode distance 5 mm (in case of PC sheets 7 mm). The dielectrics was corundum plate
1 mm thick placed on the powered electrode. The earthed electrode was covered by rubber conveyor belt that
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was used for material transport. The treatment times were 1, 2, 3 and 5 seconds. Untreated substrates were
used as reference.

Figure 1. Schematic drawing of the DBD plasma treatment device (a – upper electrode, b – corundum, c – plasma,
d – rubber belt, e – bottom electrode)
The effect of the plasma treatment on various materials was evaluated by suitable measurements:
¥ PP nonwoven fabric – sessile droplet method (contact angle of water)
¥ HDPE powder – dispersibility in distilled water. The XPS measurement - the XPS spectra of HDPE powder
were recorded using hemispherical analyser Phoibos 100 from Specs operated in FAT mode. Software
CasaXPS was used for the spectra processing.
¥ PC sheets – Arco test – fluids with surface tensions in the range of 38 to 66 mN/m
¥ Grass seeds – germination
¥ Nanofibers structures from PCL and PU – these were tested in order to make a carrier material for drugs
soluble in water. Therefore the model medium was used – the saturated NaCl aqueous solution.
Nanofiber structures were soaked for 60 s in this solution immediately after the plasma treatment. The
coverage was observed by scanning electron microscope (SEM) Tescan Vega.

Results and discussion
The Fig. 2 illustrates that 1 s and 3 s plasma treatment of grass seeds led to increased number of germinating
seeds, to longer leaf blades and also to higher growth rate. The best results were obtained in case of
1 s treatment. On the other hand, the samples treated for 5 s were probably damaged due to longer DBD plasma
exposure. Higher growth rate was probably caused by increasing the wettability of the seeds which in turn
resulted in faster water absorption. This positively influenced the growth of the seeds as already shown in3,4. This
positive effect could be essential when dealing with germination problems due to dry season observed in last
few years.

Figure 2. Germination of plasma modified and unmodified grass seed
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Dispersibility of the HDPE powder was also improved by DBD plasma treatment (see Fig. 3) in accordance with
the literature8,11. The 3 s treatment was the most effective one – longer exposure did not improve the wettability
(and dispersibility) significantly.

Figure 3. Positive effect of DBD modification of HDPE – a) HDPE dispersed in distilled water, b) XPS analysis of
modified and unmodified HDPE powder
The XPS measurements confirm that the oxygen content on the HDPE powder surface increased from 0 % to
14 % after the 3 s long DBD plasma treatment. Oxygen containing groups (mainly C-OH) are responsible for better
wettability of the HDPE grains and for improved HDPE powder dispersibility in water.
The DBD plasma treatment of bulk material – polycarbonate sheets – was very effective. Significant increase of
the surface free energy was observed already after 1 s plasma treatment (Fig. 4a)). The reason for increased
surface free energy is probably the higher number of oxygen containing polar groups on the polycarbonate
surface caused by the plasma. The Arco test showed that untreated PC sheets were not wetted neither by the
ink having surface tension 38mN/m (that means very low surface free energy). Nevertheless, the plasma treated
PC (independently of the treatment time) was wetted by all used inks (Fig. 4a)), i.e. inks with surface tensions 38,
44 and 66 mN/m and therefore the surface free energy was improved greatly. For successful coating with
sufficient adhesion of paints, surface wetted by 38 mN/m ink is required (at least). The DBD plasma enhancement
of the surface free energy is therefore interesting and environmentally friendly substitution for the chemical
treatments, where various solvents are needed.
Similar effect was achieved in case of the PP nonwoven fabrics. Complete wetting by water (surface tension
72 mN/m) was obtained in case of the 3 s plasma treatment or longer. This improvement allows simple textile
dyeability and the textile can be easily utilized as a drug carrier12.
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a)

b)

Figure 4. Enhancement of surface free energy of materials due to DBD plasma treatment a) PC sheets b) PP
nonwoven material – left – without plasma treatment, right after 3s DBD plasma treatment
Materials with large specific surface area are often used as drug carriers, micro and nanofiber materials being
one of them. However, they are often hydrophobic which does not allow the water soluble drugs to be bound
into their structure. Therefore, the pilot experiments with plasma treatment of PCL microfiber and PU nanofiber
structures were performed. Homogeneous coverage of all plasma treated (3 s) fibers by saturated NaCl aqueous
solution, serving as model matter, can be clearly seen in Fig. 5 and Fig. 6. In case of chosen plasma parameters,
the structure of treated fibers remain intact. Considering the antibacterial effect of the plasma discharges and
absence of any chemicals that are usually needed in case of chemical treatment, the plasma treatment seems to
be very perspective method for fiber structure activation.

a)

b)

Figure 5. PCL microfibers a) untreated b) after 3s DBD treatment and covered by the model matter
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a)

b)

Figure 6. PU nanofibers a) untreated b) after 3s DBD treatment and covered by the model matter

Conclusion
The positive influence of the DBD plasma treatment on the surface free energy of various structures was proven.
Plasma treatment led in all cases to increase of surface free energy and to improvement of wettability of the
samples. In case of grass seeds the shortest treatment (1 s) resulted in significantly better germination. Longer
treatments probably caused damage of the seeds which was the cause of their deactivation. In case of micro and
nanofibers, the damage of structure was not observed and the plasma treatment affected positively the adhesion
of model matter to the fiber surface.
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Abstract
Rapidly solidified Al5Ca alloy prepared by melt spinning technique was studied in this work. In the rapidly
solidified state, the alloy had very fine microstructure formed by fcc-Al matrix and precipitates of Al4Ca phase.
After annealing at 450 °C for 1h, the amount of precipitates increases as new precipitates were formed. This
proves the ability of alloy to exhibit “self-healing” behaviour by precipitation mechanism. Surface crack was
observed in the rapidly solidified state and after annealing in air at 450 °C for 1 and 11 h. The growth of oxidation
products was observed. These products were not formed in the crack or in its vicinity and so it did not lead to
closing of the crack. Self-healing mechanism by recovery of surface oxide layer was disproved for studied Al5Ca
alloy.

Introduction
Self-healing materials are inspired by living nature. The self-healing behaviour means the ability of closing cracks
that are forming during mechanical deformation of the material. Ceramics and polymers exhibit self-healing
properties quite commonly. In case of metals, alloys and metal matrix composite is self-healing more challenging
task due to their high melting point and tendency to oxidation. Several self-healing mechanisms have been
proposed. In case of this paper, two are of the main importance: 1) recovery of surface oxide layer and 2)
precipitation healing.
Recovery of surface oxide layer was described e.g. for Mg alloys1 and the same mechanism can be assumed for
Al alloys. Water and oxygen from air cause corrosion of the material and corrosion products form compact layer
on the surface. When the whole part is covered by oxide layer, material is protected. This self-protecting
behaviour is well known and used e.g. in stainless steels.
Supersaturated solid solution tends to decompose to matrix and minor phase. This usually happens when the
material is exposed to elevated temperatures. Precipitation (formation of new phase from supersaturated solid
solution) may also occur in energetically rich areas, such as crack. The growth of precipitates closes crack in
material and so causes the self-healing process2,3.
In this work, the Al5Ca alloy was studied. It was prepared by rapid solidification. This process causes decreasing
of grain size and also increasing on alloying elements solubility by formation of supersaturated solid solutions.
Alloy with given chemical composition is in equilibrium state formed by Al and Al4Ca minor phase4. In Al5Ca both
above described self-healing mechanism can be expected.

Experiment
The Al5Ca alloy was prepared by melting of pure metals in the induction furnace and subsequently it was
processed by melt spinning technique. Samples were observed by SEM TESCAN VEGA 3 LMU and TEM Jeol 2200
FS. Chemical composition was measure by XRF Axios. Phase composition was studied by XRD PANalytical X’Pert
Pro. The alloys were annealed in air at 450 °C for 1h and additional 10h.

Results and Discussion
The microstructure of rapidly solidified Al5Ca was very fine, as shown in Figure 1.
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Figure 1. Microstructure of rapidly solidified Al5Ca (SEM)
To see more details, the Al5Ca was observed by TEM, as documented in Figure 2. The alloy is composed of fcc-Al
matrix and Al4Ca precipitates. After annealing at 450 °C for 1h small particles of new Al4Ca precipitates occurred
in the matrix. This means that the material has self-healing potential with precipitation mechanism.

Figure 2. Microstructure of rapidly solidified Al5Ca and Al5Ca after annealing at 450 °C/ 1h (TEM)
To prove the self-healing mechanism by recovery of surface oxide layer, the alloy was observed in the rapidly
solidified state and after annealing in the air at 450 °C. With the aim to describe evolution of oxide layer, surface
crack was chosen and observed after each step of heat treatment.
After annealing for 1 h no changes were observed, as show Figure 3.
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Figure 3. Surface crack in Al5Ca alloy in rapidly solidified state and after at 450 °C / 1h and 450 °C / 11h
Annealing for 11h led to formation of observable particles of oxides. These particles are located on the surface
of the material and their amount in the observed crack is negligible and the shape of the crack remains the
unchanged. This means that the surface oxidation does not cause any self-healing potential for this alloy.

Conclusion
Al5Ca alloy prepared by the melt spinning technique was formed by fcc-Al matrix and Al4Ca precipitated. Heat
treatment at 450 °C for 1h led to further precipitation. Precipitation self-healing mechanism is possible for this
material. Oxidation products are formed on the surface of material after 11h of annealing in the air at 450 °C.
The oxide particles are not formed predominantly in the surface cracks, so the oxidation self-healing mechanism
was disproved for Al5Ca alloy.
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Abstract
In this work, geopolymer binders with high bulk density were prepared by mixing metakaolinite-rich materials
with alkaline activator (water glass) in 0.65 weight ratio. The preparation of geopolymer binders with high bulk
density was based on the separation of the liquid phase from a reaction suspension by a method of
centrifugation. The effect of alkaline activator type (sodium or potassium) and raw metakaolinite-rich material
(metakaolin and two calcined kaolinitic shales) on the properties of the geopolymer binders (bulk density,
compressive strength, flexural strength and pore size distribution) was investigated. The geopolymer binders
with high bulk density were compared with reference geopolymer binders prepared without a separation of the
liquid phase. Geopolymer binders with high bulk density had better mechanical properties than the reference
geopolymer binders. Samples prepared by alkaline activation of calcined kaolinitic shales and potassium water
glass followed by the separation of the liquid phase had the highest compressive strengths (up to 52 MPa).
Geopolymer binders prepared by the centrifugation method had a lower average pore diameter and pore volume
compared to the reference samples.

Introduction
Geopolymer binders belong to the group of materials of increased interest due to the possibility of low CO2
emission as well as low energy consumption, in comparison to Portland cement based materials and ceramics,
respectively. The hardening process of geopolymers at room temperature may result in materials with ceramiclike properties, such as resistance to acids and high temperatures1,2.
Generally, geopolymer binders can be synthesized by alkali activation of an alumininosilicate materials with liquid
alkaline activators, typically an aqueous alkali metal hydroxide or alkali silicate (water glass). The process of
geopolymer synthesis involves the dissolution of solid aluminosilicates sources in the alkaline media. This
dissolution is followed by the polycondensation reaction of hydrolysed types of silicate and aluminate to form a
three dimensional silico-aluminate structure3,4. The basic effect of polymerization is the hardening of the
geopolymer binder5. Various sources of alumina and silica can be used for the geopolymer preparation, for
example volcanic ash, rice husk ash, high-furnace slag or popular fly ash and metakaolin6-8.
Geopolymer binders can be used for various application such as building materials, coatings, catalysts, sorbents,
fibre reinforced composites, immobilizers of toxic waste, decorative and restoration materials, etc9-15.
This study focuses on the preparation and properties of metakaolinite based geopolymer binders with high bulk
density prepared by the separation of the liquid phase from the reaction suspension before hardening.
Geopolymer binders with high bulk density are compared to geopolymer binders prepared without separation
of liquid phase before hardening.

Experimental
Materials
The three samples of raw materials used for the preparation of geopolymers were all commercial products:
metakaolin Mefisto K05 produced by calcination of kaolin at about 750 °C in rotary kiln (České lupkové závody,
a.s., Czech Republic), metakaolinite-rich material Mefisto L05 produced by the calcination of kaolinitic claystone
at about 750 °C in rotary kiln (České lupkové závody, a.s., Czech Republic) and metakaolinite-rich material Mefisto
LB05 produced by the calcination of kaolinitic claystone at about 750 °C in rotary kiln (České lupkové závody, a.s.,
Czech Republic). The metakaolinite-rich materials were labelled as M1, M4 and M7 (in the above mentioned
order). Sodium hydroxide pellets (Lach-Ner, s.r.o., Czech Republic), commercial sodium water glass (Vodní sklo,
a.s., Czech Republic) and distilled water were used for the preparation of a sodium alkaline activator (labelled as
SSS). Potassium hydroxide flakes (Lach-Ner, s.r.o., Czech Republic), commercial potassium water glass (Vodní
sklo, a.s., Czech Republic) and distilled water were used for the preparation of a potassium alkaline activator
(labelled as PSS). The chemical compositions of the raw materials are presented in Table I.
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Table I
Chemical compositions of raw materials in wt.%
LOIa
H2O
SiO2 Al2O3
M1
0.12
57.5
38.1
M4
2.78
51.5
41.9
M7
1.79
52.4
37.2
Sodium
53.75 29.56
0.1
water glass
Potassium
44.22 28.65 0.05
water glass
a
LOI = Loss on ignition

Fe2O3
0.81
0.83
4.45

CaO
0.23
0.17
0.39

MgO
0.4
0.13
0.32

Na2O
0.05
0.04
0.04

K2O
0.87
0.71
1.52

TiO2
0.64
1.5
1.46

P2O5
0.02
0.06
0.17

-

-

-

15.98

0.24

-

-

-

-

-

0.21

20.28

-

-

Sample preparation
The sodium alkali activator was prepared by dissolving the required amounts of solid sodium hydroxide in
distilled water and after cooling, the solution of NaOH was mixed with commercial sodium water glass. The
potassium alkali activator was prepared by dissolving the required amounts of solid potassium hydroxide in
distilled water and after cooling, the solution of KOH was mixed with commercial potassium water glass. The
geopolymer binders were obtained by mixing one of the metakaolinite-rich materials with the sodium or
potassium alkali activators in a planetary mixer at room temperature for 60 min. The weight ratio of the
metakaolinite-rich material to alkaline activator was 0.65. By using this weight ratio the Al:Si:M molar ratio in
suspension (where M is K or Na) was 1:2:1 (a successfully applied ratio in geopolymers preparation). Before
curing, the geopolymer binders were separated by centrifugation to a liquid (supernatant) and a solid (sediment)
phase. The supernatants were removed and the sediments were poured into silicon moulds, air bubbles were
removed by 5-minute vibration and the moulds were put into sealed polyethylene bags and cured at 60 °C in an
electric oven. The samples were taken out after 6 h, de-moulded and left to cure at an ambient temperature
(20 °C) for 7 days. The mechanical, physical and structural properties were measured after 7 days. Reference
geopolymer binders without a separation of the liquid phase were also prepared and tested.

Results and discussion
Mechanical properties
The compressive strength was measured on the 30 x 30 x 60 mm samples and the results are shown in Figure 1.
The results show that separation of the liquid phase from the reaction suspension before hardening had a
significant effect on the mechanical properties of the geopolymer binders. All geopolymer samples with high bulk
density had higher compressive strength than the reference geopolymer binders. This is due to the separation
of the liquid phase which resulted in a decrease of water in the geopolymer binders. From the previous studies,
it is known that increasing water content in geopolymer binders leads to a significant decrease in compressive
strength16,17. Samples M4/PSS-s and M7/PSS-s had the highest compressive strengths (up to 52 MPa).

Compressive strength, MPa
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Figure 1. Compressive strength of reference samples (r) and geopolymer samples with high bulk density (s)
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Figure 2 shows the results of flexural strength after 7 days. A three-point bending setup was used on 20 x 20 x
160 mm samples. All geopolymer samples with high bulk density had higher flexural strength after 7 days
compared to reference samples. Geopolymer binders with high bulk density had again a lower content of water
which resulted in better flexural strength. Sample M4/SSS-s had the highest flexural strength, 7.4 MPa.

Flexural strength, MPa
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Figure 2. Flexural strength of reference samples (r) and geopolymer samples with high bulk density (s)
Samples prepared by alkaline activation of calcined kaolinitic shales and the potassium alkaline activator had the
highest compressive strength, on the contrary, the highest flexural strength was observed in sample prepared
by alkaline activation of calcined kaolinitic shale and sodium alkaline activator. This is because the three-point
bending is a combination of tensile and flexural strength.
Physical properties
Changes in the bulk density of reference samples and samples with a separated liquid phase can be seen in Figure
3. A significant increase in bulk density occurred in samples with a separated liquid phase.
1832

Bulk density, kg/m3
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Figure 3. Bulk density of reference samples (r) and geopolymer samples with high bulk density (s)
Table II shows the differences in porosity based on results from high pressure mercury porosimetry. It was found
that samples prepared by the centrifugation method had a lower average pore diameter, pore volume and
porosity compared to reference samples. The reason for the lower porosity was the centrifugation of the liquid
phase, because decreased content of water in the geopolymer binders leads to a decrease in pore volume16,17.
Geopolymer binders with high bulk density had better mechanical properties due to their lower porosity.

132

ICCT 2019 | PROCEEDINGS

MATERIAL ENGINEERING

Table II
Summary of results from mercury porosimetry
Vpores
[mm3/g]

ᴓpores
(expected
value) [nm]

Porosity [%]

M1/PSS-r

350

8.9

44.6

M1/PSS-s

290

8.3

38.0

M1/SSS-r

410

49.6

46.8

M1/SSS-s

250

31.8

34.8

M4/PSS-r

390

9.9

46.6

M4/PSS-s

220

6.4

32.4

M4/SSS-r

420

42.5

47.6

M4/SSS-s

230

22.4

33.6

M7/PSS-r

370

9.2

45.1

M7/PSS-s

290

7

38.4

M7/SSS-r

420

39.9

47.3

M7/SSS-s

280

22.5

37.3

Structural properties
The morphology of geopolymer reference sample (M4/PSS-r) and the geopolymer with high bulk density
(M4/PSS-s) are shown in Figure 4. No changes in structure of the geopolymer binder can be seen after the
separation of the liquid phase. An amorphous structure were observed in both samples. These findings also apply
to all other samples, not only for presented sample M4/PSS. Table III shows the changes in chemical compositions
detected by EDS (energy-dispersive detector) in white points. From these results, we can conclude that
separation of the liquid phase changes the chemical composition of geopolymer binders. Geopolymer samples
with a high bulk density had a higher content of Al and a lower content of alkali metal (in this case potassium),
compared to the reference samples.

Figure 4. SEM image of M4/PSS-r (a) and M4/PSS-s (b)
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Table III
Chemical composition of M4/PSS-r and M4/PSS-s detected by EDS
Al2O3 [%]

SiO2 [%]

K2O [%]

Na2O [%]

M4/PSS-r

24.9

54.4

20.4

0.3

M4/PSS-s

30

54.7

14.4

0.3

Conclusion
Geopolymer binders with a high bulk density were prepared by a separation of the liquid phase from the reaction
suspension and compared with reference geopolymer binders prepared without a separation of the liquid phase.
Separation of the supernatant resulted in better mechanical properties of the geopolymer binders. Average pore
diameter, pore volume and porosity significantly decreased in the case of geopolymer binders with a high bulk
density. Geopolymer binders prepared by the centrifugation method had a higher bulk density compared to
reference geopolymer samples. Geopolymer with a high bulk density had a different chemical composition
(lower content of alkali metal and a higher content of alumina) compared to reference geopolymer sample.
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Abstract
In the last few years it has been desirable to lower CO2 emissions from construction material production
because of climate change. One way to reduce CO2 emissions is to produce cements which have belite
(dicalcium silicate) as a main component instead of alite (tricalcium silicate), which is a major component of
Portland cement. The production of cement with a high ß-belite content consisted of mixing ground limestone
with thermal silica and with potassium water glass, then compacting the raw material mixture and firing it in an
electric furnace at 1100 °C. The firing temperature used is over 300 °C less than the temperature needed to
produce Portland cement. The mortar was prepared by mixing belite cement, water and quartz sand. The
mechanical properties and frost resistance were determined after the hardening of the mortar. The hardened
mortar showed a compressive strength of 13 MPa and flexural strength of 4 MPa after a year of curing. The
hardened mortar resisted more than 80 freezing cycles in the frost resistance test.

Introduction
Roman cement
Roman cement is a hydraulic binder produced by the firing of calcareous clay since the early 19th century. This
binder was an important building and decorative material through the whole of Europe. The main advantages
of Roman cement were its low production costs, sufficient strength, workability and stability of the resulting
artwork. During production of Roman cement, much lower CO2 emissions are released and a lower amount of
energy is needed than in the production of Portland cement. The firing temperature is below the sintering
temperature and is mostly below 1000 °C. The main component of Roman cement is belite, respectively αbelite and ß-belite and dicalcium silicate. A-belite is Mojorite. The disadvantage of industrially produced Roman
cement is the color instability according to the raw materials used. Other disadvantages are the unstable
properties of Roman cement and its low availability1.
Portland cement
Portland cement production began in the second half of the 19th century. Cement is produced by the firing of
limestone, clays and other additives. Its main component is Alite, tricalcium silicate. The firing temperature is
about 1450 °C. The main disadvantages of Portland cement are its high firing temperature, the large amount of
energy needed and the high CO2 emissions. Another disadvantage is that the Portland cement mortar is
hermetic for water and air after curing compared to mortar from Roman cement. Portland cement mortar
cannot be used for the restoration of monument and buildings made of Roman cement because of their
incompatibility and different mechanical properties. Therefore we wanted to prepare cement from available
industrial raw materials with a high ß-belite content. This prepared cement will be white and the mortar
prepared from it will be usable for the restoration of monuments. The mortar could be filled with fillers and
eventually colored.

Experiment
Optimized preparation of belite cement (ß-belite)
The ß-belite cement we prepared based on the results of previous work2. The preparation consisted of mixing
micromilled limestone (Omyacarb, Omya CZ s.r.o., Czech Republic) with thermal silica (České lupkové závody,
a.s., Czech Republic) and with potassium water glass (3,2 - 3,4, Vodní sklo, a.s., Czech Republic). This mixture
was compacting by hand into the shape of a ball. The balls were calcined in an electric furnace at 1100 °C for 4
hours (Figure 1). Firstly the fired calcinates were crushed in the mechanical crusher and then milled in a ball
mill. The diffraction pattern is shown in Figure 2. Figure 3 gives the SEM image of milled belite cement.
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Figure 1. Calcinate mixtures of raw materials in the electric furnace

Figure 2. Diffractogram of prepared belite cement (C2S = dicalcium silicate, C = CaO)
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Figure 3. SEM image of milled belite cement
Preparation of belite mortar
Belite mortar was prepared by mixing belite cement, water and quartz sand. An appropriate amount of water
was added in order to maintain the same consistency of the mortar. Consistency of the mortar was measured
on the flow table and held at 150 mm. The amount of quartz sand was equal to the amount of cement, i.e. 1:1.
The prepared mortar was poured into iron moulds. The mortar samples were demoulded after 1 day. Standard
test specimens 40x40x160 mm were obtained. These test specimens were kept in a climatic chamber at 25 °C
and 95% RH for further testing.

Results and discussion
Mechanical properties
Mechanical properties were tested on hardened mortar samples. The three-point flexural strengths and
compressive strengths were determined. Firstly the flexural strengths were tested on the test samples
40x40x160 mm. After that the compressive strengths were tested on the remaining half-samples (40x40x80
mm). Mechanical properties were tested after 1, 7, 14, 28, 90, 180 and 365 days of curing. From these results,
curves were constructed. One curve for compressive strength (Figure 4) and the other for flexural strength
(Figure 5). The results show that maximum strengths were achieved for samples after one year of curing. The
flexural strength after 365 days of curing was 4 MPa. The compressive strength after 365 days of curing was 13
MPa.

Figure 4. The compressive strength after 1, 7, 14, 28, 90, 180 and 365 days of curing
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Figure 5. The flexural strength after 1, 7, 14, 28, 90, 180 and 365 days of curing
Frost resistance
Frost resistance was determined only for mortar samples after 365 days of curing. The samples were
40x40x160 mm in size. The samples were exposed to temperatures of -20 °C for 4 hours, then flooded with
water with the temperature of 20 °C and defrosted slowly. Then the cycle was repeated. After every 5 freeze thaw cycle, the samples were weighed and any change in weight was recorded. 150 cycles of freeze - thaw
were performed. From the measured changes in the masses of the three samples, curves were constructed
(Figure 6). The weight of the samples grew until the 60th cycle. This can be explain by the penetration of water
deeper into the mortar pores. The frost resistance of mortar was about 80 cycles after 365 days of curing.

Figure 6. Weight change of the test samples depending on the number of frost cycles
Structural properties
Figure 7 gives the SEM image of belite mortar after 365 days of curing. The change in the morphology of the
belite mortar particles is due to the change in composition. The reaction of ß-belite (dicalcium silicate) with
water formed calcium-silicate-hydrate (C-S-H gel) and Ca(OH)2. Subsequently, Ca(OH)2 carbonates changed to
CaCO33.
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Figure 7. SEM image of belite mortar after 365 days of curing (SEM)

Conclusions
Almost pure ß-belite was obtained by direct synthesis of the raw materials. This belite cement had consistent
composition and properties. The different batches of mortar made from this cement had a constant white color
and still retained the same mechanical properties. The flexural strength was 4 MPa after 365 days of curing.
The compressive strength was 13 MPa after 365 days of curing. The frost resistance of mortar was about 80
cycles after 365 days of curing. This belite mortar can be used for the restoration of monument and buildings.
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Abstract
Aluminium alloys are characterized by low density and good mechanical properties. The main disadvantage of
these alloys is their low thermal stability, so aluminium alloys are often alloyed with transition metals. Rapidly
solidified aluminium alloys usually have better mechanical properties and they are very stable during heat
treatment. The aim of this work was to study the microstructure, measure the microhardness of the AlCrFeCuMg
alloy and to describe the changes after short- and long-term annealing at temperatures of 400 °C, 450 °C and
500 °C. The coarsening of the microstructure appears after annealing of the rapidly solidified aluminium alloys.
AlCrFeCuMg alloy annealed at 450 °C reaches the highest microhardness from the heat treated alloys which is
probably caused by precipitation from rapidly solidified supersaturated solid solution of alloying elements in Al
matrix.

Introduction
The wide use of aluminium alloys is due to their low specific weight and good mechanical properties1. Compared
to conventional aluminium alloys, rapidly solidified aluminium alloys have more than twice higher strength. The
main disadvantage of conventional aluminium alloys is their relatively low thermal stability
at elevated temperature1, 2. Their use is limited up to 250 °C. The aim of many researchers is to prepare aluminium
alloys which will have good mechanical properties even at higher temperatures3.
Aluminium alloys alloyed by transition metals (for example Ni, Cr, Zr etc.) prepared by rapid solidification
methods show good mechanical properties at higher temperatures3. For conventionally prepared alloys, the
concentration of alloying elements must be relatively low to avoid formation of hard and brittle intermetallic
phases that decrease the mechanical properties of the alloys. By using rapid solidification methods, it is possible
to increase the concentration of alloying elements significantly above the equilibrium solubility. In this case, iron,
chromium, molybdenum and other elements, which have very low equilibrium solubility in solid aluminium, can
be used for alloying1.
The aluminium alloys produced by rapid solidification exhibit improved mechanical properties at higher
temperatures when conventional aluminium alloys lose their mechanical properties1. The fast cooling of the alloy
suppresses the crystallization of the minor phases, resulting in a supersaturated solid solution. Then the structure
is also refined and nanocrystalline or amorphous phases can be prepared3. An assumption for the formation of
an amorphous phase in alloys is the supercritical cooling rate, differences of atomic radii and the mutual affinity
of atoms1. Rapidly solidified alloys are more resistant to elevated temperatures due to the presence of finegrained thermally stable intermetallic phases, which are formed by elements with low solubility and low diffusion
coefficient in the aluminium matrix. These intermetallic phases have a minimal tendency to coarsening at higher
temperatures3. Rapid solidification can be used to produce materials that exhibit new properties, such as
precipitation hardening1.
A number of alloy systems have been developed during the research in the field of rapidly solidified aluminium
alloys with increased thermal stability. The most important are alloys of two systems: AlCr and AlFe. These alloys
can replace steel in some application and expensive titanium alloys due to their advantageous properties and
relatively low cost2.
In this work, the rapidly solidified AlCrFeCuMg alloy was examined. In most cases, alloys based on Al-Cr-Fe are
formed by the nanocrystalline matrix fcc-Al and the quasicrystalline phase, which contains Al, Cr and Fe. These
elements form generally decagonal quasicrystals. The alloys may also contain other phases depending on the
cooling rate and the presence of other alloying elements. At lower cooling rates, a mixed phase of Al13(Cr,Fe)2-4,
or two separate intermetallic phases Al13Cr2 and Al13Fe4 are formed. These materials are characterized by
excellent thermal stability compared to other rapidly solidified aluminium alloys. The excellent thermal stability
is due to the presence of quasicrystals. Al-Cr-Fe quasicrystals present at grain boundaries are stable up to
500 °C and suppress the coarsening of the material4, 5. Copper-alloyed rapidly solidified aluminium alloys have
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the ability of “self-healing” the material. Cu atoms gather near the defect of the material, form CuAl2 precipitates
and the defect is closed6. Cu-containing aluminium alloys have also higher strength and hardness.
The aim of this work was to study the microstructure and measure the hardness of the AlCrFeCuMg alloy and to
describe the changes after short- and long-term annealing at temperatures of 400 °C, 450 °C and 500 °C.

Experiment
Rapidly-solidified AlCrFeCuMg alloy were prepared by melt-spinning technique. The obtained ribbons were
annealed at 400, 450 and 500 °C in an electric resistance furnace. Annealing was carried out for 0.25, 1, 10 and
100 h at each temperature. Samples were grinded, polished and etched by Keller´s agent (2 ml HF, 3 ml HCl, 5 ml
HNO3, 190 ml H2O). The microstructure was observed by Olympus PME3 light microscope. Determination of
phase composition of samples was performed by X-ray diffraction analysis using a PANalytical X´Pert Pro
diffractometer. The microhardness of the samples was measured by Vickers method on a FUTURE-TECH FM-700
machine with a load of 5 g.

Discussion and result analysis
Rapidly solidified ribbon of AlCrFeCuMg alloy (Figure 1) is formed by a solid solution of α-Al and a quasi-crystalline
phase of Al80(Cr,Fe)20 according to X-ray diffraction analysis.

Figure 1. XRD pattern of rapidly solidified AlCrFeCuMg alloy
The microstructure of the rapidly solidified AlCrFeCuMg ribbons (Figure 2) is very fine-grained and contains two
parts. First is the area, where the melt is in contact with the disc during the melt-spinning and where the cooling
rate reaches higher values and the second area is in contact with air. These two areas are seen using a light
microscope.

Figure 2. Microstructure of the rapidly solidified AlCrFeCuMg ribbon
The phase composition of the AlCrFeCuMg ribbons after annealing at 400 °C for 15 min and 1 hour is the same
as without annealing. The sample annealed for 10 hours contains the Al13Cr2 phase (Figure 3).
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Figure 3. XRD patterns of rapidly solidified AlCrFeCuMg ribbons after annealing at 400 °C in comparison with
the same sample without annealing
The microstructure of the ribbons annealed at 400 °C for 15 min is very fine, similar to the rapid solidified sample
without annealing. Coarser particles are formed during the 1 and 10 hour of annealing. The coarsest
microstructure reports the sample after 100 hour of annealing (Figure 4).
a)

b)

c)

d)

Figure 4. Microstructure of the rapidly solidified AlCrFeCuMg ribbons after a) 15 min, b) 1 hour, c) 10 hours, d)
100 hours of annealing at 400 °C
The phase composition of the ribbons annealed at 450 °C (Figure 5) is similar to the phase composition of ribbons
annealed at 400 °C (Figure 3). Samples annealed for 15 min and 1 hour contains α-Al and quasi-crystalline
Al80(Cr,Fe)20 phase as well as a rapidly solidified sample. After 10 hours of heat treatment at 450 °C, the quasicrystalline phase Al80(Cr,Fe)20 was decomposed and two new phases Al13Cr2 and Al13Fe4 was appeared.
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Figure 5. XRD patterns of rapidly solidified AlCrFeCuMg ribbons after annealing at 450 °C in comparison with
the same sample without annealing
The microstructure of the ribbons annealed at 450 °C for 15 min and 1 hour is very fine, but it already contains
coarser particles compared to the sample annealed during the same time at 400 °C. For samples annealed for
10 h and 100 h, the microstructure was coarser than previous heat treated samples (Figure 6).
a)

b)

c)

d)

Figure 6. Microstructure of the rapidly solidified AlCrFeCuMg ribbons after a) 15 min, b) 1 hour, c) 10 hours, d)
100 hours of annealing at 450 °C
For samples annealed at 500 °C, the composition changes after only 15 min of processing, the solid solution of
α-Al, quasi-crystalline phase Al80(Cr,Fe)20 and mixed oxides appear in the sample. For ribbons annealed for
1 and 10 hours, the composition was the same: α-Al, Al13Cr2 and Al13Fe4. It can be say that after 1 h of heat
treatment of the ribbons at 500 °C, the quasi-crystalline phaseAl80(Cr,Fe)20 is decomposed (Figure 7).
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Figure 5. XRD patterns of rapidly solidified AlCrFeCuMg ribbons after annealing at 500 °C in comparison with
the same sample without annealing
The microstructure is very fine after 15 min of annealing, but contains coarser particles on one side of the ribbon
that can be attributed to the mixed oxides formed during the heat treatment. The microstructure of the ribbon
annealed for 1 hour is very fine and does not contain visible coarse particles in comparison with the ribbon after
short annealing. This means that the microstructure is fully transformed. Ribbons annealed for 10 hour and 100
hour show that the coarsening of the microstructure increases with increasing time of heat treatment (Figure 8).
a)

b)

c)

d)

Figure 8. Microstructure of the rapidly solidified AlCrFeCuMg ribbons after a) 15 min, b) 1 hour, c) 10 hours, d)
100 hours of annealing at 500 °C
The rapidly solidified AlCrFeCuMg alloy reaches the highest microhardness. After annealing for 15 min, the
hardness decreases for all samples and then the microhardness values are constant within the error bars, as
illustrated in Figure 9. Samples annealed at 500 °C have the lowest microhardness values during the heat
treatment. When we compare the microhardness of annealed samples, samples processed at 450 °C shows the
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highest microhardness values. This can be explained by the concurrence of two contradictory events precipitation of Al13Cr2 and Al13Fe4 phases (increases hardness after annealing) and coarsening of the aluminium
matrix grains (reduces hardness after annealing).

Figure 9. Microhardness of AlCrFeCuMg ribbons after annealing

Conclusion
The rapidly solidified AlCrFeCuMg ribbons were successfully prepared by melt-spinning. Ribbons are
characterized by very fine-grained microstructure composed of α-Al solid solution and a quasicrystalline phase
of Al80(Cr,Fe)20. After annealing at 400 °C for 10 hours, Al13Cr2 phase appears and the microstructure contains
coarser particles after more than 1 hour in the furnace. After 10 hours of heat treatment at 450 °C, the quasicrystalline phase Al80(Cr,Fe)20 decomposes and two new phases Al13Cr2 and Al13Fe4 appear. Mixed oxides appear
in the sample during annealing at 500 °C. The coarsening of the microstructure increases with increasing time
and temperature of heat treatment. The rapidly solidified AlCrFeCuMg alloy reaches the highest microhardness.
The hardness decreases for all samples after annealing.
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Abstract
This paper discusses perspective of oil refineries in the 2030-2050 period. The oil refineries never struggled with
so many threats as nowadays. The most serious threat is the upcoming low carbon economy. The number of
refineries in Europe is constantly decreasing. To understand why, pros and cons of the oil refineries are reviewed.
Extremely well positioning, products with high energy density and reliable distribution systems represent the
most important pros, high share of mineral feeds the most important con of the oil refineries. They focus now
on “2030 advanced bio-fuels” scenario, however more crucial will be adaptation to “2050 low carbon vision”.
The oil refineries can successfully compete with a full electromobility concept; moreover, offer a cheaper solution
to the required greenhouse gases (GHG) reduction. However, this will be subject to significant changes of feed
diet, technology portfolio, require implementation of the best available technologies, advanced catalytic
systems, modern additives and 4.0 industry principles. To change activities of the oil refineries from the
specialized business to a more complex leadership in industrial clusters, based on the tight cooperation with
industry partners and neighbor community, will be necessary.

Introduction
The oil business represents a well-established and historically very successful entrepreneurial activity. However,
this business never struggled with so many threats as nowadays. The European oil refineries have a particularly
difficult position because of the EU's extraordinary care for the environment. Facing these threats effectively
represents a new strategic challenge for the oil refineries. Based on a critical review of published information,
this paper list existing threats, review current position of the oil refineries, define crucial time horizons to
implement new solutions and outline possible strategies to develop a refinery of the future.

Overview and discussion of threats, challenges and strategies
Which are the current threats for the oil refineries?
• Economy of scale, e.g. trend to higher capacities, their maximal utilization and to integration of business
activities
• Increasingly stringent fuels specifications, e.g. mandate to produce even cleaner and cleaner fuels
• Growing consumption of alternative fuels, first of all biofuels and CNG
• Emerging interests on power to liquid (PTL) concept (produce fuels from electrolytic hydrogen and
sequestered or industrial carbon dioxide)
• Increasingly stringent emission standards, e.g. significant reduction of GHG and other harmful emissions from
traffic and operation of the oil refineries as well
• Diesel engines are going to be banned in certain agglomerations, because of harmful emissions
• Even stricter considered general ban of combustion engines in certain countries, again because of emissions
• A sudden onset of battery electric vehicles (BEV) and increasing share of hybrid cars in car fleets
• Moreover, the current aim to reduce consumption of plastics and increase recycling of waste plastics
Unfortunately, many of these threats are driven rather politically than scientifically, bitterly supported
legislatively and by taxes. They cause in Europe bearish petroleum markets and bring significant uncertainty for
future activities of the oil refineries. For this reason, more oil refineries in Europe were closed-down within the
last decade, as per Concawe statistics, see Table I1,2. Within nine years the number of European oil refineries
decreased by 21 and their capacity by 130 mt·a-1. This evolution will continue. Based on Concawe data, likely
situation in 2030 was estimated utilizing mathematical regression. The both, number of the oil refineries and
their sum capacity will further drop significantly. However, average capacity of the oil refineries will grow little
bit. According to available studies, only 36 European oil refineries are resilient enough to future competition3,4,
what is even less than 56 oil refineries forecasted by regression for 2030. For examples of closed-down refineries
in Europe see table II5.
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Table I
Refineries in Europe (former USSR countries not involved)
Year
2009 2011 2013 2015
Number of refineries
111
107
99
93
Mainstream refineries
94
91
83
79
Bitumen and Lube refineries
17
16
16
14
Capacity (mt·a-1)
795
751
691
672
Capacity average (mt·a-1)
8.46 8.25 8.33 8.51
Table II
Examples of closed-down refineries in Europe
Capacity
Site
(mt·a-1)
Port Clarence Teeside, GB,
5.85
Flandres / Dunkirk, Total, NL
7.7
Reichstett, PetroPlus, D
4.25
Cremona, Tamoil, I
4.8
Aprechim Pitesty, Petrom, RO
3.5
Rome, ERG & Total, I
4.3
Paramo, Unipetrol, CZ
1
Linos, BP & TNK, GB
8
Coryton, Petroplus, GB
11
Porto Magera Venice, ENI, I
3.5
Milford Haven, Murphy Oil, GB
5.4
Mantova, IES, I
2.6

2017
90
77
13
665
8.64

2030
56
49
?
454
9.19

Closed down
(year)
2009
2010
2011
2011
2011
2012
2012
2012
2012
2013
2014
2014

As can be seen from the Table II, some of these oil refineries were quite large. In reality, some assets are not
mothballed totally, however used alternatively, for example transferred to a bio-refinery (Porto Magera Venice),
to a bitumen and lube refinery (Paramo), or used as a logistic terminal. Thus, in certain cases, terminals, tank
farms and pipeline systems may be of greater value than the production facilities.
What are the strengths (pros) of the oil refineries to face the future threats?
• Are extremely well positioned
• Deliver products with extremely high, unbeatable energy density
• Operate established, reliable and safe distribution systems
• Supply effectively and efficiently their customers
• Have extremely high technology and business experience
• Repeatedly demonstrated its capability to innovate, evolve and adapt
What are the weaknesses (cons) of the oil refineries?
•
•
•
•

Currently, process predominantly mineral feeds (crude oil) representing inevitable source of additional GHG
It is industry demanding on capital expenditures, therefore little flexible
It is energy demanding activity, producing additional GHG
They represent industry with relatively high-risk potential

There are two significant time horizons targeted in various documents regarding of the future oil refineries:
• Year 2030, focused on “advanced bio-fuels”
• Year 2050, targeting “low carbon economy”
Central for 2030 targets is the “RED II directive”6, a part of the “European 2030 Climate & Energy Framework”7.
These documents mandate at least 40 % cut in GHG emissions (from 1990 levels), 32 % share for renewable
energy and 32.5 % improvement in energy efficiency. These mandates will be fixed in “National Energy and
Climate Plans”, developed since 2018. Advanced biofuels, a central subject of these targets, characterizes a
document of European Commission (EC) “Building up the Future – Advanced Biofuels”, written by 32 industry
experts8. Here are characterized these biofuels (cellulosic ethanol, hydrogenated vegetable oils (HVO)/
hydrotreated esters and fatty acids (HEFA), bio JET, biodiesel, biooil, biocoal; biohydrogen, biogas and algae
biofuels), updated technology status of various product chains and production technologies and finally set
targets for their deployment on the EU market by 2030.
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The 2050 vision is even more complex, sophisticated, but also uncertain then 2030 one. On the 22nd World
Petroleum Congress in Istanbul, J. Abbott from Shell has characterized expected development as “a global energy
transition, to meet the energy needs of a growing global population at the same time as rapidly reducing its
carbon emissions”9. The 2050 vision targets reduction of GHG from transport about 80-85 % to 2020 level, based
on regular LCA methodology. Details of this vision are available in an EC document called „A Roadmap for moving
to a competitive low-carbon economy in 2050“10. This vision was further developed and refined in documents of
Fuels Europe11-13, CIEP14 and Concawe&Ricardo15. Three scenarios for European light duty vehicles market to
2050 were analyzed vs. EC scenario „Business As Usual“:
1) Mass electro vehicles (EVs) adoption to ~90 % of BEV
2) Low carbon fuels scenario, representing use of significant proportions of biofuels and PTL fuels
3) Alternative scenario, combining plug in hybrid EV together with increased consumption of bio- and PTL fuels
In all scenarios, 87 % GHG reduction vs. year 2015 was considered. As per available results, the all scenarios are
feasible, however each related to specific risks, uncertainties and diverse costs, which will be cumulatively up to
630 billion €. A vision of achieving full electromobility by 2050 (scenario 1) will be unrealistic for many reasons.
From the perspective of costs, optimal solution may lie somewhere in-between the scenarios evaluated. The
considered reduction of GHG can be achieved producing low carbon fuels and utilizing the existing infrastructure
as substituting current cars with EV, but with significantly lower costs15. Fuels Europe foresees structure of
vehicles by 2050 as per Table III11:
Table III
Vision 2050 structure of vehicles
Drive type
Battery EV
Plug-in hybrid EV - Gasoline
Plug-in hybrid EV - Diesel
CNG
LPG
Fuel Cells EV
Hybrid EV - Gasoline
Hybrid EV - Diesel
Gasoline
Diesel

Passenger cars
26
7.1
13.4
0.8
0.2
0
21
18.4
8.2
4.9

Light commercial
vehicles
14.4
34.5
7.6
0.1
0.1
0
2.8
28.6
0.7
11.2

BEV and the plug-in hybrid EV will achieve about 50 % share in the both categories. The share of the pure internal
combustion engines will be marginal, despite the fact that advanced mogas and diesel with a larger volume of
biofuels will be consumed. The small share of CNG, LPG and Fuel Cells vehicles in this structure is surprising.
EC and related institutions are dealing regularly with crucial issues regarding energy security, oil business
activities, advanced products, product mix and refineries of the future16-19. As concerns development of the oil
refineries, “EU Refining Forum” is a body discussing regulatory proposals which may impact the oil refineries. It
was established in 2013 and substituted the previous “EU refining roundtable”20. The last 22nd World Petroleum
Congress in Istanbul also addressed the future and the challenges for the refining industry. The central congress
theme was “Bridges to Our Energy Future”21. Other documents are available on these important topics 9,22-27.
These all may be summarized as follows:
As concerns feed diet - share of crude oil in a feed diet of the oil refineries will be significantly reduced. Moreover,
a swap from conventional to non-conventional crude oils is expected. Co-processing or direct processing of low
carbon feeds based on conversion of biomass of 2nd and 3rd generation (biooil, synthesis gas and oil), chemically
recycled waste plastics and rubber, feeds based on PTL concept will increase. Because processing of these
alternative feeds is more demanding and their share will continuously grow, processing will become increasingly
difficult. A new feed diet will demand much more hydrogen than the current one.
As concerns processes – apparatus and catalysts will be further intensively developed and adapted to a new feed
diet, focusing on hydro- and thermal catalytic processes and certain non-catalytic processes. The hydroprocesses
will benefit from a power to hydrogen concept. The oil refineries will seek to maximize the use of hydrogen in
products. Content of aromatics and olefins in output streams will be drastically reduced. In this context, the
central role of catalytic reforming as a source of hydrogen for the oil refineries will decline. However, this
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technology can be utilized to store surplus of hydrogen, based on reverse reaction of toluene and methylcyclohexane, which both are stabile liquid chemical compounds, as per the next chemical equation:
𝐶𝐶" 𝐻𝐻$ + 3 𝐻𝐻( ↔ 𝐶𝐶" 𝐻𝐻*+ ΔH -204,8 kJ·mol-1
FCC technology, due to its ingenious technological principle, capability to process low carbon feeds, high yields
flexibility (towards mogas, diesel or propene) and great reaction potential of alkenes in products, seems to be
very promising for future operation of the oil refineries. Moreover, carbon dioxide produced burning the coke
on the catalyst (about 8 %wt. to feed) can be involved into PTL concept. The role of isomerization will grow,
because produces clean component to mogas and is capable to convert synthetic waxes to very valuable middledistillate components. In addition, the importance of alkylation technology will increase, because alkylate is an
almost ideal component of clean mogas. Solid bed catalyst alkylation, which represents the newest breakthrough development in the field of refinery technologies and catalysts (the first AlkyClean unit of CB&I and
Albermarle was commissioned at Wonfull Petrochemical Plant in China in Dec. 201528) will facilitate further
production of alkylate. On the edge between the oil refineries and petrochemistry, the role of Fischer-Tropsch
(FT) synthesis will grow. Hydroprocessing, FCC, isomerization, alkylation and FT advanced catalytic systems will
be further developed as concerns activity, stability and selectivity. They will be better tailored to concrete units
and new type of feeds. Technologies based on moving (ebullated or fluidized catalytic bed) will fit to processing
of future problematic low-carbon feeds. The both, processing additives (because more problematic feeds will be
processed, internal refinery streams and utilities will be recycled to a greater extend, advance catalytic systems
will be implemented) and product additives (because of their positive impact on environment) will play increasing
role.
As concerns products - phase-out of lead since 2001, mandatory blending of bio-components into motor fuels
(in the Czech Republic since 2007) and production of clean fuels with max. 10 mg·kg-1 sulfur since 2009 will
continue with29,30:
Reduction of sulfur content in heating oils, maritime and JET fuels, to reduce sulfur dioxide emissions
Further reduction of aromatics generally, polyaromatics specifically and alkenes in motor fuels, as increased
attention will be paid to other hazardous substances contained in the tailpipe emissions
¥ Further increase of octane and cetane numbers, to improve fuels performance
¥ Exclusively available complexly additized motor fuels, to keep the combustion engines clean and to reduce
GHG and harmful emissions
¥ Higher mandatory direct blending (alcohols, ethers and fatty acids methyl esters (FAME)) and indirect
blending (HEFA, HVO) quotas of bio-components 2nd and 3rd generation
¥ Growing share of synthetic (BTL, GTL and PTL) components in motor fuels
Production of mineral motor fuels will continuously drop due to more reasons. Increasing share of BEV and plugin EV will reduce demand on refined products in Europe, about almost 170 Mt by 203011. By 2050 mineral
components will play in motor fuels a role in countering supply inbalances and ensuring consistent quality of
products. Although the different raw materials will be processed in the oil refineries, the low liquid carbon fuels
will be similar to the present ones. The future role of substitutes (LPG, CNG, LNG, di-methyl-ether and hydrogen)
will not be fully clear now. As concerns production of petrochemical feeds, important will be that30:
¥
¥

¥
¥
¥
¥

Consumers generally like petrochemical products
There is significant potential to develop new high value petrochemical products based on so-called “smart”
integration of the both activities
Some petrochemical products help significantly cut GHG emissions (for example polystyrene foams)
However, share of recycled waste plastics and rubber will grow

The refining industry continuously invests in research and development (R&D) and maintenance programs31.
Within the next three decades, the oil refineries will significantly reduce GHG emissions released from operation,
will not produce wastes and not flare hydrocarbons. Energy efficiency will be increased base on widespread
utilization of cogeneration, heating pumps, advanced catalytic and membrane systems. This development will be
necessary because of much stricter emission trading rules (auctioning of carbon permits) and will base on
mandatory implementation of “the best available technologies”32,33.
The refinery technologies represent already now examples of highly digitalized industry. However, future oil
refineries 4.0 will be much more digitalized. APC systems will be further developed towards higher complexity
and intelligence. Updated digital maintenance and event prediction and learning systems will be implemented,
to perform maintenance on a timely and efficient basis. Protection of workers from harmful substances and
coaching of the workers, to be at the right time on the right place, will be implemented. Hence, assets reliability,
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workers productivity and safety will be significantly improved. Synonyms of the future refinery will be agility,
reliability and shared intelligence34-36.
For the next three decades, major changes in the business concept and strategy of the oil refineries are signaled,
which will require redefinition of their business missions and visions. The oil refineries will switch from “mineral”
to “low-carbon” economy and much more integrate their business activities with other partners, not to be
seriously endangered individually and also as the whole industry. Based on their excellent positioning, the oil
refineries will establish industrial clusters with neighbor industry to swap materials, produce jointly energies and
utilities and develop joint projects. Close cooperation with the surrounding community will be necessary, for
example to deliver low potential heat or to recycle certain sorted wastes11.

Conclusions
The oil refineries have to consider current threats as a challenge and face these threats proactively. They should
communicate clearly and emphatically their business position, experiences, activities and where are evolving.
They have to perform intensive R&D activities towards low carbon economy and introduce low carbon feeds,
utilities and products. They have to implement the best available technologies, advanced catalytic systems and
to reduce their carbon footprint. They will produce almost no wastes. They will be at the forefront of the 4.0
industry. They need to change their missions and visions from unique business position to much more integrated
and versatile role, us an industrial hub. These efforts will make it possible for the oil refineries to have a significant
business position in 2050 and contribute crucially to achieving of targeted GHG savings.

List of abbreviations
APC
BEV
BTL
CIEP
CNG
EC
EV
FAME
GHG

.......... Advanced Process Control systems
.......... Battery Electric Vehicles
.......... Biomass to Liquid
.......... Clingendael Int. Energy Program
.......... Compressed Natural Gas
.......... European Commission
.......... Electric Vehicles
.......... Fatty Acid Methyl Ester
.......... Green House Gases

GTL
HEFA
HVO
LCA
LNG
LPG
PTL
R&D
RED

.......... Gas to Liquid
.......... Hydrotreated Esters and Fatty Acids
.......... Hydrogenated Vegetable Oil
.......... Life Cycle Assessment
.......... Liquefied Natural Gas
.......... Liquefied Petroleum Gases
.......... Power to Liquid
.......... Research and Development
.......... Renewable Energy Directive
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Abstract
Hydrocracking is an important technological process in oil refinery industry. It is usually utilized for processing of
low-value feedstock (e.g. vacuum distillates and residues) in order to produce motor fuels. It is also suitable for
processing of the waxes produced by Fischer-Tropsch (FT) synthesis. The hydrocracking step is necessary for high
quality fuels production from the FT-wax that can be composed of up to 90 wt.% of the fraction with boiling
range above 400 °C. In this paper, the FT-wax hydrocracking was carried out in the temperature range of 305 –
370 °C, pressure of 8 MPa, H2/feed ratio of 500 m3/m3 and WHSV of 1, 2 and 4 h-1. Obtained products were
analysed using simulated distillation, which provided products distillation profile. The products were then
subjected to distillation during which three fractions were obtained: fraction having boiling point up to 200 °C,
200 – 400 °C and the residue. The first two distillation fractions were then analysed using various analytical
methods in order to determine the composition and physico-chemical properties. The analytical results are
presented and discussed.

Introduction
Environmental concerns and new liquid fuels regulations are only two of many factors for the effort regarding
the production of less polluting motor fuels. These clean fuels can be easily produced by Fischer-Tropsch
synthesis (FTS) using natural gas or biomass as a feedstock. At present time, a special attention is payed to fuels
made from biomass (BTL), because these advanced biofuels can contribute to greenhouse gas emission
reduction. The primary FTS products are mainly composed of long-chain normal paraffins, containing no sulphur
or nitrogen and an only trace amount of aromatics. They can be source of an environmentally clean
transportation fuels and lube-base oils which can be utilized either alone or blended with petroleum-based
products1, 2.
The FT-products, which contain paraffins with a wide range of molecular mass and whose distribution can be
described by the Anderson–Schulz–Flory model3, need to be upgraded in order to become suitable as
transportation fuels6. The best way to reach the desired fuels yield and quality is based on the Low-temperature
FTS (LTFT) followed by a FT-wax hydrocracking step using a proper bifunctional catalyst2, 4.
Ideally, the hydrocracking stage should selectively convert the heavy paraffins into middle distillates and
simultaneously it should minimize cracking of the middle distillates already present in the feedstock.
Furthermore, it should support isomerization to improve low-temperature properties of middle distillates and
octane number of naphtha fraction. The typical FT-waxe hydrocracking reaction conditions are the pressure of
3.5 - 7 MPa and the temperature of 320 – 370 °C. The possibility of using milder reaction conditions compared
to the conventional hydrocracking of petroleum-based feedstocks and still achieving high conversion can be
explained by the nature of the FT-waxes (the high chemical reactivity of heavy paraffin molecules) and the
absence of contaminants5.
Hydrocracking of the LTFT waxe is a valuable option to produce high-quality liquid fuels, especially middle
distillates. A proper choice of operating conditions and optimal catalyst types are crucial for an ideal
hydrocracking6, 7.
Primary liquid product of FT-wax hydrocracking is composed of middle distillates (kerosene and diesel) and
naphtha fractions which can be separated via distillation. The middle distillates usually have promising
composition and physico-chemical properties and they can be utilized as transportation fuels. On the other hand,
the composition and properties of the naphtha fraction prevent its direct usage as the alternative to automotive
gasoline. Nevertheless, the naphtha fraction can still be utilized as an intermediate and feedstock in the
petrochemical industry6, 7.
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This study was focused on the FT-waxe hydrocracking and characterization of the obtained products. The primary
products were fractionated to the particular distillation cuts. Due to small yield of other fraction, chemical
composition and physico-chemical properties of naphtha fractions were evaluated only and the results were
compared with the EN 228 specifications for automotive gasoline.

Experimental

The feedstock used in this study was FT-wax SX 70 (Shell, Malaysia). Its basic physico-chemical parameters are
listed in the Table I. The utilized FT-wax consisted of 99 % m/m of fraction boiling above 400 °C and 1 % m/m of
fraction boiling in the range of 200-400 °C.
Table I
Physico-chemical parameters of the utilized FT wax
Parameter
Appearance
Density at 15 °C
Density at 70 °C
Melting point
Kin. viscosity at 100 °C
T10
Distillation1
T50
T90
Sulphur
Carbonization residue
1)
Simulated distillation

Method

Unit

Value

Visual
ASTM D1217
DIN 51 757
ASTM D938
ASTM D445

kg.m-3
kg.m-3
°C
mm2.s-1

ISO 3924

°C

ISO 20846
ISO 10370

mg.kg-1
% m/m

white granules
842
780
72
6.5
438
488
535
<1
0.005

The FT-wax hydrocracking was carried out using the continuous-flow catalytic unit with a fixed-bed reactor. The
reactor consisted of a stainless-steel tube with an internal diameter of 30 mm and length of 620 mm. The reactor
was loaded with 100 g of powdered catalyst, which was crushed and sieved in order to get the grain range of
0.25–0.42 mm. The utilized catalyst was a typical hydrocracking catalyst based on Ni, W and Mo / zeolite Y. The
catalyst was diluted with silicon carbide (SiC) in the ratio of 1:1. The catalyst was activated using Hydrotreated
Gas Oil containing 3 %m/m of DMDS (dimethyl disulphide) and stabilized using Atmospheric Gas Oil. Dibutyl
sulphide (DBS) was added (1 % m/m) to the FT-waxe to maintain the activity of the catalyst during the
hydrocracking process.
The hydrocracking was carried out using the following operating conditions: temperature from 305 to 370 °C;
pressure of 8 MPa; hydrogen to feedstock ratio (H2/wax) of 500 m3/m3 and WHSV (weight hourly space velocity)
of 1, 2 and 4 h-1. Liquid and gaseous products were collected for each combination of the reaction conditions.
The primary liquid samples were analysed using simulated distillation. The composition of the gaseous products
was analysed using gas chromatography. Atmospheric distillation was carried out to separate particular
distillation fractions of the primary liquid samples. The distillation apparatus FISCHER technology with the spiral
column HMS 500 was used. The distillation was carried out with the following parameters: reflux of 1:1,
maximum temperature of the distillation column of 270 °C and maximum temperature on the head of the
distillation column of 200 °C. The obtained naphtha fractions (boiling up to 200 °C) were characterized using gas
chromatopgraphy (PONA analysis) and several other methods (density, DVPE, distillation test) designed for
evaluation of automotive gasoline. The obtained results were compared with the EN 228 specification. The
influence of the reaction temperature and WHSV on the products composition and properties was evaluated as
well.

Results and discussion
Conversions yields and fractional composition of the primary liquid products obtained using WHSV of 1 h-1 are
displayed in Fig. 1. The simulated distillation test showed that the primary liquid products was composed mainly
of the light fractions boiling up to 400 °C, especially of the naphtha fraction boiling up to 200 °C. Conversion of
the fraction boiling above 400 °C to the liquid products boiling below 400 °C increased with the increasing
reaction temperature and decreased with the increasing WHSV. Full conversion was reached at 320 °C using
WHSV of 1 h-1, at 340 °C for WHSV of 2 h-1 and at 360 °C for WHSV of 4 h-1. The liquid or semi-solid product yields
ranged from 60-97 %m/m.
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Figure 1. Conversion yield and fractional composition of the primary products obtained using WHSV of 1 h-1
Gaseous products of hydrocracking contained in fact only n-alkanes and i-alkanes, content of other hydrocarbons
groups was negligible. The concentrations of both major groups increased with increasing reaction temperature.
The concentration increase was observed especially in case of propane and n-butane and i-butane. Although the
methane and ethane concentration in the gaseous products also increased with the reaction temperature, it was
very small in comparison with the other detected hydrocarbons. WHSV had opposite effect, so increasing WHSV
led to the reduction of the total hydrocarbons concentrations in reaction gas.
Primary liquid products of the hydrocracking were fractionated to the distillation cuts. Since the liquid products
were predominantly composed of naphtha fraction (boiling up to 200 °C, according to SIMDIST), the aim of this
procedure was separation of the naphtha fraction from the other fractions. The yield of the naphtha fraction
corresponded with the results of the simulated distillation of the primary liquid products.
PONA analysis results of the naphtha fractions are shown in Fig. 2. As can be seen, the naphtha fractions were
predominantly composed of i-alkanes and n-alkanes. The remaining part was composed of cycloalkanes and
aromatic hydrocarbons. Content of olefins was negligible.
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Figure 2. Results of PONA analysis of the naphtha fractions (WHSV of 1 h-1)
Increasing reaction temperature led to the increase of n-alkanes content and the decrease of naphthenes and
aromatics content. The content of i-alkanes wasn’t significantly affected by reaction temperature. Increasing
WHSV caused the increase of the content of cycloalkanes and aromatic hydrocarbons, especially at the lower
reaction temperatures. Due to the rather high content of n-alkanes and low content of aromatics, low values of
octane numbers of the naphtha fractions can be expected. All samples complied with the requirements of the
specification EN 228 regarding aromatics content, benzene content and the content of olefins.
Since the density of all analysed samples was lower than the lower limit of the specification, none of the products
met this requirement. Moreover, the density of naphtha fraction decreased with increasing reaction
temperature. On the other hand, increasing WHSV led to the density increase which can be associated with the
higher content of cycloalkanes and aromatic hydrocarbons.
Vapour pressure was another analysed parameter. The results of its determination were compared with
requirements of EN 228 specification for summer (A class) and winter (D class) type (gasoline. Majority of the
products met the requirement for winter class fuel. None of them complied with the summer class limits.
Increasing reaction temperature was reflected by increasing vapour pressure. Opposite influence was observed
in the case of WHSV. Increasing WHSV caused the decrease of vapour pressure, especially at lower reaction
temperatures.
Distillation test was the last test carried out in order to characterize the obtained products. The majority of the
products obtained at the reaction temperatures in the range 315 – 350 °C complied with the limits (EN 228). The
products obtained at the lower temperatures had too low values of E70 and E100 parameters. On the other
hand, E70 and E100 parameters of the products obtained at the highest temperatures were too high. It is
associated with high content of highly volatile components. All samples met the requirement for the volume
percentage evaporated at 150 °C (E150 parameter), final boiling point and distillation residue. Increasing reaction
temperature led to the increase of E70, E100 and E150 parameters and the decrease of the final boiling point.
The influence of WHSV on E70, E100 and E150 parameters was variable. Values of these parameters of the
products obtained at low reaction temperatures decreased with increasing WHSV. The influence of WHSV was
more or less negligible at the higher temperatures.

Conclusion
Conversion of FT-wax into lighter hydrocarbons generally increased with increasing reaction temperature, total
conversion was reached at 320 °C at WHSV 1 h-1. Against the expectations, the obtained products were
predominantly composed of a naphtha fraction (boiling up to 200 °C) instead of middle distillate (200 - 400 °C).
Increasing reaction temperature led to a larger share of naphtha fraction. Increasing WHSV had opposite
influence on the products composition and conversion. The results of the products characterization showed that
the products didn’t met the requirements of EN 228 specification for gasoline in one or more tested parameters.
It can be concluded that the utilization of the tested catalyst and applied reaction conditions of the hydrocracking
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caused rather strong overcracking of the feedstock and thus high yields of the naphtha fraction with only limited
use.
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Abstract
Bio-oil properties and composition can be improved by the modification of the pyrolysis-vapours condensation-step
just before the bio-oil is created. This improvement can lead to a decrease in water and acid content, and to an
increase in the homogeneity of bio-oil. In this work, we studied the influence of the condensation temperature (5100 °C) in the first condensation stage (cooler) of ablative fast pyrolysis on the composition of a miscanthus bio-oil.
We carried out the analysis of physicochemical properties (density, viscosity, elemental composition, water content,
micro Conradson carbonization residue and higher heating value) of seven bio-oils condensed at different
temperatures. Volatile compounds were quantified by a GC-MS method; the sum of the main oxygenated groups
(acids and carbonyls) in the whole sample was quantified by titration methods.

Introduction
Lignocellulosic biomass can be converted into liquid (bio-oil) with 5-20 times higher energy density per volumetric
unit using fast pyrolysis1. During pyrolysis process, the key building blocks of biomass (cellulose, hemicellulose and
lignin) are thermally decomposed in an inert atmosphere. The cracking of these polymers generates vapours
containing low-molecular liquefiable compounds and water as a product of dehydration reactions. A not negligible
amount of water is always naturally contained in biomass and, thus, bio-oil contains around 15-30 wt% of water2.
When the water content of bio-oil exceeds 30 wt%, the phase separation of bio-oil into aqueous and organic (tarry)
phase is usually observed3. The phase separation significantly decreases the yield of desired product (organic phase)
with a high content of organic matter. The phase separation may occur naturally immediately after vapours
condensation3 due to bio-oil aging producing additional water by condensation reactions3, or when water or
pyrolytic lignin is added to the bio-oil4. Several reasons are mentioned for naturally observed phase separation in
the literature. It has been suggested that the ratio of water, water soluble and water insoluble material should be
25:50:25 to avoid phase separation3. The amount of water, created during pyrolysis is increased by the moisture of
biomass, but maybe more significantly by the ash content of biomass. This is because ash (containing alkali metals)
catalyses dehydration reactions5. The phase separation was observed for biomass with ash content above 2 wt%,
which is typical for agro-biomass5.
The fractional condensation has been studied as a partial substitution of bio-oil rectification, because it can produce
more homogeneous bio-oil fractions suitable for different applications: (i) heat production6, 7, (ii) low sulphur bunker
fuel7, (iii) fermentation (ethanol, biogas)8, (iv) fuel production (FCC, hydrotreatment)7, 8, (v) the production of
polyurethane foams or phenolic resins7, (vi) supercritical water gasification (hydrogen production)8, and (vii) the
extraction of chemicals like sugars6, pyrolytic lignin6, acids6-8 and aldehydes6. For high ash biomass like straw, the
application of staged condensation instead of total condensation can produce single phase bio-oil with higher
yields9.
In this work, we studied the influence of the condensation temperature (5-100 °C) in the first condensation stage of
an ablative fast pyrolysis on the properties and composition of a miscanthus bio-oil. We performed a detailed
characterization of the obtained products. Besides physicochemical properties, we quantified the changes in the
chemical composition of these products, with the aim to find the optimal temperature in the 1st cooler for obtaining
better bio-oil suitable for further hydrotreatment to biofuels.

Experimental
Ablative fast pyrolysis
Bio-oil was produced at Fraunhofer UMSICHT by an ablative fast pyrolysis. Miscanthus pellets were pressed onto
a hot rotating disc (81 rpm) under hydraulic pressure of 70 bar and pyrolyzed at 550 °C with vapour residence time
less than 1 s in the pyrolysis reactor. The created vapours were condensed in a cooler which cooling medium differed
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in temperature. Seven different temperatures of cooler medium were tested (5 - total condensation; 40; 60; 70; 75;
80 and 100 °C). For more details about the pyrolysis unit, see reference 7.

Physicochemical properties
Density and viscosity of the samples were measured using an SVM 3000 Stabinger Viscometer (Anton Paar). 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 (CHNS-O) 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 HYDRANAL5 (Riedel den Haën) was used as the titrant. The measurements were in agreement with
ASTM E203.
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.
Higher heating value (HHV) was determined using Leco AC-350 calorimeter in agreement with ČSN DIN 51900-1.
Lower heating value (LHV) was calculated from the HHV by subtracting evaporation heat of the water in the sample
and water generated from hydrogen during the analysis.

Quantitative GC-MS and functional groups analysis
Carboxylic acid number (CAN) was determined by an automatic titration using Metrohm DMS Titrino 716, by
a method based on ASTM D664 modified for bio-oils in detailed described elsewhere 10, where tetrabutylammonium
hydroxide is used as a titrant. The obtained results were recalculated to mmol of COOH·g-1 of the bio-oil sample.
The total content of carbonyls was obtained using a potentiometric titration described in detail elsewhere 11. The
same apparatus and electrode system as for the CAN measurements were used. The method is based on the reaction
of carbonyl group with hydroxylamine hydrochloride at 80 °C. The released HCl directly consumes presented
triethanolamine and the unreacted triethanolamine is determined by titration by HCl.
GC-MS quantitative analysis: 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 ratio 1:20; injected volume 1 µL; carrier gas: helium 5.5, gas flow rate 1 mL×min-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: 3.0 min; data acquisition: full scan; scanning range: 20–
500 Da; scanning frequency: 4 scans·s-1. For the quantification, two mixtures of 64 standard oxygenated compounds
(1 mg·mL-1) were used. Five-point calibration curves were obtained from the intensity of one up to three most
intensive ions specific for each compound. Other compounds were quantified based on the response factor of the
structurally most similar compound, for more details see reference 12.

Results and discussion
Pyrolysis of Miscanthus
For 5; 40 and 60 °C, the spontaneous phase separation of product into an organic and aqueous phase was observed.
This phenomenon significantly influences the properties and composition of obtained bio-oils, and thus, the results
did not follow increasing or decreasing trend in the whole tested range of condensation temperatures as observed
by Westerhof et al.8 for pine bio-oil (no phase separation observed). The samples condensed at 40 and 60 °C needed
to be centrifuged to make them homogenous. The centrifugation step significantly influenced the properties, but it
was crucial for obtaining reproducible results of all analyses carried out. A single phase bio-oil was obtained at all
others tested condensation temperatures 70; 75; 80; 100 °C. The results for miscanthus bio-oil are in line with those
presented by Conrad et al.9 for wheat/barley straw bio-oil, where the first single phase bio-oil was observed at
65.8 °C in the cooler. Miscanthus and wheat/barley straw are very close biomass types, and both contain high
amount of ash 2.5 and 3.1 wt%, respectively. The yields of created bio-oils were measured only for condensation
temperatures of 5 °C and 75 °C, for which a larger amount (around 300 kg) of miscanthus was pyrolyzed and thus
reproducible results could be obtained. But it was obvious that the yield of bio-oil decreased at temperatures above
75 °C in the cooler due to a significant decrease in the amount of condensed water. At total condensation (5° C), the
liquid product was spontaneously separated, and yields of 20.29 wt% of organic (bio-oil) and 31.93 wt% of the
aqueous phase were obtained. Compared to that, 29.69 wt% yield of single phase bio-oil was created at the
condensation temperature of 75 °C.
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Physicochemical properties
All further commented results of physicochemical properties are stated in Figure1. The density of prepared samples
increased with the increasing condensation temperature; the decrease in density was observed for samples at 70
and 75 °C in the 1st cooler that contained a higher amount of water. Water content for samples 40 and 60 °C in the
1st cooler was significantly influenced by their centrifugation as mentioned in the previous paragraph. If we take into
account the different yields of bio-oils condensed at 5 and 75 °C, we see that the higher yield of the sample at 75 °C
was not influenced by the increase in water transferred to bio-oil as it was nearly the same for both samples.
However, the water content of the sample from total condensation (5 °C) was almost about 4 wt% higher than in
the case of 70 °C in the 1st cooler, the sample kinematic viscosity was more than two times higher. The viscosity was
strongly dependent on the water content, and sharply increased with the increasing temperature above 75 °C in the
cooler. Compared to high boiling fraction from crude oil, it is not possible to heat up the bio-oil again once it is
condensed, because it easily polymerizes at elevated temperature13. Based on these results, water content around
20 wt% seems to be crucial for good flow properties of miscanthus bio-oil. Micro Conradson carbon residue (MCR)
should represent the tendency to coke creation. With the increasing condensation temperature, the MCR increases
as there is a higher concentration of high-molecular-weight compounds. The changes in MCR at increased
condensation temperature are significantly influenced by the yield, by the water content, and thus, the trend is
almost inverse to that for the water content. Changes in higher and lower heating value (HHV and LHV) also copied
almost inverse trend observed for the water content, which strongly influenced those parameters. If we take into
consideration the yields of samples condensed at 5 and 75 °C, the increase in yield of energy content by 20 % was
observed for 75 °C as more than 70% of energy content obtained in the liquid was contained in this sample.
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Figure 1. Physicochemical properties of miscanthus bio-oil organic phase
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Regarding elemental composition on wet basis (
Table I), almost 50 wt% of carbon possibly obtained in the liquid was lost in the aqueous phase due to the phase
separation of sample created at total condensation (5 °C). Compared to that, 73 wt% of carbon was obtained in the
sample condensed at 75 °C. The highest carbon content was observed in the sample condensed at 100 °C where the
lowest water content was observed, however at the cost of low sample yield. Compared to that, hydrogen and
oxygen content was strongly influenced by the water content in samples, i.e. the samples with the highest content
of water (at 5; 70 and 75 °C) contained the highest amount of hydrogen and oxygen. The differences in the nitrogen
content were caused probably mainly due to the different yields of bio-oils. Sulphur content in all samples tested
was, compared to crude oil, negligible.
Table I
Elemental analysis of studied bio-oils
Aqueous
phase
Sample
(temperature in 1st cooler)
Carbon (wt%)
Hydrogen (wt%)
Nitrogen (wt%)
Sulphur (wt%)
Oxygen by diff. (wt%)

Amount
transferred into
the OP (%)*

Organic phase (OP)

5 °C

5 °C

40 °C

60 °C

70 °C

75 °C

80 °C

100 °C

5 °C

75 °C

19.07
9.49
0.09
LOD
71.35

49.92
7.81
0.24
0.02
42.01

56.51
7.49
0.25
0.02
35.73

56.35
7.43
0.19
0.01
36.02

47.18
7.8
0.17
0.02
44.83

48.50
7.56
0.19
0.02
43.73

57.88
7.02
0.28
0.02
34.8

66.44
7.31
0.30
0.02
25.93

51
36
51
64
31

73
51
58
93
47

*i.e. a yield of possibly condensed
Chemical composition
Carboxylic acids and carbonyls (especially aldehydes) belong to the most problematic compounds present in bio-oil
as they cause its corrosiveness and thermo-oxidative instability. The content of this functional group was strongly
influenced by the phenomenon of phase separation as acids are significantly soluble in the aqueous phase. Because
of this, the maximal content of acids and carbonyls was observed in the first single phased bio-oil, i.e. condensed at
70 and 75 °C, respectively, despite probably the highest yield of those samples. Since those temperatures, the
carboxylic acid number and total carbonyl content decreased as the majority of acids and carbonyls belongs to
volatile compounds like acetic acid and hydroxyacetone (boiling point 118 and 145 °C, respectively). The trend for
the total content of both oxygenated functional groups correlated well with the trend for the content of the main
representative of the respective group, see Figure 2.
A

B

Figure 2. Total content of A – carboxylic acids; B – carbonyls vs. the most abundant volatile compound from the
respective group
Around 100 of oxygenated compounds were quantified by GC-MS; the most abundant of them were divided into
groups and the results were summarised in
Table II. Lower boiling point acids are significantly soluble in the aqueous phase, which strongly influenced the
observed results, mainly in case of the most abundant acetic acid. Due to the phase separation and extraction of
acids into the aqueous phase, the highest content of acetic acid was observed in the first single phase bio-oils
obtained at 70 °C in the 1st cooler. The further decrease in acetic acid content since 80 °C in the 1st cooler was caused

161

ICCT 2019 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS
due to the low boiling point of acetic acid as commented above. Compared to lower boiling point acids, palmitic and
stearic acids were not detected in the aqueous phase created at 5 °C in the cooler. Due to that, their content in other
samples was influenced mainly by sample yield and, thus, the lowest content was observed in the sample condensed
at 75 °C. For hydroxyketones, from which hydroxyacetone was the most abundant, we observed almost the same
trend as for acetic acid due to significant solubility in the aqueous phase. The maximum for hydroxyketones content
was determined at condensation temperature of 75 °C, the decrease since 80 °C in the 1st cooler was observed as
well. Cyclopentenones were not so soluble in the aqueous phase and their measured contents were influenced
mainly by the sample yield as the maximum was observed for condensation temperatures of 80 or 100 °C. All furans
have a low boiling point as well as acetic acid and hydroxyacetone, however, furans are less soluble in the aqueous
phase. From this reason, the highest content, for most abundant furfural, was observed in samples with lower yields
(due to concentration). Since the temperature of 80 °C, the decrease in furfural content was observed. Phenols and
methoxyphenols are less soluble in the aqueous phase and thus their content was influenced mainly by sample yield
when the lowest content was observed for the sample obtained at 70 °C in the 1st cooler. Due to the higher boiling
point of all phenols, only slight decrease in the content of phenols boiling up to approx. 230 °C was observed for the
sample at 100 °C. For compounds with boiling point around 250 °C and higher (prop(en)ylguaiacols, syringols and
pyrocatechol), a slight increase in content for sample at 100 °C was observed.
Table II
Chemical composition of studied bio-oils by GC-MS (all values in wt%)
Sample (temperature in cooler)
Acetic acid
Propionic acid
Butyric acid
Palmitic acid
Stearic acid
Hydroxyacetone
Cyclopentanone
Acetoxyacetone
3-Methylcyclopenta-1,2-dione
1-Hydroxybutan-2-one
2-Cyclopenten-1-one
2-Methylcyklop-2-enten-1-one
3-Methylcyklop-2-enten-1-one
Furfural
Furfuryl alcohol
2-Acetylfuran
5-Methylfurfural
Phenol
o-Cresol
m-/p-Cresol
2-Etylphenol
2,4-Dimethylphenol
3-/4-n-Propylphenol
3-/4-Etylphenol
Pyrocatechol
Guaiacol
4-Methylguaiacol
4-Ethylguaiacol
Eugenol
4-Propylguaiacol
cis-Isoeugenol
trans-Isoeugenol
Syringol
4-Methylsyringol

162

Aqueous phase
5 °C

5 °C
40 °C
Acids
5.61
3.55
4.84
0.28
0.32
0.24
0.08
0.11
0.10
LOD
0.14
0.14
LOD
0.17
0.14
Hydroxyketones and ketones
3.98
1.36
1.60
0.09
0.18
0.13
0.13
0.38
0.22
0.24
0.80
0.79
0.89
0.30
0.36
0.67
0.88
0.98
0.33
0.57
0.77
0.30
0.60
0.94
Furans
0.39
1.06
1.08
0.01
0.13
0.12
0.06
0.10
0.10
0.07
0.14
0.10
Phenols
0.10
0.37
0.41
0.02
0.12
0.09
0.05
0.26
0.25
LOD
0.09
0.09
LOD
0.17
0.16
LOD
0.05
0.05
0.12
1.08
1.19
0.55
0.95
0.76
Methoxyphenols
0.12
0.50
0.67
0.04
0.37
0.38
0.05
0.49
0.53
0.08
0.20
0.24
0.04
0.09
0.10
0.03
0.10
0.09
0.20
0.23
0.20
0.23
0.28
0.33
0.11
0.45
0.47

Organic phase (OP)
60 °C
70 °C
75 °C

80 °C

100 °C

4.98
0.29
0.14
0.12
0.11

6.45
0.28
0.10
0.12
0.13

5.98
0.29
0.11
0.09
0.09

3.75
0.23
0.11
0.11
0.11

1.71
0.13
0.06
0.12
0.12

1.84
0.12
0.39
1.15
0.51
0.99
0.80
1.07

2.64
0.11
0.40
0.82
0.47
1.28
0.82
1.19

2.68
0.09
0.53
1.08
0.53
1.05
0.85
0.76

1.84
0.09
0.58
1.39
0.44
1.43
0.95
1.86

0.90
0.09
0.51
1.22
0.20
1.38
0.95
2.65

1.08
0.09
0.11
0.13

0.66
0.11
0.07
0.08

0.84
0.11
0.08
0.11

0.53
0.16
0.07
0.11

0.28
0.16
0.05
0.06

0.50
0.13
0.34
0.08
0.16
0.06
1.42
0.76

0.30
0.06
0.16
0.08
0.12
0.03
0.71
0.76

0.40
0.09
0.23
0.06
0.12
0.03
1.12
0.68

0.47
0.10
0.30
0.07
0.15
0.05
1.58
1.04

0.33
0.09
0.25
0.07
0.15
0.05
1.60
1.15

0.76
0.43
0.66
0.26
0.11
0.11
0.21
0.33
0.53

0.46
0.26
0.31
0.14
0.06
0.06
0.14
0.26
0.32

0.59
0.31
0.43
0.15
0.07
0.08
0.17
0.29
0.43

0.62
0.40
0.62
0.24
0.10
0.11
0.24
0.38
0.61

0.49
0.34
0.59
0.25
0.11
0.12
0.30
0.44
0.75
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Conclusions
In this work, we studied the influence of the condensation temperature in the range of temperature 5-100 °C in the
1st cooler of an ablative fast pyrolysis on the properties and composition of a miscanthus bio-oil. Although the biooil yields were measured for 5 and 75 °C samples only, it was proved that for biomass like miscanthus or straw
containing high amount of ash, the increase in the condensation temperature can lead to an increased yield of
a single phase bio-oil. For total condensation (at 5 °C) and the other two tested temperatures in the 1st cooler (40
and 60 °C), the phase separation was observed. The phase separation led to lower yields, loss of carbon and generally
energy content into the aqueous phase. However, it is obvious that with the increasing temperature in the cooler,
the water content decreased; the certain water content in bio-oil is essential as it reduces its viscosity. Based on all
results, the temperature in the first cooler around 70 °C seems to be optimal because the increase in sample yield
by 10 wt% and energy yield by 20% was reached at 75 °C. The only problem seems to be the higher content of acids
and carbonyls in the sample condensed at 75 °C. In the upcoming research, we will carry out the hydrotreatment of
a bio-oil condensed at 75 °C. We will verify the influence of higher acids and carbonyls content on catalyst stability,
the results will be compared with the previous hydrotreatment experiment of bio-oil from total condensation.
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Abstract
Pyrolysis of lignocellulosic biomass is a thermochemical process in which feed (straw, wood) with low energy
density is transformed into a liquid called bio-oil with energy density 2–10 times higher. As a by-product, large
quantities of water and water-soluble compounds are produced leading to the separation of bio-oil into an
organic and aqueous phase. Common organic phase still contains 20–40 wt.% of water, which can be separated
together with the portion of water-soluble compounds by centrifugation. The aqueous phases contain a mixture
of organic compounds, however, there is no industrial use for them and they are processed in a wastewater
treatment plant. Steam reforming, hydrodeoxygenation and microbial decomposition are the most promising
processes for utilization of the aqueous phases, which is a crucial step towards increasing the efficiency of
pyrolysis. Before further development of the utilization processes, a thorough analysis of the aqueous phase
composition is required. The scope of this study was the analysis of the aqueous phases from pyrolysis of straw
and miscanthus. We also studied the distribution of compounds into the aqueous phases created by the
centrifugation of organic phases. Chemical composition was analysed by GC-MS, titrations and UV-VIS methods.
An energy balance was calculated using results acquired by adiabatic calorimetry.

Introduction
Currently, fossil fuels are the most used sources of energy. For environmental, economic and political reasons,
research in the field of alternative fuels is conducted. Lignocellulosic biomass (wood) is one of the historically
most used alternative fuels, which, unlike petroleum products, when burned does not contribute to the total CO2
balance in the atmosphere. This fact is based on the assumption that the same amount of CO2 was previously
consumed during biomass growth, which makes the total CO2 balance neutral1. The main problem with the direct
use of lignocellulosic biomass as a fuel is its low energy density2. This problem can be solved by pyrolysis, a
thermal process, which converts biomass into a viscous liquid called bio-oil. This crude product can be used
without further processing as fuel oil in heat boilers3. In comparison with heavy fuel oils (HFO) made from crude
oil, bio-oil contains considerably less sulphur, which leads to lower emissions of sulphur dioxide. Crude bio-oil
has also lower viscosity and lower pour point than HFO, making the manipulation easier1. The biggest drawbacks
of crude bio-oil in comparison with HFO are its almost three times lower heating value, high content of
oxygenates, low storage stability leading to phase separation and a high total acid number (TAN)4. Bio-oil in its
crude form cannot be used in an internal combustion engine. Experiments have shown that bio-oil causes engine
clogging due to the formation of coke deposits, corrosion due to high acid content and ignition failure leading to
engine stall5.
Bio-oils tendency to form coke is a problem, preventing the use of bio-oil as a feed in oil refineries5. Many studies
have been conducted in the catalytic hydrotreating of bio-oil with the goal to improve bio-oil negative properties.
During the hydrotreating process, hydrodeoxygenation (HDO) reactions take place and oxygen is partially
removed via cleavage of carbon-oxygen bonds producing water6. Products of this process contain high amounts
of hydrocarbons. Recent studies show promising results in the case of hydrotreated bio-oil that could be used as
a transportation fuel or as a feed for co-processing in a petroleum refinery5.
During pyrolysis of lignocellulosic biomass as well as during hydrotreating processes, a significant amount of
water is produced. This can, under certain conditions, lead up to the separation of bio-oil into an aqueous phase
(prim. AP) and organic phase (prim. OP)7. Aqueous phases contain a significant amount of water-soluble
compounds, however, there is no other industrial process that utilizes these liquids than treating them as waste
in a wastewater treatment plant8. Some research has been conducted in the field of aqueous phase utilization
and a few potential methods have been studied, including hydrodeoxygenation9, steam reforming10, microbial
digestion11 and a combination of catalytic dehydration, hydrogenation and aldol condensation12.
The scope of this work is to carry out a thorough characterization of the aqueous phases produced by pyrolysis
of agricultural straw (S) and an energy crop called miscanthus (M). Characterization is a crucial step towards
further development of the utilization methods. Analytical methods used to characterize both aqueous and
organic phases included: acid-base titrations for the determination of carbonylic and carboxylic functional
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groups, UV-VIS spectrometry for the determination of phenol functional groups, GC-MS for determination of
120 volatile compounds and adiabatic calorimetry for measuring the higher heating values. Another part of this
work was to study the effect of centrifugation on further phase separation of bio-oil organic phases. All analytical
methods mentioned above were also used for studying the distribution of selected compounds, functional
groups and energy, into the two separated phases (sec. AP and sec. OP) during the process of centrifugation.

Experimental
Ablative fast pyrolysis of wheat-barley straw and miscanthus was carried out at temperature 550 °C and feed
hydraulic pressure 4 MPa. A one stage condenser was used with the coolant temperature 4 °C. The separation
of liquid into an aqueous phase (prim. AP) and organic phase (prim. OP) was observed.
Centrifugation of prim. OPs of straw and miscanthus (bio-oils) was carried out in a laboratory centrifuge Hettlich
zentrifugen UNIVERSAL 32R (Schoeller instruments) at 5000 RPM for 15 min. The aqueous phases produced by
the process (S sec. AP and M sec. AP) were weighed after separation using a syringe.
Water content was determined by Karl Fischer (K-F) titration on an automatic titrator DL 38 (Mettler Toledo).
Sample weight was 20 to 50 mg. Because of the carbonyl groups contained in the samples, a special solvent
mixture HYDRANALTM-KetoSolver and a HYDRANALTM-Composite 5 K titrant were used.
Higher heating value (HHV) was determined by calorimetry using an adiabatic calorimeter AC-350 (Leco). The
aqueous phases were not able to ignite on their own, so these samples were mixed with powdered benzoic acid
(calorimetric standard) and encapsulated in acetobutyrate capsules to minimalize the evaporation of volatile
components during weighing. Ignition was done by a metal wire.
Determination of carboxylic functional groups was done by acid-base titration of sample (0.2 g) diluted in
isopropyl alcohol, using an automatic titrator DMS TITRINO 716 (Mettler Toledo). As titrant, 1 M
tetrabutylammonium hydroxide solution was used. Potassium hydrogen phthalate was used for standardization
of the titrant solution. The equivalence point was detected by potentiometry. Details of this method are
described elsewhere 13.
Determination of carbonyl functional groups was done by the Faix method described elsewhere 14. Samples
(0.2 g) were weighed into a vial, then 1 ml of dimethylsulfoxide, 2 ml of 0.3 M solution of hydroxylamine
hydrochloride and 2 ml of 0.5 M solution of triethanolamine were added and stirred in water bath (80 °C) for 2 h.
Carbonyl groups react stoichiometrically with hydroxylamine hydrochloride, producing hydrochloric acid, which
reacts with triethanolamine. The excess of triethanolamine was determined by acid-base titration using an
automatic titrator DMS TITRINO 716 (Mettler Toledo). As a titrant, 0.1 M hydrochloric acid was used. The
equivalence point was detected by potentiometry and the amount of carbonyl groups was calculated from the
difference in the volume of titrant used for titration of the blank and samples.
Determination of phenol functional groups was done by the Folin-Ciocalteu method described elsewhere 15.
As a colouring agent, 2 N Folin-Ciocalteu (FC) reagent was used. Mixtures of samples and FC reagent were
neutralised by sodium carbonate solution, which produced blue complexes, and the absorbance of these
solutions was measured using UV-1800 spectrometer (Shimadzu) at a wavelength of 765 nm. As a standard for
construction of the calibration curve, gallic acid was used in the range of concentrations 50 to 500 mg·l-1.
GC-MS analysis of volatile compounds was carried out on a gas chromatograph Focus GC with DSQ mass
spectrometer (Thermo-Fisher Scientific) under the following conditions: carrier gas – helium 5.5, 1 ml·min-1;
injected volume – 1 µl; injection temperature – 250 °C; split ratio – 1:20; 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; ionization – EI +70 eV; data acquisition – TIC; range – 20 to 500 Da;
scanning frequency – 5 s-1; analyser – quadrupole. As internal standards, 1-butoxypropan-2-ol and
2-naphthaldehyde were used. Details of this method are described elsewhere 16.

Results
The fast pyrolysis of straw produced 20.9 wt.% of prim. OP and 27.9 wt.% of prim. AP. With miscanthus as feed,
product yields were 20.3 wt.% of prim. OP and 31.9 wt.% prim. AP. Percentages are based on the weight of
biomass. By the centrifugation of straw and miscanthus prim. OPs, the sec. APs in the amount of 21.1 wt.% and
16.4 wt.%, respectively, were yielded (percentages based on the weight of the given prim. OP).
From the content of water determined by Karl Fischer titrations, the amount of water-soluble compounds was
determined by calculating the weight difference to 100 wt.%. The primary aqueous phases contained
26.1 wt.% (S) and 31.9 wt.% (M) of water-soluble compounds; compared to that the secondary aqueous phases
made by centrifugation contained more water-soluble compounds 31.3 wt.% (S) and 39.4 wt.% (M).
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The energy and weight balance of phase separation
Table I shows the yields of different products of phase separations (based on the weight of total condensate)
and the energy distributions during centrifugation. In the pyrolysis process of straw and miscanthus, the yield of
prim. AP was approximately by 50% higher than yield of prim. OP. The primary aqueous phases contained
a significant amount of combustible material. This fact can be observed from their higher heating values
5.9 and 6.2 MJ·kg-1 for S prim. AP and M prim. AP, respectively. All the energy in the form of combustible material
in aqueous phases was considered as energy loss due to the lack of utilization techniques for APs. These energy
losses, created by the phase separation phenomenon, are 25.4 % (S) and 31.0 % (M), which significantly
decreases the energy efficiency of the pyrolysis process. By centrifugation, the HHVs of primary organic phases
increased by 15 to 18 %, but this led to further energy losses. This energy balance shows that the pyrolysis
process of straw and miscanthus followed by the centrifugation step of bio-oil organic phase is without the
utilization of all aqueous phases highly inefficient with total energy losses of 30.0 % (S) and 35.4 % (M).
Table I
Energy and weight distribution during centrifugation of primary organic phases
The yield of product from a
Higher heating
Product
total condensate [wt.%]
value [MJ·kg-1]
S prim. AP
57.2
5.9
S prim. OP
42.8
23.3
S sec. AP
9.0
6.9
S sec. OP
33.8
26.8
Energy losses in the prim. and sec. AP combined (S)
M prim. AP
61.1
6.2
M prim. OP
38.9
21.6
M sec. AP
6.4
8.4
M sec. OP
32.5
25.5
Energy losses in the prim. and sec. AP combined (M)

Energy yield [%]
25.4
74.6
4.6
69.9
30.0
31.0
69.0
4.4
64.6
35.4

Distribution of functional groups into AP and OP due to centrifugation
Figure 1 shows the distribution of carbonylic (a), carboxylic (b) and phenolic (c) functional groups into aqueous
and organic phases during the centrifugation process of primary organic phases. Using these methods, we were
able to characterize the samples as whole, compared to the GC-MS analysis, which can analyse only volatile and
thermally stable components. In each pair of columns, the first column shows the amount of given functional
group in one gram of primary organic phase, the second column is divided into two sections, where each section
shows the amount of the functional group that was extracted into a secondary aqueous phase (black column)
and secondary organic phase (grey column). The results show that in the centrifugation step, 11.4 to 12.4 mol.%
of carbonylic, 22.1 to 27.9 mol.% of carboxylic and 3.3 to 8.7 mol. % of phenolic functional groups were extracted
into secondary aqueous phases. The inconsistencies in column heights are caused by measurement errors and
in the case of phenols by unequal responses of different phenolic compounds while using the Folin-Ciocalteu
method. The high content of carboxylic functional groups in secondary aqueous phases is primarily influenced
by the content of acetic acid (5.2 – 5.9 wt.%), which is one of the main components of aqueous phases. The same
effect can be observed in case of carbonylic groups with the main representative hydroxyacetone
(3.7 – 3.9 wt.%).
Determination of volatile compounds by the GC-MS method
The results from the GC-MS analysis are shown in Table II, where each sample is characterized by the content of
eight groups of oxygenates, water and non-volatile components. The sum of all groups for one sample is not
equal to 100 wt.% because of compounds with more than one type of functional groups being determined for
each functional group separately, thus being counted more than once. Table II also shows the content of water
and non-volatile components that were not detected using the GC-MS method. All aqueous phases have higher
contents of alcohols, carboxylic acids and ketones than their associated organic phases. On the other hand, all
organic phases contain higher amounts of phenols, aldehydes, ethers, furans and esters than their associated
aqueous phases.
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Figure 1. The distribution of a) carbonylic, b) carboxylic, c) phenolic functional groups into secondary aqueous
and organic phases due to centrifugation
Table II
The content of groups of volatile compounds determined by the GC-MS and K-F titration method
Content in samples [wt.%]
Group of
S prim.
M prim.
M prim.
M sec.
compounds
S sec. OP
OP
OP
AP
OP
Phenols
Alcohols
Aldehydes
Ethers
Carboxylic
acids
Ketones
Furans
Esters
Water
Non-volatiles*

9.0
3.7
1.5
2.3

7.6
4.4
2.0
2.9

4.3

5.5

7.9
1.0
1.0
25.7
52.0

6.5
1.3
0.9
19.9
58.6

0.2

8.3

1.1
5.6
0.3
1.2

11.0
3.3
1.5
2.4

10.2
3.5
2.3
3.0

6.0

4.0

4.6

5.5
0.3
0.2
68.1
18.1

7.8
1.0
1.0
14.2
62.0

6.6
1.6
1.0
11.9
65.0

0.1

M sec.
AP
1.4
5.9
0.4
1.7
6.4

5.7

5.8
0.3
0.4
60.6
24.2

*Rest (mainly saccharide and pyrolytic lignin molecules) calculated by difference to 100% from sum of volatile
compounds quantified by GC-MS.
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Conclusions
In this work, we proved that the straw/miscanthus pyrolysis, without the utilization of aqueous phases, that are
currently considered as waste, is highly inefficient, with the maximum energy losses in aqueous phases of
30 to 35.4 %. By the centrifugation process of bio-oil organic phases, we were able to increase the higher heating
value by 15 to 18 %, but in exchange for higher energy losses in aqueous phases. Using the titration and
spectrometric methods, we found that during centrifugation of bio-oil organic phases, 11.4 to 12.4 mol.% of
carbonylic, 22.1 to 27.9 mol.% of carboxylic and 3.3 to 8.7 mol. % of phenolic functional groups were extracted
into secondary aqueous phases. The results from the GC-MS analysis of volatile components showed that all
aqueous phases have higher contents of alcohols, carboxylic acids and ketones than their associated organic
phases. On the other hand, all organic phases contained higher amounts of phenols, aldehydes, ethers, furans
and esters than their associated aqueous phases. The results of this work can be used for further development
of methods for aqueous phase utilization.
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Abstract
Direct coal liquefaction (DCL) has been historically as a standalone process for producing fuels. Nowadays, DCL
co-processing with other feeds could be an opportunity for having a cost-effective process. The aim of this work
is to obtain high liquids yield by using LCO fraction distilled up to 250 °C (l-LCO) which could be a suitable
candidate with similar properties to tetralin. Experiments were carried out in autoclave in nitrogen using brown
coal (BC) or in hydrogen using molybdenum supported on BC. Tests were performed at 420 °C with l-LCO/BC
ratio of 50/20 g/g or 20/50 g/g. Products were analysed by solubility in heptane, simulated distillation and GCFID/TCD. Main gaseous products were CO2 and methane. Test in nitrogen using 20/50 g/g (l-LCO/BC) resulted in
a high amount of liquids (44.3 wt%) and test (PN2 = 20 bar) using 50/20 g/g (l-LCO/BC) led to the increase up to
82 wt% of liquid product.

Introduction
Coal liquefaction is not a new topic, liquid by products from coke making in the UK and Germany were obtained
in the 1840s. Then, indirect Fischer Tropsch process was developed at the Max Planck-Institut in Germany
(1920s). Large quantities of fuels from coal were also produced during the Second World War by Germany.
However, in the 1950s, the petroleum price was much more attractive so the interest in coal liquefaction
decreased1-5. Nevertheless, the indirect coal liquefaction (ICL) was a cost-effective process in South Africa
because it had high amounts of high-quality coal for supplying liquid fuels. Some pilot plants were constructed
for direct coal liquefaction (DCL) (UK, US and China) but the cheap price of petroleum inhibits the further DCL
research and liquids production from coal1-5. However, DCL may be an interesting process to obtain fuels in
countries in which the availability of petroleum is scarce, depending on foreign territories for liquid fuels supply.
The coal can be converted into fuels by ICL (coal gasification followed by catalytic conversion of gas into fuels) or
by DCL to obtain directly liquid unrefined fuels. To improve the yield to liquids, DCL is normally carried out using
hydrogen donors which should be easy affordable cheap donor-solvent. Tetralin is a proved hydrogen donor for
DCL6. Nevertheless, it can be considered as an expensive model molecule so another cheap donor-solvent is
needed. Light cycle oil (LCO) was considered a good hydrogen donor-solvent as published previously. It presents
a high content in aromatic compounds7. The light fraction of LCO (distilled up to 250 °C) was used for this research
with the aim of obtaining molecules as hydrogen donors similar to tetralin removing the heavy fraction with
much heavier molecules compared to tetralin.

Experiment
The brown coal (BC) was supplied by VUHU (Výzkumný ústav pro hnědé uhlí, Most, Czech Republic) and used in
all tests7. This BC was collected from the North Bohemian Basin located in Czech Republic. For two catalytic tests,
molybdenum supported on C Mo/BC sample was supplied by the company IBERCAT S.L. where BC was prepared
by impregnation with Mo (1 wt%)7 calling this solid Mo/BC. LCO from refinery was distilled up to 250 °C removing
the heavy >250 °C boiling point fraction. So, l-LCO (Table 1) was obtained to be used as hydrogen donor-solvent
for DCL tests. The autoclave 4575/76 with a “4848B” controller delivered by Parr Instruments Company was used
for all tests. The autoclave was pressurized to an initial pressure of 0 bar (N2) or 34.4 bars (H2) for BC or Mo/BC
feeds respectively. Then, it was hermetically closed and heated up from room temperature to 420 °C with a
heating rate of 8.3 °C/min.
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Table I
DHA analysis of l-LCO (ASTM D6730)
wt%
Carbon

Paraffins

C1-C7
C8
C9
C10
C11
C12
C13
C14+

0.0
0.0
0.7
0.4
0.6
0.2
0.6

i-Paraffins

Olefins

0.0
0.0
3.2
1.8
1.8
1.2
0.6

Average Molecular Weight, g/mole
Relative Density, g/ml
Reid Vapor Pressure @ 100F, psi
Calculated Octane Number
Percent Carbon, wt%
Percent Hydrogen, wt%

Napthenes

0.0
0.0
0.4
0.6
0.3
0.0
0.1

0.0
0.1
1.5
2.0
0.4
0.1
0.0

Aromatics

Unknowns

0.0
19.7
17.8
10.2
3.0
1.2
0.0

0.0
0.0
1.1
1.4
0.8
2.0
13.6
12.6

139.7
0.8
0.0002
59.6
88.6
11.4

Table II
Response Surface Methodology (RSM) plan for DCL tests. DCL test conditions (Variables: LCO/BC weight ratio,
time of reaction and initial pressure at room temperature). Tests LCO40, LCOcat1 and LCOcat2 were performed
but not included in the RSM plan
Test name
Natural variables
Coded factors
Time, min
(420 °C)
0

Pressure (N2),
bar
0

Z1

Z2

Z3

LCO1

LCO/BC
g/g, (70 g)
20/50

-

-

-

LCO2

50/20

0

0

+

-

-

LCO3

20/50

60

0

-

+

-

LCO4

50/20

60

0

+

+

-

LCO5

20/50

0

20

-

-

+

LCO6

50/20

0

20

+

-

+

LCO7

20/50

60

20

-

+

+

LCO8

50/20

60

20

+

+

+

LCO9

41.43/28.57

30

10

0

0

0

LCO40

50/20

0

40

--

--

--

LCOcat1 (Mo1%)

50/20

0

34.4 (H2)

--

--

--

LCOcat2 (Mo1%)

50/20

0

34.4 (H2)

--

--

--

After reaction, the autoclave was cooled down to room temperature by air flow and then a gas sample was taken.
The mass balance was calculated by the weight of the total sediment and liquids (cold filtration). Gas composition
was characterized by RGA Agilent’s “Refinery Gas Analysis” method. Simulated distillation (SimDis) was
performed by GC following the ASTM D7169. The maltenes amount was calculated by the amount of n-heptane
soluble compounds in solid and liquid products. GC/MS analyses for l-LCO feedstock, for LCO2 and LCOcat1
products were carried out in a GC system Trace Ultra (Thermo Scientific) and a MS system: DSQ II (Themo
Scientific). RSM was used for carry out the tests according to literature8. Table II shows the used variables and
coded factors.
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Discussion and result analysis
DCL using l-LCO led to high yields to liquids. For tests using 50 g of l-LCO, the highest amount of liquids was found
for LCO6 and LCOcat1. For tests using 20 g of l-LCO, the highest liquid amount was found for LCO-5 test. However,
the total amount of maltenes has to be taken in account because they are the suitable products in the final
product. So, the maltenes total amount from solid and liquid products were analysed obtaining the highest
amounts for LCO6 and LCO5 with 50 and 20 g of l-LCO used for the feedstock respectively. BC conversion
(maltenes) and BC total conversion were calculated according to the equations exposed in table III. They were
calculated with the aim of knowing the difference in the maltenes content in the feedstock and product and to
compare the total amount of solid product to the initial amount of solid brown coal (these results were calculated
for dry ash free (daf) basis). The highest increment in maltenes percentage was found for the tests using the
lowest amount of BC. The highest net total solid conversion was found for the catalytic tests because of the high
gaseous products production. So, Mo/BC catalytic tests led to a high solid to gas net conversion.
Table III
Tests results. (i) Mass balance (solid, liquid, gas), (ii) maltenes amount in the solid + liquid products, (iii) solid
residue, (iv) conversion to maltenes and (v) total solid conversion
Test Name
LCO1 LCO2 LCO3 LCO4 LCO5 LCO6 LCO7 LCO8 LCO9 LCO_40 LCOcat1 LCOcat2
Solid, %wt.

83.43 16.20 47.90 13.20 33.80 16.20 85.71 15.60 70.84 72.00

6.00

Liquid, %wt.

0.00 77.90 44.30 73.40 47.90 82.00 0.00 69.40 21.13 17.57

78.34

Gas, %wt.

16.57 5.90 7.90 13.40 16.40 1.80 14.29 15.00 8.03 10.43

15.66

Maltenes, wt%

35.24 78.22 55.12 74.47 55.28 84.15 27.86 70.22 40.46 38.93

76.56

Residue, wt%

48.19 15.88 36.98 12.13 28.32 14.05 57.85 14.78 51.51 50.64

7.78

a

BC Conv., daf, wt%

x

2

30

x

30

29

x

x

x

x

8.14

77.13
14.73
76.41
8.86
x

x

63
BC, Total Conv., daf, wt%
x 27 25 41 47 41
x 30
x
x
73
The conversion to maltenes was calculated according to the next formulation: 100*{[total amount of maltenes
in the product] – [maltenes amount in the feedstock]}/[total amount of brown coal, dry ash free basis (daf) in the
feedstock]
b
100*{1-[Final solid product/Initial solid in the feedstock]} (daf).
b

a

The main boiling range fraction for liquid products was found in the 180 – 270 °C range, being similar to the
results found for the liquid feedstock (Table IV). The highest heavy boiling range fraction was found for products
from tests in which the BC conversion (to maltenes) was the highest so the brown coal conversion led to a higher
number of heavier compounds in the liquid products.
Table IV
Tests products SimDis results
Boiling range
Amount distilled l-LCO LCO1 LCO2 LCO3 LCO4 LCO5 LCO6 LCO7 LCO8 LCO9 LCO_40 LCOcat1 LCOcat2
< 180 °C, wt%

33 --

52

14

40

14

35

45

55

--

47

50

180 - 270 °C, wt%

65 --

38

65

55

65

59

49

33

--

44

40

270 - 340 °C, wt%

2 --

6

7

2

7

3

3

6

--

5

6

> 340 °C, wt%

0 --

4

14

3

14

3

3

6

--

4

4

RSM resulted to be a useful tool obtaining similar predicted and experimental values to know the total amount
of maltenes in the products which depended of the pressure, time of reaction and the l-LCO/BC ratio in the
feedstock. The time of reaction was fixed in the equation obtained using this methodology so Figure 1 could be
exposed depending on two variables (pressure and BC amount used).
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Figure 1. Total predicted amount of maltenes in products (solids and liquids) according to RSM equation
f(z)=40.465+16.697*Z1-3.153*Z2-0.693*Z3-7.184*Z12*Z2*Z3+12.544* Z12+6.889*Z22+0.177*Z32 where Z1 is the
amount of LCO and BC added, Z2 is the time of reaction at 420 °C and Z3 is the initial pressure at room temperature
in the autoclave
Optimum amount of maltenes (products) was found when a minimum of pressure and a maximum of BC (50 g)
was used at t = 1 h. A positive impact of the increment of pressure or time of reaction was found. However, 20
bar of pressure and 60 min together led to a decrease in the maltenes production. The gases produced were
analysed containing mainly methane, ethane, carbon dioxide, hydrogen and propane.
The amounts of maltenes in the product can be considered as high ones compared to literature7. Thus, the use
of l-LCO resulted in an improvement in the maltenes yield.
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Figure 2. RGA tests analyses
The indane and tetralin type-molecules amounts in the products decreased (Figure 3) as consequence of DCL
tests. However the naphthalene type molecules increased because tetralin type molecules were actuating as
hydrogen donors, so were converted to naphthalene type molecules. The number of alkanes increased when
catalytic tests were carried out instead of non-catalytic tests. Nevertheless, the total amount of alkanes was low
compared to the number of aromatic compounds (molecules with indane, tetralin or benzene type molecules
included).

Figure 3. GC/MS semiquantitative analysis of liquid products for l-LCO (LCO feedstock), LCO2 (BC) and LCOcat1
(Mo1%/BC)

Conclusion
The use of light LCO fraction led to a higher yield to liquids and maltenes compared to the use of LCO in noncatalytic reactions. RSM methodology resulted as a useful tool to study the yield to maltenes using three variables
(time, LCO:BC ratio and nitrogen pressure). The use of 1% of Mo impregnated on BC resulted in an increase in
gas products being methane, ethane, propane, carbon dioxide and hydrogen the main products. DCL products
(catalytic and non-catalytic) presented a higher amount of naphthalene type products.
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Abstract
Catalytic hydrogenation of carbon dioxide to methane is nowadays becoming an attractive way to utilize surplus
electrical energy produced mainly from renewable energy sources. Catalytic methanation is a reaction of
hydrogen and carbon dioxide during which they are converted into methane and water. Hydrogen required for
the reaction can be produced via water electrolysis from surplus electrical energy. Biogas is mainly made up of
methane and carbon dioxide. It makes it an ideal candidate for catalytic methanation as there is no need to
separate carbon dioxide, which results in an overall more effective process. The produced methane-rich gas is
either known as renewable natural gas (RNG) or sustainable natural gas (SNG). For example, this gas can be used
for propulsion of vehicles or can be injected into the gas network and utilized its storage and transport capacity.
Four model gases were tested at gauge pressure of 0.55 MPa. The first model gas served to determine activity
and selectivity of the used catalyst. This gas consisted of a stoichiometric ratio of hydrogen and carbon dioxide
(4:1). The other three gases consisted of biogas in ratios of CH4:CO2 20:80, 40:60 and 60:40 and hydrogen in a
stoichiometric ratio to carbon dioxide. From the experimental results it is apparent that maximum methane
production was achieved with the use of a model gas with methane to carbon dioxide ratio of 60:40 at 340 °C,
were the molar fraction of methane in the product gas was 0.98.

Introduction
The concept of Power-to-Gas is most often referred to as one of the options for accumulating energy from
renewable energy sources. In the first step, hydrogen is converted via water electrolysis takes place. The
produced hydrogen may be subsequently either stored in cylinders, converted back to electrical energy via fuel
cells in time of high demand or added to carbon dioxide in a stoichiometric ratio of the Sabatier reaction. The
Sabatier reaction is described in Equation 1. The produced reaction mixture of hydrogen and carbon dioxide is
fed to a catalyst in the methanation reactor, where conversion to methane and water takes place1.

4H 2 + CO2 ® CH 4 + 2H 2O

DH 298 = -165 kJ × mol -1

(1)

Carbon dioxide can be used from fossil fuel power plants, industrial processes or from biogas. Nowadays carbon
dioxide that is needed for the methanation reaction is usually separated with the use of several technologies
based on physical or chemical absorption, adsorption, membrane or cryogenic separation2. A very interesting
source of carbon dioxide is biogas, because it consists of carbon dioxide with a molar fraction of 0.25 – 0.50
depending on the type of organic substrate and conditions of the anaerobic process. The other components are
methane (molar fraction of 0.45 – 0.75) and impurities such as water, sulfur compounds (hydrogen sulfide),
ammonia, nitrogen and hydrogen3. Biogas is mainly used in cogeneration units for production of electrical energy
and heat. In cases where the produced heat is not utilized a significant part of energy from biogas is wasted. For
this reason, it is preferred to upgrade biogas to biomethane, which can be used as fuel for vehicles or injected
into the distribution grid4. Catalytic methanation is providing an alternative way to upgrade biogas without the
need to separate carbon dioxide. The added benefit when compared to conventional methods is elimination of
waste carbon dioxide and also the possibility of storing electrical energy5. The disadvantage of biogas is the
changing concentration of hydrogen sulphide and of other sulfur compounds. Sulfur needs to be separated from
biogas before entering to the methanation reactor as sulfur would deactivate the catalyst6.
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Figure 1. Scheme of the catalytic methanation of biogas

Experiment
Methanation experimental unit
Testing of methane influence on catalytic hydrogenation of carbon dioxide was performed with an experimental
methanation unit with fixed bed, which allows experiments with maximum temperature of 450 °C and maximum
pressure of 1.5 MPa. In Figure 2 of the experimental methanation unit is depicted. Hydrogen needed for the
methanation reaction is produced by a PEM electrolyzer with a maximum output rate of 1.05 m3.h-1 (0 °C; 0.1
MPa). Carbon dioxide and methane enter the methanation unit from cylinders. The input gas mixture consisting
of hydrogen and carbon dioxide, respectively biogas enters the reactor from bottom at the required ratio. The
volume of the reactor is 0.7 l with an internal diameter of 47 mm and reaction area height 500 mm. The reactor
is heated and cooled by a synthetic oil (Marlotherm LH) that is recirculated in an external loop. Ceramics used
for pre-heating of the input gases is placed in the first part of the reactor. Ni-based catalyst, where the
methanation reaction takes place makes up the rest of the reactor (20 cm). To monitor the temperature profile
of the reaction, the four thermocouples placed in the catalyst layer. Output gas from the reactor is air-cooled
and introduced to a condensate separator where the water produced from the reaction is separated and
subsequently dried by adsorption. The produced gas is analysed by a gas analyser (Sewerin Multitec 540), which
determines the concentration of methane and carbon dioxide in the product gas.
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Figure 2. Scheme of the experimental unit
Catalyst properties
All experiments were performed with a Ni-based catalyst that was applied on γ-Al2O3. The catalyst was prepared
in multiple impregnation steps. Specific surface area and elemental analysis were performed prior to catalyst
deposition into the reactor. Specific surface area of 103 m2·g-1 was measured by Coulter SA 3100 (Beckman
Coulter) and calculated by BET method. Total pore volume of Ni-based catalyst of
0.23 ml·g-1 was measured with the same device. The weight fraction of nickel in the Ni-based catalyst was
determined at 0.56. The weight fraction was measured by X-Ray fluorescence spectroscopy. The Ni-based
catalyst was reduced by hydrogen at 300 °C for ten hours before the measurements.

Results and discussion
All experiments conducted in pilot unit were focused on testing the influence of methane in input gas on catalytic
hydrogenation of carbon dioxide. Experiments were conducted with four model gases and Ni-based catalyst, it
is seen in Table 1. (First model gas (1) consisted only of stoichiometric ratio of hydrogen and carbon dioxide (4:1).
Other three model gases (2, 3 and 4) consisted of hydrogen and carbon dioxide in stoichiometric ratio and
methane in proportion to carbon dioxide. Measurements for all model gases were performed at gauge pressure
of 0.55 MPa with the same Ni-based catalyst. Before the experiment the catalyst was reduced with hydrogen
from nickel (II) oxide at temperature of 300 °C and duration of 10 hours.
Table I
Input gases flow (0 °C; 0.1 MPa)

Model gas
1.
2.
3.
4.

Input gas flow, l·h-1

Ratio

Ratio

Hydrogen

Carbon dioxide

Methane

H2:CO2

CH4:CO2

400
400
400
400

100
100
100
100

0
25
67
150

4:1
4:1
4:1
4:1

0:100
20:80
40:60
60:40

First experiment was focused on finding the influence of methane on the catalytic methanation. The first model
gas was used as reactor input gas during this experiment. After starting the reaction, temperature in the reactor
stabilized on 265 °C and the molar fraction of methane in output gas on 0.79. After temperature and the molar
fraction in output gas stabilized, the first model gas was changed for the second model gas. After this change it
can be immediately seen that temperature in reactor increases from 265 °C to 270 °C as well as the molar fraction
of methane in output gas increased from 0.79 to 0.82. This trend was observed in all measurements. In Figure 3
can be seen that increased the molar fraction of methane in the incoming input gas not only to increase efficiency
but also temperature in the reactor.
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Figure 3. Influence of input gas composition on temperature and the molar fraction of methane in output gas
The second experiment was carried out in the same way as first one, except the fact, that the temperature in
reactor was kept constant at 280 °C, 300 °C or 320 °C. This measurement was carried out as verification that
increasing the molar fraction of methane in input gas leads to increasing the molar fraction in output gas even
without temperature change, because during the first experiment change of the molar fraction of methane was
accompanied by temperature change. In Figure 4 can be seen, that at the molar fraction of the output gas with
the change of the model gas from 3 to 4 did not change at 280 °C Having measured the same value of the molar
fraction of methane using different model gases is caused by a shift in optimal temperature of the catalytic
methanation, which is showed in Figure 5.

Molar fraction of methane, %
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95
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320 °C
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85
80
75

1
0

3

2
600

1200

4
1800

2400

Total feed volume, l (0 °C, 0.1 MPa)
Figure 4. Influence of input gas composition on the molar fraction of methane in the output gas
In the last experiment was measured the dependence of the molar fraction of methane in input gas on
temperature in reaction. From Figure 5 is implied that with increased the molar fraction of methane in input gas
comes shift in optimal temperature of the catalytic methanation from 320 °C when using model gasses 1 and 2,
to 340 °C when using model gases 3 and 4. In Figure 5 can also be seen, that with temperature less than 300 °C
comes drastic decrease in the molar fraction of methane in output gas for model gases 2, 3 and 4.
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Figure 5. Dependence of the molar fraction of methane on temperature

Conclusion
Influence of methane on the catalytic methanation was tested in pilot methanation unit, which is placed on
located in ÚJV Řež, a. s.Four model gases were tested on the pilot unit. The first model gas consisted only of
hydrogen (400 l·h-1) and carbon dioxide (400 l·h-1) in stoichiometric ratio of Sabatier reaction. Other three gases
consisted of biogas of different molar fraction of methane and hydrogen (400 l·h-1) in stoichiometric ratio to
carbon dioxide (100 l·h-1). Measurement of methane influence was conducted at gauge pressure of 0.55 MPa.
From results is apparent, that with increased the molar fraction of methane in input gas comes not only increase
in the molar fraction of methane in output gas, but also temperature in reactor. It can also be seen that with
increased the molar fraction of methane in input gas comes shift in optimal temperature of catalytic
hydrogenation of carbon dioxide from 320 °C when using model gases 1 and 2, to 340 °C when using model gases
3 and 4. This fact in also confirmed by measurement at temperature of 280 °C, when measured the molar fraction
of methane in output gas was 0.85 for model gas 3 as well as for model gas 4.
Catalytic methanation of biogas can be used as alternative way of biogas upgrading to biomethane. Highest
production of methane in output gas was measure using biogas with the molar fraction of methane 0.6. During
this measurement using Ni-based catalyst, it was possible to produce gas rich on methane with the molar fraction
of methane up to 0.98.

Acknowledgement
The Technology Agency of the Czech Republic (TACR) is acknowledged to financially support this work through
the project no. TH02020767.

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

179

Götz M., Lefebvre J., Mörs F., Koch A. M., Graf F., Bajohr S., Kolb T.: Renew Energ, 85, 1371 (2016).
Eveloy V., Gebreegziabher T.: Energies, 17, 1824 (2018).
Mohseni F., Magnusson M., Görling M., Alvfors P.: Appl Energ, 90, 11 (2012).
Sladký, V.: Biom.cz (online), (2009).
Hlinčík T., Tenkrát D., Šnajdrová V., Baraj E.: Paliva, 3, 93 (2017).
Veselá K., Ciahotný K., Procházková A., Vrbová V.: Paliva, 2, 21 (2010).

ICCT 2019 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS
INFLUENCE OF TEMPERATURE ON THE PROPERTIES OF THE BOEHMITE IN THE METHANATION REACTION
Šnajdrová V., Kyselová V., Tenkrát D., Hlinčík T.
Department of Gaseous and Solid Fuels and Air Protection, University of Chemistry and Technology Prague,
Technická 5, 166 28, Prague, Czech Republic
veronika.snajdrova@vscht.cz

Abstract
The paper deals with the study of the influence of the calcination temperature on the physicochemical properties
of boehmite. Boehmite is used as a precursor for many aluminum oxide-based materials, especially as catalysts
and adsorbents. Depending on the calcination temperature, boehmite transforms its structure to various
crystalline modifications. Depending on the calcination temperature, the following parameters are investigated:
length, width, weight, material strength, the specific surface area of the catalyst support and total pore volume.
The form of γ-Al2O3, used in this work, was prepared from crude boehmite for the purpose of methanation
reaction. Nickel was afterwards deposited on the γ-Al2O3 carrier as an active metal. The catalyst prepared in this
way was subsequently tested for methanation reaction at temperatures up to 350 °C and gauge pressure of
2 MPa. The results of the experimental measurements have shown high catalytic activity. The highest CO2
conversion of 92 % during the methanation reaction was reached.

Introduction
Aluminum oxide is one of the well known ceramic material both for its various applications, and also for their
physical properties. It is used, for example, in manufacturing of electronic equipment, as a protective barrier
against corrosion on alumina-forming alloys, as an alternative to surgical material for implants or as a catalyst
support1.
An important part of the catalyst is the support on which the active (catalytic) material is applied. It is important
that the support for the catalytic reactions shows excellent interaction between the active metal and support
and is an inert. Further, the support needs to have a high strength. If the strength is not sufficient, the catalyst
may be mechanically damaged during the catalytic reaction and thus deactivated. An important parameter of
the support is the value of the specific surface area and pore distribution. The higher specific surface area and
pore size in the range of micro- and mesopores causes very high interaction between the active metal and
support, which leads to higher catalytic activity. It is also important that the support has a sufficiently high
melting point and Tamman temperature. From this point, the most frequently used supports in catalytic
processes are refractory oxides. Table I shows the most frequently used support for the methanation reaction2,3.
Table I
Melting points and Tamman temperatures for selected supports
Support
Melting point, °C
γ-Al2O3
2 318
SiO2
1 973
SiO2-Al2O3
1 818
TiO2
2 128
ZrO2
2 988
CeO2
2 873

Tamman temperature, °C
1 159
987
909
1 064
1 497
1 437

In catalytic reactions, γ-Al2O3 is most commonly used and is prepared from natural bauxite by the so-called Bayer
Process. Bauxite is a mixture of gibbsite (γ-Al(OH)3), boehmite (γ-AlO(OH)) and diaspore (α-AlO(OH)) with a trace
amount of impurities (SiO2, Fe2O3, TiO2). During the Bayer Process, alumina transited into 6 metastable and
1 thermodynamically stable modifications. Figure 1 shows a scheme of transit alumina transitions4. Aluminum
oxide exists in many metastable polymorphs except for the thermodynamically stable α-Al2O3 (corundum). The
metastable structures can be divided into two main categories: a face-centered cubic (fcc) or a hexagonal closepacked (hcp) arrangement of oxygen anions. It is a distribution of cations in each subgroup, which leads to
different polymorphs5. The Al2O3 structures based on fcc packing γ, η (cubic), θ (monoclinic) and δ (tetragonal or
orthorhombic), while the Al2O3 structures based on hcp packing are represented by the α (trigonal),
κ (orthorhombic) and χ (hexagonal) phases6.
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Figure 1. Scheme of transit alumina transitions

Experiment
Preparation of support
Pure boehmite AlO(OH), having a pellet shape of 6x4 mm, was chosen for the production of the support. The raw
boehmite was calcined in a muffle furnace, where the temperature gradient of the calcination process is shown
in Table II. Thus, 13 boehmite samples were prepared within a temperature range of 100 °C up to
1 200 °C. Samples of pellets were collected from each batch and analyzed according to the calcination
temperature.
Table II
Temperature gradient of calcinations process
Step
Temperature
Max. temperature,
gradient, °C.min-1
°C
1
3
100 – 120
2
0
100 – 120
3
5
200 – 1 200
4
0
200 – 1 200

Duration, min

Process

32
42
76
240

Heating
Drying
Heating
Calcination

Measurement of the physic-chemical properties of samples
The selected pellets were subjected to the following measurements: length, width, weight, material strength,
specific surface area, total pore volume and pore distribution.
The length and width of the samples were measured on a sliding scale with 0.01 mm uncertainty. Weight was
measured on a digital scale with 0.001 mg uncertainty. The material strength was measured via Amandus Kahl
instrument. Specific surface area and total pore volume were determined via the analyser Coulter SA3100, where
the specific surface area was determined by the adsorption of nitrogen at 77 K. All samples were previously
degassed at gauge pressure 13 Pa and temperature 150 °C. The specific surface area, volume and pore
distribution are calculated from the BET equation (Brunauer-Emmet-Teller). The measurement results were
processed by a combined standard uncertainty.
Preparation of Ni-based catalyst
To impregnate the Ni-based catalyst, an aqueous solution of Ni(NO3)2.6H2O with a mass fraction of 0.2 was
prepared. The solution was heated at 70 °C with continuous mixing at a speed of 350 rpm. On the temperature
had stabilized 150 g γ-Al2O3 was immersed in the solution. The support was left in the heated solution and kept
at a constant temperature of 70 °C for 90 min. Subsequently, the solution was filtered. Pellets were then placed
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in a muffle furnace. The calcination temperature gradient was set at 5 °C.min-1, the final temperature was
500 °C. This temperature was maintained in the muffle furnace for 4 hours. During calcination thermal
decomposition of nickel nitrate to nickel oxide took place. Described impregnation procedure was repeated
10 times7.
Catalytic activity measurement
In the reactor 50 g of Ni-based catalyst was placed. The catalyst was reduced to the active form using hydrogen.
Reduction of the catalyst was carried out for 3 hours using hydrogen at a gauge pressure of 0.5 MPa, flow rate
5 l.min-1 (25 °C; 101 325 Pa) at 450 °C. After reduction, the apparatus was purged with nitrogen. Subsequently, a
model gas mixture containing 80 mole % H2 and 20 mole % CO2 was dropped into the laboratory apparatus. The
flow rate of the model gas mixture was set at 6.5 l.min-1 (25 °C; 101 325 Pa). The measurement was carried out
at a gauge pressure of 2 MPa and a temperature interval of 0 – 350 °C. The resulting gaseous product was
analyzed using a Multitec 540 which is provided with an infrared sensor.

Results and discussion
Support characterization
Length and width
The dependence of the length and width of the pellets on the calcination temperature is shown in Figure 2. The
change in length and width is due to sintering processes and irreversible phase transformations. When the
material heats up, the material expands to a high temperature and thus changes its size. Thermal expansion is
an important parameter in assessing the resistance of catalyst support to sudden temperature change8.
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Figure 2. Dependence of the length and width on the calcination temperature
Weight
The dependence of the weight of the samples on the calcination temperature is shown in Figure 3. The specific
surface area and pore size have a significant effect on the change in the weight of the samples, as the inner
surface decreases with increasing temperature. Figure 3 shows the individual transit transitions where a
significant decrease in weight is visible, which corresponds to the results from the measurement of the specific
surface area, see Figure 5.
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Figure 3. Dependence of the weight on the calcination temperature
Material strength
The strength of the material was tested by stepwise pressure loading, while the pressure at which the material
was destroyed was recorded. Figure 4 shows the dependence of material strength on calcination temperature
for individual samples. It can be seen that with increasing calcination temperature and a change in the crystalline
modification of the boehmite, the strength of the material increases.
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Figure 4. Dependence of the material strength on the calcination temperature
Specific surface area
Specific surface area, total pore volume and their distribution were measured by measuring adsorption
isotherms. Figure 5 shows the dependence of the specific surface area of samples on calcination temperature.
The transit transition γ-Al2O3 ranges from 450 to 750 °C. It can be seen from Figure 5 that the most suitable
calcining temperature is 500 °C since the highest specific surface area is reached at this temperature, thus
239 m2.g-1. With increasing calcination temperature leads to a significant reduction in specific surface area, but
also to reduce of micropores and the growth of meso- and macropores.
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Figure 5. Dependence of the specific surface area on the calcination temperature
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Produced gas analysis
The catalytic activity of Ni-based catalyst was tested at gauge pressure 2 MPa. The composition of produced gas
analysed via the analyser Multitec 540 is depicted in Figure 6. The highest CO2 conversion of 92 % was reached
at temperature 300 °C. In the same experimental conditions,, the highest methane content of 92 mol % was also
reached.
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Figure 6. Dependence of the volume fraction of CH4 and conversion of CO2 on the reactor temperature

Conclusion
For the experiments, 13 boehmite samples with treated by different calcination temperatures were prepared,
namely the natural boehmite and boehmite calcined in the temperature range of 100 – 1 200 °C. Samples were
tested for their physico-chemical properties, such as length, width, weight and strength of the material.
Furthermore, the specific surface area and total pore volume were tested, which is a very important parameter
for the choice of catalyst support. Boehmite calcined at 500 °C a γ-Al2O3 due to the results of analyzes seems the
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best support for the methanation reaction in a laboratory apparatus, which uses a Ni-based catalyst, which was
prepared by multiple impregnations.
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Abstract
An increasing concentration of carbon dioxide in the atmosphere is the driving force of on its utilization
in different technological processes. Those processes are CCS (Carbon Capture and Storage) and in particular
in CCU (Carbon Capture and Utilization). One of the promising CCU processes is the catalytic methanation
of carbon dioxide and hydrogen. The catalytic methanation utilizes hydrogen, which can be produced using
sustainable renewable energy (wind or solar) with unsteady power production. The main product of the catalytic
methanation is a synthetic natural gas, consisting mainly of methane. The synthetic natural gas can be used
as a substitute for natural gas in energetic applications. This paper presents results from testing of nickel catalyst
(Ni/γ-Al2O3) with a variable mass fraction of nickel. Methanation reaction was tested at temperatures below
450 °C and gauge pressure of 0.5 MPa in a through-flow reactor, with a stoichiometric mixture of hydrogen
and carbon dioxide. During experiments, catalytic activity, methane selectivity, hydrogen and carbon dioxide
conversion were measured.

Introduction
The methanation process was first described by a group of scientists led by French chemist Paul Sabatier in 1902.
The work investigated the mechanism of direct hydrogenation of carbon dioxide (Equation 1) using
heterogeneous catalysts. Paul Sabatier´s research group was mainly concerned with the use of iron, copper
and nickel-based catalysts 1.
In parallel with the methanation reaction (Equation 1), a wide variety of side reactions occur. Some of them are
listed below (Equation 1-6). All reactions are exothermic 1,2.
CO# + 4H# ↔ CH) + 2H# O
CO + 3H# ↔ CH) + H# O
CO# + 3.5H# ↔ 0.5C# H/ + H# O
CO# + 2H# ↔ C + 2H# O
2CO + 2H# ↔ CH) + CO#
2CO ↔ C + CO#

ΔrH°298 = -165 kJ·mol-1
ΔrH°298 = -206 kJ·mol-1
ΔrH°298 = -132 kJ·mol-1
ΔrH°298 = -90 kJ·mol-1
ΔrH°298 = -247 kJ·mol-1
ΔrH°298 = -172 kJ·mol-1

(1)
(2)
(3)
(4)
(5)
(6)

Le Chatelier´s principle implies that the optimum conditions for achieving the highest CO2 conversion are high
pressure and low temperature. If low pressure is used in the methanation reaction, a lower CO2 conversion
is expected and a lower reaction rate is achieved. However, this disadvantage should be counterbalanced
by the benefit of easier reaction control and more economic acceptable operating conditions 1,2.
Heterogeneous catalysts supports are preferably used for the methanation reaction. Catalysts supports are used
for higher mechanical resistance. The catalytic active metal is for example nickel, cobalt, iron or ruthenium for
the methanation reaction. The sulfur-containing gas mixture is preferably used Mo-based catalysts. In this paper,
we focus on Ni-based catalyst because it has very high methane selectivity and it is a very low-cost catalyst
compared to more active metals (Ru, Rh), or more selective metals (Pt, Pd). A major disadvantage of Ni-based
catalysts is their low resistance to long-term load (short life) 3-6.
Nickel is often impregnated on oxidic supports with a high specific surface area such as γ-Al2O3, SiO2, TiO2.
The choice of support depends in particular on the financial availability of the material and the ability
of the support to support the catalytically active substance. The most commercially available support is γ-Al2O3
for heterogeneous catalysis. It is a very well described and inexpensive support 3-6. Therefore, it was chosen
to produce catalysts used in the measurement of catalytic activity.
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Experiment
Preparation and specification of catalysts
The catalyst was prepared by impregnation method on support of γ-Al2O3, which was prepared by calcination
process AlO(OH) at 500 °C. The impregnating solution a 20 % aqueous solution of nickel nitrate was used.
The solution was heated at 65 °C before the impregnation process started. At this temperature, catalyst pellets
into the solution or a catalyst from a previous impregnation were placed. The support was left in the solution for
two hours. After removal, the pellets were dried and subsequently the pellets in a muffle furnace at 500 °C for 4
hours were calcined 7.
To analyse the properties of the catalyst, X-ray fluorescence (XRF) and surface analysis (specific surface area)
were used. XRF analysis was used to evaluate the weight fraction of the active metal on the catalyst.
Determination of the specific surface area was based on nitrogen adsorption on the catalyst surface.
Subsequently, the specific surface area was calculated via the BET method. The measurement also included the
calculation of pore distribution and total pore volume 7.
Catalytic activity measurement
Measurement of catalytic activity was performed in an experimental apparatus. The methanation reaction took
place in a through-flow packed tube reactor. The reactor dimensions were 15x3 cm with a wall thickness of 4 mm.
The reactor volume was 106 ml. The reactor was filled with 50 g of prepared catalyst for each experiment. The
height of the catalytic bed ranged from 13 to 10 cm. It decreased with each impregnation as the weight of the
individual pellets in the shape of Raschig ring increased. In Figure 1 the scheme of methanation apparatus
is depicted.

Figure 1. Scheme of the methanation apparatus
1) Gas cylinders (a - N2; b-H2; c-model gas (H2+CO2)); 2) Pressure controller; 3) Flowmeter; 4) Preheater;
5) Reactor; 6) Reactor heating / cooling; 7) Cooler; 8) Water condenser; 9) Diaphragm gas meter; 10) Gas
sampling; 11) Condensate; 12) Safety valve; T1-T5 – Temperature sensors
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Catalyst activation was carried out in a sealed, insulated reactor. Hydrogen was used as the activation gas
to reduce nickel oxide to active metallic nickel. The by-product of the activation process was water that was
withdrawn from the reactor into a condenser. Activation of the catalyst was carried out for 3 hours using
hydrogen at a gauge pressure of 0.5 MPa, flow rate 5 l·min-1 (15 °C; 101 325 Pa) at 290 °C.
Before the methanation was started, the reactor was heated in a stream of nitrogen, and then a reaction mixture
was introduced into the reactor. The reaction mixture was composed of hydrogen and carbon dioxide with
a stoichiometric ratio (mole fractions: H2 – 80.08 % CO2 – 19.91 %). The gauge pressure at all times maintained
at 0.5 MPa in the apparatus. The course of the methanation reaction was measured at a temperature up to 500
°C. The reaction gas flow rate was maintained at 5 l·min-1 (15 °C; 101 325 Pa), which corresponds to the Gas Hour
Space Velocity (GHSV) 2830 h-1 in the reactor.
The resulting gaseous product was monitored at the end of the sampling line, which was downstream
of the reactor and the condenser. An infrared sensor was used to analyse the resulting gaseous product.

Results and discussion
The experiment was performed under the same conditions for the catalyst after the first to fifth impregnation.
During the experiment, the composition of the output gas was monitored as a function of temperature.
Catalysts parameters
The basic parameters of the prepared catalysts are shown in Figure 2. It can be seen that the specific surface
area decreases with the number of impregnations at the expense of the increasing weight fraction of nickel
on the catalyst. The total pore volume below 6 nm decreased with each impregnation due to clogging with
a catalytically active substance.

Figure 2. Dependence of the specific surface area and weight fraction of nickel of the catalysts on the number
of impregnations
Measurements results
It has been shown that the methanation reaction can be carried out at low pressure with sufficient conversion
already at the second impregnation process. In Figure 3 can be seen that with each impregnation step was
followed by an increase in the maximum catalyst activity, growth was most pronounced in the third impregnation
process. After the third impregnation, the increase in maximum catalytic activity slowed significantly. By using
catalysts with a large weight fraction of nickel, a significant increase in catalytic activity at low temperature was
achieved. For example, the fifth impregnation achieved 30 % conversion already at 150 °C. During the catalyst
experiment after the fifth impregnation process, a maximum molar fraction of methane of 71.9 % was observed,
which corresponds to carbon dioxide conversion of 93.2 % using the model gas composition.
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Figure 3. Dependence of the molar fraction of methane in output gas on temperature for prepared catalysts
During the methanation reaction, an exothermic temperature rise was also observed at the start of the catalytic
methanation reactions shown in Figure 4. It can be seen that when the methanation reaction started
temperature was increased by 120 up to 180 °C. This exothermic increase was higher and faster for each
subsequent impregnation process because of the increase in the weight of the catalytically active metal
on the prepared catalyst. This led to an increase in the number of exothermic reactions occurring at once, each
of which generated heat. The heat generated had to be thoroughly monitored and drained during methanation
to prevent overheating of the reactor. This would result in increased deactivation of the catalyst.

Figure 4. Temperature rise due to effect of exothermic reactions
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Conclusion
Five catalysts for the experimental measurement were prepared. The catalysts differed in the number
of impregnations of nickel oxide. These catalysts were tested for catalytic activity using the model gas mixture
in an experimental apparatus. The composition of the model gas used corresponded to the stoichiometric ratio
of hydrogen and carbon dioxide (4:1).
The results of the measurements show that each impregnation step increases the conversion of carbon dioxide
during the methanation reaction. The highest CO2 conversion was achieved using a catalyst prepared by a fivefold impregnation. By measuring the catalyst activity of this catalyst, more than 93 % conversion of CO2 was
achieved. The weight fraction of nickel was almost 30 % after the fifth impregnation. The methanation gas
on the catalyst after the fifth impregnation at maximum catalytic activity reached a calorific value of about
30 MJ.m3 (0 °C; 101 325 Pa). The highest catalytic activity of the Ni-based catalyst after the fifth impregnation
was achieved around 360 °C.
Based on the measurement results, the Ni-based catalyst for methanation reaction was capable of reaching high
conversion even at a low gauge pressure of 0.5 MPa.
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Abstract
Powdered milk represents a dairy product with increased storability and variability of use in comparison with
liquid milk. Dairy plants employ a combination of multi-stage evaporator to concentrate liquid milk and spray
dryer to obtain the final milk powder product. Because of the volatile market prices of milk powder, economic
profitability of milk drying unit instalment is questionable. In this work, a feasibility study of a new milk drying
unit utilizing biogas as a boiler fuel was carried out. Mathematical model in Aspen Plus verified by real data
operation was developed to simulate the milk drying operation and its energy demands. The conducted
feasibility study demonstrated positive effects of biogas use in dairy industry on the project economics. However,
it also revealed that volatility in milk market prices and variability of biogas composition lead to difficult
predictability of the project’s payback period. In the best-case scenario, biogas use reduced project’s payback
period by half.

Introduction
Biogas is a combustible mixture of anaerobic digestion (AD) products, mainly methane and carbon dioxide. Its
composition strongly depends on the quality of the substrate and on the AD operating conditions. Primary
substrate for biogas production in Europe is agricultural waste, manure and energy crops. Typical composition
of biogas using manure as a feedstock is provided in Table 1. Encouraged by the renewable energy policies, biogas
production and use is constantly increasing. It can be used simply as a fuel additive or upgraded to biomethane
and used for heat and electricity production, and in transportation1,2,3.
Table I
Composition of biogas produced from animal manure
Component
Molar fraction
methane
0.45-0.65
carbon dioxide
0.25-0.50
nitrogen
up to 0.10
water
up to 0.10
oxygen
up to 0.02
hydrogen sulfide
up to 0.02
hydrogen
up to 0.01
In this contribution, combination of dairy plant and wastewater treatment plant (WWTP) was studied. The main
principle of the studied combination is cattle producing milk as a feedstock for dairy plant to produce milk
products and manure as a feedstock/co-substrate for WWTP to produce biogas. Produced biogas would be used
as a boiler fuel additive in dairy plant to generate heat required by milk processing technology. Specifically, milk
drying was considered as a heat consumer in this work. Powdered milk represents a dairy product with increased
storability and variability of use in comparison with liquid milk. Dairy plants employ a combination of multi-stage
evaporator to concentrate liquid milk and spray dryer to obtain the final milk powder product. However, volatile
market prices of milk powder and raw milk cause unstable economic profitability of new milk drying unit
instalments.
We studied the effect of biogas addition to the boiler fuel, usually natural gas, on the project’s economics. Firstly,
mathematical model of a milk drying unit was developed in Aspen Plus process simulator. Mathematical model
was verified by real operating data from existing milk drying unit in Slovak Republic and then, it was used to
determine heat consumption of new milk drying unit instalment. Secondly, thorough analysis of key parameters
such as biogas composition, ratio of biogas to natural gas in boiler fuel, and prices of milk, powdered milk and
fuel on the project’s payback period was performed.

191

ICCT 2019 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS
Mathematical model of a milk drying unit
Milk represents an aqueous solution of several hundred chemicals. There are different approaches to simulate
milk behaviour4,5. In our simulation, milk was modelled as a mixture of seven different components that can be
divided into two main groups – water and solids. Solids were composed of six representative chemicals – palmitic
acid and oleic acid representing fat, lactose representing carbohydrates, calcium and potassium representing
minerals and proline representing proteins. Their composition in fresh milk considered in our simulation is
provided by Table II.
Table II
Composition of fresh milk in Aspen Plus simulation
Component
Mass fraction
water
0.9095
lactose
0.0330
palmitic acid
0.0140
oleic acid
0.0140
calcium
0.0028
potassium
0.0027
proline
0.0240
Milk drying unit consisted of five-effect evaporator and spray dryer. Multiple-effect evaporators in dairy industry
are characteristic by their high integration of energy streams. Schematic material streams connection in base
milk drying unit in existing dairy plant is shown in Figure 1. From the point of view of milk, the evaporator was
operated co-currently. Two thermocompressors were used to upgrade steam from first and second effect of
evaporator to a higher pressure so it can be used again in this effects as a heat source. In every effect, also steam
produced by condensate expansion from previous effect was used. Milk was concentrated from initial ca. 9 wt.%
of solids to ca. 48 wt.%. Concentrated milk was then transferred into the spray dryer where the final milk powder
containing 96.5 wt.% was produced.

Figure 1. Schematic process flowsheet of five-effect evaporator (light blue – fresh milk, dark blue – concentrated
milk, red – live steam from boiler, dark red – steam generated by milk evaporation, black – steam generated in
thermocompressor, green – steam condensate after expansion)
The complete flowsheet of evaporation process modelled in Aspen Plus environment is depicted in Figure 2.
Individual evaporator effects were simulated as combination of heat exchangers and flash separators to split
gaseous and liquid phase. Only water evaporation was considered in flash separation. Heat exchangers for fresh
milk preheating were simulated as a shell-and-tube heat exchangers with constant heat transfer coefficient.
Thermocompressors were simplified by the use of mixers. Flash separators were used also for steam condensate
expansion simulation.
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Figure 2. Process flowsheet of five-effect evaporator with milk preheating in Aspen Plus environment (light blue
– fresh milk, dark blue – concentrated milk, red – live steam from boiler, dark red – steam generated by milk
evaporation, purple – steam generated by condensate expansion, green – steam condensate)
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Constructed mathematical model was verified by real operating data (Figure 3). The relative deviation of
calculated values from operating data did not exceed 3 % for solids content and 10 % for steam consumption.
The overall consumption of live steam from boiler room was calculated by Aspen Plus to be 1 389 kg/h that
agreed with real operating value of 1 406 kg/h. Based on these results, mathematical model was considered
suitable for further analysis.
In the next step, new milk drying unit instalment heat requirements were simulated using constructed model.
Base milk drying unit had capacity of 7 200 kg/h of fresh milk. Target unit in this study had capacity of 4 800 kg/h
of fresh milk. Steam consumption calculated for the new unit was 930 kg/h. With incorporation of expected heat
losses not covered by constructed mathematical model, the value of 1 000 kg/h was considered for boiler design.
Taking into account own boiler consumption, new boiler capacity of 1 200 kg/h of steam was determined and
used in consequent feasibility study.

Figure 3. Comparison of process simulation results with real operating data – solids content in milk (red) and
steam consumption (blue) in corresponding evaporator effects
Feasibility study
In the feasibility study, impact of methane content in biogas, portion of biogas and natural gas in boiler fuel and
price of biogas after desulphurisation on economic aspects of designed milk drying unit was studied. Limit values
of studied operating parameters are provided in Table III. In the following results, natural gas price was
0.35 EUR/m3 and price of raw milk and whole milk powder was 260 EUR/t and 3 050 EUR/t, respectively. It is
necessary to point out that the milk market prices are very volatile and subject to local and global market
regulations. In the time period of 2012-2019, raw milk price varied from 250 to 400 EUR/t and whole milk powder
price varied from 1 950 to 3 800 EUR/t6.
Table III
Limit values of studied parameters
Parameter
methane content in biogas
biogas portion in boiler fuel
biogas price after desulphurization

Unit
molar %
%
EUR/m3

Interval
45-60
0-100
0.073-0.243

If no biogas was added to boiler fuel, the project‘s payback period was approximately 6.5 years. Calculation of
the payback period included required investment for multi-effect evaporator, heat exchangers, spray dryer,
boiler and thermocompressor, and operating costs composed of purchase costs for natural gas, biogas, water,
electricity and milk. Addition of biogas could lead to decrease or increase of this period depending on the raw
biogas price. As it is evident in Figure 4, three regimes were present. In the first regime (Figure 4a-b), addition of
biogas in boiler fuel was always favourable. If the biogas price is higher (Figure 4c-d), profitability of biogas
addition was strongly dependent on its methane content (second regime). In the third regime (Figure 4e-f),
biogas addition had always negative effect on the project profitability. The best-case scenario led to decrease of
the payback period under 3.5 years. In the worst-case scenario, if the AD operating costs of WWTP producing
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biogas are too high and consequently, price of biogas after desulphurization is too high, addition of biogas led to
increase of the payback period to ca. 35 years.

Figure 4. Project’s payback period as a function of methane content in biogas and boiler fuel composition for the
following prices of biogas after desulphurization: 0.073 EUR/m3 (a), 0.107 EUR/m3 (b), 0.141 EUR/m3 (c),
0.175 EUR/m3 (d), 0.209 EUR/m3 (e) and 0.243 EUR/m3 (f)

Conclusion
The potential benefits of biogas as a boiler fuel in dairy industry, specifically in milk drying, were analyzed. The
case study of milk drying unit based on a real dairy plant in Slovak Republic was modelled in Aspen Plus
environment and then used for thorough economic analysis considering variable methane content in biogas,
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portion of biogas and natural gas in boiler fuel, biogas price considering its desulphurization and milk market
prices. The analysis revealed that volatility in milk market prices and costs associated with biogas production,
and variability of biogas composition lead to difficult predictability of the project’s payback period. The
conducted feasibility study demonstrated positive effects of biogas use on the project economics, if the biogas
price was not higher than 0.175 EUR/m3. However, if the raw biogas price was in the region of 0.150 EUR/m3,
profitability of biogas addition strongly depended on its methane content. In the best-case scenario, biogas use
reduced project’s payback period by half, from original 6.5 years to ca. 3.5 years.
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Abstract
The distribution of Fischer-Tropsch (FT) products is typically compared to the Anderson-Schulz-Flory (ASF)
distribution with selectivity determined by alpha-parameter, which represents a chain growth probability.
However, the experimentally obtained products distribution does not remain constant during a long-term
experiment (490 hours) but varies in dependence on a FT catalyst deactivation. Since the accurate prediction of
products distribution during one batch of FT catalyst is a crucial parameter for optimization of product separation
conditions and subsequent upgrading, the evolution of products distribution in FT lab-scale unit (BIOENERGY
2020+ GmbH, Güssing, Austria) operating at steady state was studied. The experimental data were compared to
simulation results obtained using mathematical model in Aspen Plus V10 software. The simulated products
distribution is in line with experimental data and it showed an increase of the alpha-parameter together with a
strong decrease of the FT reaction rate during the 490 hours experiment. The produced amount of longer
hydrocarbons increased with time as a result of the alpha-parameter change, compensating the significant drop
of the production rate. Therefore, the total obtained amount of products decreased only slightly during the
experiment test run. In addition, the fastest catalyst deactivation rate was observed at the beginning of the
experiment and declined over the duration of the long-term experiment.

Introduction
The Fischer-Tropsch (FT) process was discovered by Franz Fischer, Hans Tropsch and Helmut Pichler at Kaiser
Wilhelm Institute in 19231. Despite the FT synthesis has been known for many decades, it represents one of the
crucial process of coal, natural gas or biomass to liquid technology2. The FT synthesis transforms the hydrogen
and carbon monoxide from synthesis gas to a wide range of hydrocarbons (paraffins, olefins) and reaction byproduct water2, 3. The formation of linear saturated hydrocarbons can be summarized by reaction Eq. 14.
𝑛𝑛CO + (2𝑛𝑛 + 1)H* → C, H*,-* + 𝑛𝑛H* O

(1)
Except these hydrocarbons, the FT synthesis produces other products such as alcohols, aldehydes, acids and
esters3. The obtained products spectrum depends on the catalyst, its support and reaction conditions5. The
operating temperatures of the FT synthesis ranges between 200 and 240 °C for low temperature FT process and
300 to 350 °C for high temperature FT synthesis. The typical reaction pressure lies between 20 to 40 bars6.
The FT synthesis can be catalyzed by various metals including iron, cobalt, nickel, ruthenium and rhenium3.
Nevertheless, cobalt based catalysts are currently preferred due to their high activity and selectivity to longer
hydrocarbon chains, low activity of water-gas-shift reaction and moderate deactivation7. The deactivation of
cobalt based catalysts is mainly caused by catalyst poisoning by sulfur, chlorine or nitrogen compounds,
production of surface carbon compounds, carbidization, oxidation of cobalt by formation of CoO, sintering and
reconstruction of surface8.
The FT products spectrum generally follows the Anderson-Schulz-Flory (ASF) distribution9. The ASF distribution
is characterized by an alpha-parameter α, which represents the chain growth probability. The ASF distribution is
defined in Eq. 2. where M represents the molar fraction and n is the number of carbon atoms10.
𝑀𝑀, = 𝛼𝛼 ,12 (1 − 𝛼𝛼)

(2)
Higher values of chain-growth probability represented by the alpha-parameter result in increased production of
longer and heavier hydrocarbons11.
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However, the distribution of FT products or alpha-parameter is not constant during the operation of FT process.
Therefore, the presented work was focused on mathematical modeling of selectivity of the FT synthesis during
the catalyst deactivation.

Simulation
An evolution of products distribution during catalyst deactivation was experimentally determined at FT
laboratory scale unit at BIOENERGY 2020+ GmbH, which is located in Güssing, Austria. This FT unit processed
5 Nm3/h of synthesis gas which was obtained by a gasification of a biomass (wood chips). The FT synthesis was
conducted in slurry reactor with total volume of 20 liters. The slurry phase reactor was filled by 2.5 kg of
homogenously dispersed supported pre-commercial cobalt-based catalyst. The FT synthesis was operated at
temperature of 230 °C and pressure of 20 bar. FT products and tail gas were subsequently separated into three
fractions by three collectors. The first separator captured the wax fraction which contains the longest
hydrocarbons molecules. The second separator collected the diesel blend and the third separated the naphtha
fraction. Collectors were operated at temperatures 128, 90 and 16 °C respectively. Uncaptured light gaseous
hydrocarbons and unreacted synthesis gas formed together the tail gas. Tail gas was subsequently used in the
gasification combined heat and power plant.
The change of products distribution was evaluated during the long-term 490 hour test run of the laboratory scale
FT unit. The whole experiment was conducted using single batch of the catalyst. The long-term FT test run was
divided into totally nine runs. The length of the runs is captured at Table I.
Table I
The length of the runs
Run number
Length of the run, h
Total time from the
start, h

1
26.3

2
67.4

3
45.6

4
48.6

5
45.6

6
72.5

7
93.8

8
59.5

9
31.0

26.3

93.7

139.3

187.9

233.5

306.0

399.8

459.3

490.3

The duration of runs was dependent on the operator of the FT lab-scale unit and the capacity of separators and
ranged between 26.3 and 93.8 hours. However, runs 1 and 5 were not modeled due to starter filling of the FT
reactor and error of the GC analytical technique respectively. Each run of the long-term test run was modelled
by our developed and published model12. The mathematical model based on standard ASF distribution and
Eq. 1. The alpha-parameter was determined according to experimental products distribution obtained by FT
laboratory scale unit (Güssing, Austria). The alpha-parameter was optimized by method of least squares. The preexponential factor which represents the reaction rate of simulated FT synthesis was calculated to get the best
agreement between modeled and experimentally obtained amount of FT products.

Discussion and result analysis
The pre-developed mathematical model calculates the composition and amount of main products - wax, diesel
and naphtha blend. Thus, the mathematical model also provides a composition of the tail gas. The modeled data
were compared with obtained experimental results from FT lab-scale unit. The simulated product distribution
showed a change of the alpha-parameter during the long-term experiment test run. The evolution of alphaparameter during the long-term experiment is presented in Figure 1.
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Figure 1. The evolution of alpha-parameter during the catalyst deactivation
The alpha-parameter increased over the duration of the long-term 490 hours experiment. Except the experiment
4 (third point), the increase of the alpha parameter was almost linear. The slight differences from linear increase
of alpha-parameter can be caused by unstable composition of processed synthesis gas because the molar
fractions of synthesis gas components slightly vary during the experimental test run of the FT lab scale unit. An
increase of the alpha-parameter causes a higher probability of the hydrocarbon chain growth and the decreasing
the probability of the termination reaction. Therefore, the obtained amount of longer hydrocarbons molecules
increased during the long-term experiment. Simulated product distributions represented by alpha-parameter
are captured in following Figure 2. The Figure 2 represents a development of modeled product distribution during
the deactivation of FT catalyst.
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Figure 2. The evolution of product distribution caused by the alpha-parameter change during the catalyst
deactivation
Even through the change of alpha-parameter between the second and the ninth camping is relatively small (0.827
to 0.871), it significantly influenced the final products distribution. Such change of modeled spectrum of products
is an important parameter for further optimization of the separation section of FT lab-scale unit. Thus, the
prediction of products composition is crucial for appropriate choice and set up of products upgrading technology.
Similarly to Figure 1, there is a strong deviation at run 4 (187.9 hours). The different products distribution and
alpha-parameter can be caused by various reasons including the measurement error or error of analytic
technique. Such deviations can be also seen in the following Figure 3, where calculated FT reaction rate
(represented by pre-exponential factor) is captured.
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Figure 3. The FT reaction rate during the long-term experiment
The Figure 3. shows the evolution of the determined reaction rate during the long-term experiment. Except the
step 4 (third point), there is an apparent decrease of FT reaction rate. The main drop of the pre-exponential
factor was observed at the initial phase of the long-term experiment and decreased during the length of the
experiment. Such effect indicates a strong deactivation of the FT catalyst at the beginning of the FT experiment
test run. Even through the significant decrease of the FT reaction rate, the change of the products distribution
represented by an increase of the alpha-parameter compensated for the drop of obtained amount of products.
Therefore, the total weight of FT products decreases only slightly during the long-term experiment test run. The
experimental and simulated amount of obtained products is presented at following Table II.
Table II
The produced and simulated amount of products
Run number
2
3
4
Run, kg h-1
0.250
0.248
0.246
Simulation, kg h-1
0.250
0.248
0.246

6
0.244
0.244

7
0.239
0.239

8
0.235
0.236

9
0.240
0.241

Conclusion
The developed mathematical model using ASF distribution was used to modeling the distribution of FT products
during the long-term 490 hours experiment test run of the FT laboratory scale unit operated by BIOENERGY
2020+ GmbH in Güssing, Austria. However, the spectrum of FT products represented by alpha-parameter was
not remain constant but varied in dependence on a FT catalyst deactivation. Therefore, the accurate prediction
of products distribution is crucial for optimal separation of the FT products and downstream processes.
The modeled products spectrum showed an increase of the alpha-parameter during the experiment test run. As
a result, the production of longer and heavy hydrocarbons increased with the length of the experiment and
concurrently partly compensated the observed significant decrease of FT reaction rate during the long-term
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experiment. Therefore, the total obtained amount of products decreased only slightly. In addition, the highest
decrease of FT reaction rate was observed at the beginning of the experiment and was slowed with the length
of the test run. That indicated a strong deactivation of catalyst at the start of the experiment.
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Abstract
Pulp and paper mill represent big source of energy rich biomass. The biggest sources of biomass in chemical pulp
mills are black liquor which consists of spent cooking chemicals, lignin and hemicellulose and wood residuals.
Traditional way of processing this source of energy in pulp mills is combustion in recovery boilers, where the
produced steam is used in steam turbines for heat and electric energy cogeneration. However, modern
gasification technology which is considered to be more efficient than combustion in term of electric energy
production can replace this traditional way. On the other hand, integration of gasification process into the pulp
mill will affect another process of the heat and electric energy production, and thus the whole cogeneration unit
must be redesigned.
Typical large paper mill with annual production of 1600 tonnes of black liquor dry solids per day and 30 tonnes
of wood residuals per hour is considered in our study. Integrated gasification combined cycle based on both types
of biomass fuels (black liquor and wood residuals) is compared with traditional cogeneration units in pulp mills
in terms of net electric energy production. Also, different ways of connection between these processes will be
designed and considered as well as comparison of their performance with that of separate units.

Introduction
Chemical (Kraft) pulp represents up to 70 % of all pulp produced in the Europe1. An integral part of chemical
pulping process is a recovery cycle, where spent cooking chemicals are recovered from the black liquor2. Black
liquor is a viscous black liquid, the mixture of inorganic salts (such as Na2CO3, NaHS, Na2SO4) and organic
chemicals removed from pulp (hemicelluloses and lignin). Black liquor represents a huge source of energy rich
biomass in pulp mills, up to 7 tonnes of black liquor are produced in the manufacture of 1 tonne of pulp3.
Traditional way of processing the black liquor, is its evaporation in series of evaporators and concentrators up to
70 – 85 % of solids, combustion in the recovery boiler, causticizing and the white liquor production2,4. However,
black liquor is not the only source of biomass in the pulp mill, such wastes are produced in all stages of pulp
productions – wood preparation, paper production, regeneration of chemicals and waste water treatment. If the
energy recovery is done from all of these sources, energy demands of pulp mill can reduce by 50 %5.
The main sources of biomass in pulp mills are black liquor and wood residuals. As it was already mentioned, this
biomass is traditionally combusted in boilers. However, modern technology of gasification can be used to
improve the efficiency of the recovery process. In the gasification process, organic chemicals from the biomass
are transferred by several chemical reactions into combustible gas6. This gas can be then used as a fuel in
cogeneration heat and power plant or as a feed to production of some valuable chemicals. There are two main
types of gasification technologies – low-temperature (600 – 850 °C) and high-temperature (900 – 1000 °C)
gasification1,6. Also, depending on the used oxidizer, there is gasification with using air or pure oxygen. The
advantage of low-temperature gasification is better separation of inorganics as solids, however, disadvantages
are lover reaction rate and sulphate reduction. In the high-temperature gasification there is lower sulphur
reduction and higher reaction rate, but molten inorganics can cause corrosion of the reactor6. Depending on the
type of oxidizer, the heating value of produced gas can change. With using pure oxygen, lower heating value can
be up to 3 times higher than in the system with using air as source of oxygen1. Even if the gasification process
could be a good alternative to combustion process, integration of gasification process would affect other
processes of heat and electric energy production, and thus the whole cogeneration unit must be redesigned. This
involves huge investment costs, which can make this process not economically feasible.
The aim of this work is to compare traditional technology of biomass (black liquor and wood residuals)
combustion with its gasification in term of power production. Also, different ways of connection between these
processes will be studied to maximize the power production.
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System description
In the first part of the work, combustion process of both, black liquor and wood residuals, has to be modelled.
Input for the calculations is 1600 tonnes per day of black liquor dry solids (water content 75 % wt.) and 30 tonnes
per hour of wood residuals with the moisture of 20 %. Parameters set for biomass combustion are following:
¥
Thermal efficiency of steam production from black liquor and wood residuals 75 % and 78 % respectively
¥
Parameters of produced superheated steam in boilers – 9.5 MPa, 490 °C (black liquor combustion) and 6
MPa, 440 °C (wood residuals combustion)
¥
Steam from boiler enters the extraction-condensing steam turbine – extractions at 1.2 MPa, 0.6 MPa;
condensing pressure 8 kPa (a)
¥
Deaerator operates at 120 °C
In both cases of the gasification process, the assumed condensate return efficiency from process is 70 % of the
exported steam and the deaerator operates at the temperature of 104 °C. The necessary condition for comparing
gasification and combustion process and to provide steam need for pulp and paper mill is the amount of
produced medium-pressure (MP) and low-pressure (LP) steam in all the studied processes, which has to be the
same in all cases. In all studied cases, isentropic expansion efficiency and mechanic efficiency of steam turbines
were set to 80 % and 95 % respectively.
For the system with wood residuals gasification (Figure 1), following parameters were set:
¥
Gasification with air at atmospheric pressure and temperature 900 °C
¥
Gas leaving the gasifier with the temperature of 290 °C
¥
Sulphur content in produced gas less than 40 ppm – no need of gas cleaning7
¥
Combustion of gas with the air in combustion chamber (CC) and production of steam in heat recovery steam
generator (HRSG)
¥
Expansion of high-pressure (HP) steam in steam turbine
System with black liquor gasification (Figure 2) includes:
¥
Gasification with pure oxygen at 950 °C and 3 MPa
¥
Cooling and cleaning of the gas in series of heat exchangers and absorption column
¥
Combustion of gas with the air in gas turbine and expansion of flue gases to atmospheric pressure
¥
Steam production from remaining heat of flue gases in HRSG
¥
Expansion of produced HP steam in steam turbine

Figure 1. Schematic description of wood residuals gasification system with combined cycle
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Figure 2. Schematic description of black liquor gasification. There is a possibility of combustion of gas produced
in the wood residuals gasification process (grey line)

Results
In table I, the composition of gases produced by biomass gasification is shown together with lower heating values
for each gas. The amount of net produced electric energy and steam in all modelled systems are shown in Table
II. According to results in Table II it is clear, that the gasification technology is more effective in term of electric
energy production.
Table I
Composition and lower heating value (LHV) of syngas produced by BL and WR gasification
BL gasification (vol. %)
WR gasification (vol. %)
CO2
31.1
20.0
H2
35.5
17.5
CO
30.6
10.8
CH4
1.6
1.5
1.15
H2S
50.2
N2
LHV (MJ/kg)
8
4.2
Table II
Amounts of produced steam and electric energy in modelled systems of biomass combustion and gasification
Combustion
Gasification
BL
WR
BL
WR
BL + WR
LP steam (kg/s)
21.95
22.66
21.95
22.66
44.61
MP steam (kg/s)
9.41
11.33
9.41
11.33
20.77
El. energy (MW)
37.4
11.7
56.7
17.4
72.0
Comparison (MW)
+ 19.3
+ 5.7
+ 22.9
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With the results shown above, investment costs and payback period of purchasing the gasification system with
combined heat and power production instead of boiler can be evaluated. For the set amounts of processed
biomass, prices of boilers including steam turbine and auxiliaries was estimated according to Larson8 as 112 mil.
€ for black liquor boiler and 67 mil. € for wood residuals boiler. For the black liquor and wood residuals integrated
gasification combined cycle, investment costs were with the help of literature8,9 estimated to 191 mil. € and 90
mil. € respectively. The investment costs of black liquor integrated gasification combined cycle with co-firing of
gas from wood residuals gasification were estimated as 241 mil. €. Simple payback period for model prices of
electric energy, varying between 40 and 100 €/MWh, is shown in Figure 3.

Figure 3. Simple payback period of black liquor and wood residual integrated gasification combined cycle system
purchase compared to the recovery boiler for different prices of electric energy
As shown above, the best variant is to purchase black liquor gasification system connected with the wood
residuals gasification system. The shorter payback period (2 – 4 years shorter) is caused by purchasing just one
steam turbine and one heat recovery steam generator for processing of two different fuels.

Conclusion
As it is shown in Table II, biomass gasification is more efficient than its combustion in term of electric energy
production. Based on these data and investment costs for every modelled system, we were able to estimate the
incremental simple payback period if an investment in IGCC system is considered, with an alternative of
traditional recovery boiler purchase. By choosing both black liquor and wood residuals IGCC system instead of
purchasing boilers, payback period ranges between 5 to 12 years, depending on the price of electric energy.
According to the results in Figure 3, the best variant with the shortest payback period is gasification of both
biomass sources with co-firing of gas from wood residuals gasification in HRSG with flue gases from black liquor
gasification.
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Abstract
A high sulfur and nitrogen content in a feedstock for hydrocracking unit negatively affect further processing on
products. Based on the sulfur and nitrogen contents, the conditions of the hydrocracking unit are adjusted for
its high performance. The elementary analysis determines the total content of sulfur and nitrogen. Nevertheless,
it is time and cost consuming method (hours, reaction gas, filling CuO). A rapid and inexpensive method was
optimized and developed for the determination of total sulfur and nitrogen content in the feedstock using nearinfrared spectroscopy (NIRS). The calibration NIR models were verified by chemometric diagnostics and external
validation. The NIRS model of sulfur predicted values in the range of 1.700 – 2.190 % and nitrogen model in the
range of 753 – 1348 ppm. The maximum absolute difference between a reference and NIRS value of validation
samples was determined of 0.084 % for sulfur and 94 ppm for nitrogen.
Furthermore, the influence of sample temperature (70 °C, 80 °C, 90 °C and 100 °C) was tested on the NIRS
determination. One sample was analyzed 60 s without the need of other reagents. NIRS is a rapid and costeffective method to determine the sulfur and nitrogen content in the feedstock for the hydrocracking unit.

Introduction
Several factors influence the way petroleum and standard products that are processed. In addition to density
and other parameters the content of heteroatoms, especially sulfur and nitrogen, is very important 1. These
heteroatoms are poisons of catalysts in the feedstock processing 2. A high sulfur and nitrogen content in the
feedstock for hydrocracking unit negatively affect further processing on products3. Based on the sulfur and
nitrogen contents, the conditions of the hydrocracking unit are adjusted for its high performance 4. The
development of new analytical methods is focused primarily on efficiency, speed, accuracy and financial
simplicity. The elementary analysis or gas chromatography determine the total content of sulfur and nitrogen 5,
6
.
Nevertheless, these are time and cost consuming methods (hours, special columns, reaction gas, filling CuO).
Online analyzers are increasingly coming to the fore and being used in the industry, for example, using neural
networks or software simulation schemes 7, 8. Near infrared spectroscopy (NIRS) is one of the techniques which
offers a fast analysis in an online setting with a minimal operating cost 9. NIRS already finds application in the
petroleum industry for determination of octane number or environmental analysis, etc. 10. Thanks to its
measurement advantages, it has excellent prerequisites for applying the determination of heteroatoms (sulfur
and nitrogen) content in the feedstock11.

Experiment
The experiment was performed using FTIR/NIR spectrometer Nicolet 6700 (Thermo Fischer Scientific) with
immersion probe (the optical path 5 mm, CaF2 beamsplitter, InGaAs detector, the resolution 8 cm-1, the NIR range
of 10 000 – 4 000 cm-1). The resulting spectrum was obtained as a mean of 3 measurements (50 scans in each of
them). Samples for testing of temperature influence were tempered at 70 °C, 80 °C, 90 °C and 100 °C in an oven
for 10 min and then analyzed. The temperature of the calibration and validation samples was 80 °C. The required
volume of the samples was approx. 10 ml. The elementary analysis was used as a reference method for NIRS.
The calibration models were developed in software TQ Analyst 9 (Thermo Fischer Scientific) in partial least
squares (PLS) algorithm.

Discussion and result analysis
NIR model for total sulfur determination
The calibration NIR model for sulfur content determination was developed using real samples from chemical
processes. Chemometric diagnostics helped optimize the model to final its form. Some calibration samples had
to be removed based on their remoteness. The calibration NIR model for sulfur determination is showed in
Figure 1.
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Figure 1. NIR model for sulfur content determination (circles – calibration samples)
The NIR model contained 48 calibration samples in the range of 1.70 – 2.19 % where reference values of the
calibration samples represented axis x. These values were obtained using elementary analysis (reference method
to the NIR spectroscopy). The NIR values of the samples (obtained based on chemometric calculation) were
situated on axis y. Ideal NIR model should have equally distributed calibration samples in the whole calibration
range with the slope 1.0000. The correlation coefficient of the NIR model was found out 0.9826, which indicates
the existence of the correlation between the sulfur content and NIR spectra. Another chemometric parameter,
which represented the quality of the model, was the root mean square error of calibration (RMSEC). This value
is calculated by Equation 1.
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = √

∑(𝐴𝐴𝑖𝑖𝑖𝑖 −𝐴𝐴𝑖𝑖𝑖𝑖 )2
𝑚𝑚𝐴𝐴

Equation 1.

where Aic represents the calculated value of the sulfur content for i-th calibration sample, Aia represents the
actual value of the sulfur content for i-th calibration sample, and mA is a number of the calibration samples.
The RMSEC value of the NIR model for sulfur content determination was found out 0.0198 %. This small value of
the RMSEC pointed to the possible accurate prediction of the sulfur content using NIR spectroscopy.
Cross-Validation was another chemometric diagnostic which helped to optimize the model. It is the kind of
internal validation, where each calibration standard is removed from the model and used as a validation
standard. The cross-validation is characterized by the root mean square error of cross-validation (RMSECV). This
value for the NIR model of sulfur content determination was determined of 0.0666 %.
Principal Component Score is chemometric diagnostic, which can show outliers based on the 3D projection of
calibration standards. This diagnostic presents the calibration samples in the 3D projection of new variables
(principal components - PC), where all important spectral information of the analyzed region are condensed into
the set. Each PC represents an independent source of spectral variability in calibration data. PC is ranked
according to the amount of variability they represent. The first PC describes the most variability of calibration
spectra, and mostly, it is the most critical parameter of calibration. Every next PC describe most of the remaining
variability. Nevertheless, the first PC contains most of the typical information contained in the data. The rest of
the PC describes specific information representing small spectrum changes, which can be crucial for analysis.
The Principal Component Score 3D for the NIR model of sulfur content determination is shown below (Figure 2).
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Figure 2. Principal Component Score 3D for NIR model of sulfur content determination. The circles represent
calibration samples
No outliers were found in the 3D projection of the optimized NIR model. No calibration sample “deformed”
calibration model. The data were evenly distributed.
The prediction of the model was verified using 10 validation samples. The results of external validation are shown
in Figure 3.

Figure 3. External validation results for sulfur (grey column – reference values from elementary analysis, black
column – predicted values by NIR spectroscopy)
The maximum absolute difference between the reference value and NIR value was found out 0.084 % (sample
no. 10) and the minimum 0.018 % (sample no. 9). The model provides accurate results of sulfur content in the
feedstock for the hydrocracking unit.
The influence of sample temperature on the determination of total sulfur content by NIR model was tested at 5
randomly selected samples. A total of 4 temperatures (70, 80, 90, 100 °C) of samples were tested. The results of
the testing are in Figure 4.
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Figure 4. Influence of sample temperature for sulfur content determination
The determination of sulfur content by NIR spectroscopy was negatively affected by the sample temperature.
With the increasing temperature, the sulfur content increased. The cause of this effect was probably changes in
the sample matrix. The temperature of the feedstock for the hydrocracking unit is usually 80 °C; nevertheless,
the online monitoring by NIR spectroscopy must also be supplemented by measurement of the sample
temperature to obtain proper results. In this case, the NIR spectroscopy can provide accurate and fast results (in
60 s) without negatively influence.
NIR model for total nitrogen determination
Same samples as for sulfur content determination using NIR spectroscopy were used for the development of the
calibration model for determination of nitrogen content in a feedstock for hydrocracking unit. Based on many
chemometric diagnostics, the model was optimized into the final form (Figure 5).

Figure 5. NIR model for nitrogen content determination (circles – calibration samples)
The NIR model for nitrogen content determination included 44 calibration samples that were not equally
distributed in the whole range. Nevertheless, the correlation coefficient was determinate of 0.9986, which
pointed at an existing correlation between nitrogen content and NIR spectra. The RMSEC value for this model
was found out 8.42 ppm and the RMSECV of 106 ppm. The RMSECV value was 12,6x higher than RMSEC value.
The results are higher than for sulfur; nevertheless, it is still acceptable for NIR spectroscopy determination.
The Principal Component Score 3D diagnostic was used for finding outliers in the NIR model as well. Figure 6
presents this diagnostic.
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Figure 6. Principal Component Score 3D for NIR model of nitrogen content determination. The circles represent
calibration samples.
Based on the 3D projection of calibration samples, no outliers were found in optimized NIR model. The variability
character of samples was the same for all of them. No sample deformed the calibration model according to the
3D projection.
The prediction of the model was verified at the same set of the validation sample as for the external validation
of sulfur (10 validation samples). The results are shown below (Figure 7).

Figure 7. External validation results for nitrogen (grey column – reference values from elementary analysis, black
column – predicted values by NIR spectroscopy)
The maximum absolute difference between reference value and value predicted by NIR spectroscopy was found
out at sample no. 4 (94 ppm) and the minimum at sample no. 1 (6 ppm).
The test of the influence of sample temperature (70, 80, 90 and 100 °C) at the determination was executed at 5
same samples as for sulfur. The results are shown in Figure 8.
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Figure 8. Influence of sample temperature for nitrogen content determination
With increasing sample temperature, the nitrogen content decreased compared with sulfur content. As in the
previous case, the determination was inaccurate due to probable matrix changes, and it will be necessary to take
the sample temperature in regard (continuous sample temperature measuring). Nevertheless, the NIR
spectroscopy proved to be a fast and suitable technique for online determination of nitrogen content in a
feedstock for hydrocracking unit.

Conclusion
NIR spectroscopy was found as a suitable technique for determination of total sulfur and nitrogen content in the
feedstock for hydrocracking unit. The real samples were used for the development of calibration NIR models,
and the optimization of the model was performed using chemometric diagnostic. The influence of feedstock
temperature was tested in the range of 70 – 100 °C. Increasing temperature means increased for the sulfur
content determination and decreased for the nitrogen content determination. Internal and external validation
was performed to check the accuracy of NIR models. Analysis time was under 60 s, which pointed at a fast method
with the possibility of online measurement in chemical processing. The feedstock did not need to be modified
for the analysis, and other reagents were no need to use (cost-effective method). Based on the results, NIR
spectroscopy proved to be the appropriate method for determination of sulfur and nitrogen content in the
feedstock for hydrocracking unit.
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Abstract
Propane-propylene (C3) fraction splitting by rectification is generally characterised by high energetic demand
due to very low relative volatility of the fraction components. The petrochemical technology, to which the
propylene product is dedicated, requires its high purity, therefore extensive number of equilibrium stages and a
great reflux ratio are necessary when applying a conventional approach. Thus, incorporating a heat pump utilizing
latent heat of compressed overhead product vapours in the column reboiler serves as a typical technological
solution to the issue. In SLOVNAFT refinery, the heat pump compressor is driven by a condensation steam
turbine. In this contribution, the effects of the system operation parameters alteration on steam consumption
are studied. A rigorous steady state model simulating the heat pump performance was developed and
subsequently used in parametric sensitivity studies. Results of the simulations were confronted with available
process data. Model predictions were found to be in close agreement with the reported data. Hence, the model
allows for its utilization as a reliable tool for the system performance assessment.

Introduction
A Fluid Catalytic Cracking Unit is amongst the most vital parts of a modern refinery1. The FCC Unit processes
heavy crude fractions while producing a wide range of lighter products of which the propane-propylene fraction
classifies as one of the most technologically significant2. This fraction is split into almost pure components via the
propane-propylene splitter at the Propylene Section of the FCC unit. As propane and propylene form a closeboiling mixture3, energetic requirements of the column reboiler may exceed 1 MWh per 1 tonne of fraction4 and
a significant amount of heat needs to be simultaneously exposed of in the overhead condenser when applying a
conventional method of fraction splitting. Thus, in pursuit of decreasing the overall energetic demands, the
Propylene section employs a system comprising a steam turbine driven heat pump which utilizes the latent heat
of overhead products as a heat source in the column reboiler. However, this solution makes the system
significantly more complicated in comparison to traditional rectifying which unearths the need for a more
sophisticated approach and reliable modelling.

Modelled system description
A simplified version of the process-flow diagram of the modelled system is shown in Figure 1. During standard
operation, preheated feedstock is delivered to the feed stage of the C3 splitter – tray rectification column.
Distillate vapours leaving the head of column are led to the suction drum of heat pump compressor which
protects the compressor from condensate droplets and compensates system pressure fluctuations. Vapour
phase continues to the suction nozzle of the compressor driven by condensation turbine. Main part of the
compressed vapours is led to the column reboiler where it condenses at the discharge pressure and the heat of
condensation serves as heat supply for the column. Condensate is subsequently expanded to the head pressure
level and delivered to the column head as external reflux. As a means of regulation, part of the compressed
vapours is condensed in water cooler (HEX 1) and led to the suction drum. Liquid phase pumped from the bottom
of the suction drum is partly exported as product flow to storage and partly delivered to the column as a second
reflux flow. To avoid potential compressor surge during low feed rates, it is possible to by-pass part of the
compressed vapours back to the suction drum, though this passage is closed during standard operation.

Object of study
The issue of refining industry energy intensity decrease has been the subject of numerous studies in recent years.
In order to be able to predict the system energy requirements, it is inevitable to understand the behaviour of the
described system. Thus, it was necessary to compose a reliable mathematical model reflecting the physical plant
structure as shown in Figure 1 and based on both the laws of thermodynamics and mass and energy balances
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together with heat and mass equations and economic considerations. Subsequently, composed model
verification was a prerequisite for its utilization in economically aimed case studies.

Figure 1. Process-flow diagram of the modelled system with measurement points displayed

Mathematical modelling
The proposed mathematical model comprises rigorous computations based on MESH equations for each stage
of the C3 splitter and characteristics-based mass and heat balances of the heat pump system. The concentration
profile and molar flow rates throughout the column are shown in Figure 2 and Figure 3 respectively, alongside
the most important heat pump characteristics (Figure 4).

Figure 2. Concentration profiles along stages
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Figure 3. Molar flow rates in rectification column
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Figure 4a. Compressor polytropic head

Figure 4c. Compressor power requirements

Figure 4b. Compressor polytropic efficiency

Figure 4d. Turbine characteristics

Legend: The star marking in Figure 4 represents actual performance. The dash-dotted line in Figure 4a represents
anti-surge line.
The proposed model was used to predict high-pressure steam consumption of condensation turbine in relation
to the C3 fraction feed rate. Model predictions were confronted with provided process data collected during a
one year period.
It is important to mention that there is no existing steam flow rate measuring at the time, therefore the steam
consumption evaluation was based on the steam condensate flow rate. As can be seen in Figure 5, part of the
steam condensate is allegedly being recirculated in the system as a means of condensate network regulation.
Hence, the measured and model-based data differ by a constant of 2.5 t/h.
However, the trend in steam consumption is preserved as can be seen in the trending line slope (depicting
specific steam consumption). Close agreement of measured and model based data can be observed in Figure 6.
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Figure 5. Steam consumption of turbine in relation to feedstock flow rate
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Figure 6. Steam consumption over the evaluated time period

Case study: Condensation pressure alteration analysis
Steam consumption of condensation turbines is proportional to pressure level in the condenser. To evaluate the
impact of this matter, a case study aiming for condenser pressure level decrease was carried out. As shown in
Figure 7, lowering of the pressure from actual 22 kPa (abs.) to 8 kPa reduces the specific steam consumption by
approximately 0.04 kg/kg (steam/feedstock), resulting in saving over 400 kg/h of high-pressure steam during
stable operation. This fact cuts the annual (8000 h) steam consumption by more than 3200 tonnes.

Specific steam consumption
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0,65
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0,63
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Mean value

0,61
0,60
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8900

9000
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Figure 7. Specific steam consumption in relation to feedstock flow rate

217

ICCT 2019 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS
Based on engineering studies conducted in 2012 and our design calculations, total capital expenses resulting
from the necessary modifications should not exceed 300 000 €. Thus, depending on the actual cost of highpressure steam, this proposal expects a payback period of 2.5 to 6 years as shown in Figure 8.

6,0
Payback period / years

5,5
5,0
4,5
4,0
3,5
3,0
2,5
2,0

15,0 17,5 20,0 22,5 25,0 27,5 30,0 32,5 35,0
Steam price / EUR.t-1

Figure 8. Simple payback period in relation to steam price

Conclusion
This work provides an overview of developed mathematical model capable of predicting system performance.
Flexibility of proposed model allows for carrying out various case studies, one of which aimed for analysis of
potential savings gained by lowering of condensation pressure based on model-provided data. As was shown in
this proposal, the system has a potential of lowering of the high-pressure steam consumption of the
condensation turbine by approximately 400 kg/h. Depending on the actual cost of high-pressure steam, the
capital investment related to proposed savings shows a payback period of less than four years for the majority
of steam prices which may be found attractive for a plant of such size as SLOVNAFT. Since the full potential of
the proposed model has not yet been reached, further case studies focusing on system energy intensity reduction
are to be conducted.
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Abstract
So-called 2nd generation biodiesel (from waste materials) is nowadays getting more attention and support than
biodiesel from food feedstock. Unfortunately, the sulfur content of raw biodiesel from waste animal fat is
multiple than the 10 ppm specified by EN14214. The distribution of the respective sulfur compounds according
to their volatility, including the arrangement of their separation by rectification, is already discussed in our patent
application (PV2018-306). In addition to the separation of sulfur compounds, the aim of our work is also to
identify the structures, which is a great challenge due to their high number and low concentration. Using
laboratory rectification as well as selective chromatography on Pd2+/SiO2 we prepared samples for GC-HMRS
analysis. Despite the above-mentioned complications, a number of structures, such as dimethyl trisulfide, 4(methylthio)methylbutyrate or 2-pentylthiophene have been detected and polarity of overall sulfur compounds
is also discussed.

Introduction
The sulfur content in biodiesel is defined in European standard EN14214 at 10 ppm. However, raw biodiesel from
waste animal fat (tallow methyl esters; TME) contains sulfur in a range of 50-100 ppm. Methods for
desulfurization of TME are thus being investigated. One of them is already the subject of our patent application
(PV2018-306). Furthermore, we have also been focused on identifying sulfur compounds in parallel. Their source
is mainly sulfur amino acids, glutathione, lipoic acid, various sulfolipids and sulfatides, vitamins B1 and B7, etc.
Although sulfur compounds in the biodiesel have not been discussed in the literature yet, there are many
publications in the field of food chemistry dealing with sulfur compounds resulting from the heat treatment of
meat. Since identical processes occur during the production of rendered fat from animal byproducts, similar or
even the same structures can be expected in the biodiesel. However, the identification of these structures is
much complicated due to their low concentration in analysed material, as a result of which the ester matrix signal
covers their signal to the MS. To eliminate the matrix effect, we chose a combined approach - 1) to concentrate
the sulfur compounds by rectification to fractions with a very narrow distillation curve and 2) separation of sulfur
compounds from the ester matrix by ligand-exchange chromatography (LEC). Experimental work using both
approaches provided samples that were subjected to GC-SCD and GC-HRMS. The identification of sulfur
structures can not only contribute to improving desulfurization processes, but also to a deeper understanding of
the chemical transformations taking place in the production of biodiesel from waste animal fat.

Experimental
Materials
Samples of industrial TME distillation streams rich on highly volatile and almost non-volatile sulfur compounds
were used.
Vacuum batch fractional rectification procedure
Experimental apparatus consisted of a laboratory column equipped with Sulzer DX structure packing with a total
efficiency of about ten theoretical plates, a cold trap for ultra-volatile substances and the vacuum pump.
Ligand-exchange chromatography procedure
The LEC has been firstly used for isolation of sulfur compounds in fuel-related samples in 19861. It has been later
optimalized on Department of Petroleum Technology and Alternative Fuels, UCT Prague2. The procedure was
divided into two steps: 1) pre-separation and 2) separation.
1) 1 g of sulfur-rich sample was separated according to polarity on 60 g of Al2O3 using four different eluents
in the following order: n-pentane, dichloromethane, diethyl ether and propan-2-ol with 0.1% of acetic
acid. A volume of each solvent used was 80 ml. After the separation solvents were evaporated to the
final volume of about 1 ml.
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2) Dichloromethane fraction obtained in step 1) is injected on Pd(II)/SiO2 and then eluted with three
mobile phases with different concentrations of n-pentane, dichloromethane and propan-2-ol. Solvents
in each fraction were finally evaporated to a volume of about 1 ml.
Gas chromatography
The GC-SCD analyses were performed on the DB-5 column (30 m x 0.32 mm x 0.25 μm). As a carrier gas He was
used with a flow rate of 1.2 ml/min, a 1:50 splitting ratio. The temperature program started at 60 °C for 2 minutes.
Then with a rate of 10 °C/min, the temperature was raised to 200 °C and finally with a rate of 5 °C/min to 240 °C.
GC-HRMS
GC analysis with high-resolution MS detection was performed on Agilent 7890B gas chromatograph with a 7200
Q-TOF mass spectrometer (Agilent Technologies). Electronic ionization was EI + 70eV at an interface temperature
of 300 °C with HRMS detection. The ion source temperature was 230 °C when setting the scan to 30-600 a.m.u.
The NIST17 database was applied. The GC was equipped with the HP-5ms column (30 m x 0.25 mm x 0.25 μm),
with He as carrier gas (flow rate of 1.4 ml/min) and a 1:20 split ratio. Temperature separation program was:
40 °C for 3 min and then with heating speed of 20 °C/min up to 300 °C.
Sulfur content
Total sulfur content was determined on ICP-OES (iCAP 7400 Series).

Results and discussion
Batch rectification of TME industrial samples
A sample of TME distillate containing 357 ppm of sulfur, rich in low-boiling sulfur compounds with a normal
boiling point lower than 280 °C, was rectified. The mixture was divided into eleven fractions, some of them
containing thousands of ppm of sulfur. Such fractions were analyzed on GC-SCD and GC-HRMS with overall results
presented in Figure 1.

Figure 1. Marked peaks of sulfur compounds (GC-SCD) identified in samples from rectification of TME distillate
rich in low-boiling sulfur compounds
The same rectification procedure was carried out with distilled TME rich in high-boiling sulfur compounds (a
normal boiling point > 350 °C). In this case, 90 % of the sulfur remained in the distillation residue (SCD on
Figure 2). However, even though this distillation residue contained 1167 ppm of sulfur, its GC-MS analysis was
unsuccessful.
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Figure 2. GC-SCD of distillation residue rich in high-boiling sulfur compounds
Ligand-exchange chromatography
Characterization of stationary phase
The results of basic characterization methods used to characterize the stationary phase from ligand-exchange
chromatography are summarized in Table I, followed by Figure 3 with the EDS map of the particle surface.
Table I
Basic parameters of the stationary phase used in LEC
Parameter
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Value

Method

Device (producer)

Median of particle size, µm

58.6

DLS

Mastersizer 3000 (Malvern)

Specific surface area, m2/g

370.0

BET

Pulse Chemisorb 2700 (Micromeritics)

SiO2 content, wt.%

81.0

XRF

ARL 9400 XP (Thermo ARL)

Pd(II) content, wt.%

11.2

XRF

ARL 9400 XP (Thermo ARL)
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Figure 3. EDS map of the particle surface
Separation and analysis
Ligand-exchange chromatography was done on two samples, at first on sample rich in low-boiling sulfur
compounds and second rich in high-boiling ones. Results of the first separation can be seen in Figure 4 (preseparation) and Figure 5 (LEC). Although a high loss of sulfur (80 %) took place during the evaporation of eluents,
GC-MS analysis showed three structures and three chemical formulas. Unfortunately, even though the second
experiment was highly promising because no loss during evaporation had been expected, no sulfur compounds
were identified. The only information gathered of this experiment was that the majority of high-boiling sulfur
compounds are of polar structures (see Figure 6), most expected to be thioamides.

Figure 4. GC-SCD of sample for pre-separation, dichloromethane fraction and propan-2-ol polar fraction with
identified sulfur comps
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Figure 5. GC-SCD of all three fractions obtained from LEC with identified sulfur compounds

Figure 6. GC-SCD of samples from pre-separation of material rich in high-boiling sulfur comps
All identified structures seem to be expectable when compared to the literature. Dimethyl disulfide has been
detected in a rendering plant suroundings3, and it is also one of many thermal degradation products of cysteine4.
Dimethyl trisulfide, di-n-butyl sulfide, 3-methylthio-1-propanol and methyl-(3-methylthio)propanoate are
responsible for cooked meat flavour5. Methyl-(4-methylthio)-butyrate has been identified as volatile compounds
formed during thermal degradation of Amadori intermediate coming from fructose and methionine reaction6.
Finally, alkylthiophenes can be formed by the Maillard reaction initiated with glucose and glutathion7.
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Conclusion
We have identified eight structures and three summary formulas of low-boiling sulfur compounds, being mostly
sulfides. The presence of these structures is most probably a result of the Maillard reaction, which is already
initiated during the production of waste animal fat in a rendering plant. During the manufacture of TME
subsequent reactions also take place, including thermal decomposition.
In the case of high-boiling sulfur compounds, we have found that the majority of them are polar substances. They
are very likely to be thioamides, which represent a significant block of protein structures.
We believe that we have utilized the maximal potential of our methodology in this area of research. Another
promising approach for identifying additional structures might be based on 2D-GC-MS. In particular, the
identification of high-boiling sulfur compounds can reveal other chemical transformations taking place in the
TME manufacturing process. Both of these findings help to understand the entire process in terms of impurities
formation.

Acknowledgement
This work was supported from specific university research (MSMT No 21-SVV/2019).

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

224

Nishioka, M.; Campbell, R. M.; Lee, M. L.; Castle, R. N. Isolation of sulphur heterocycles from petroleumand coal-derived materials by ligand exchange chromatography. Fuel 65, 270 (1986).
Dimitrov, R.; Kroufek, J. Zařízení k provádění způsobu stabilní vícekolonové separace a analýzy
polyaromatických sirných heterocyklických sloučenin a sloučenin sulfidické povahy z materiálů, které tyto
sloučeniny obsahují, ligandově-výměnnou chromatografií. Utility model 26299, 2013.
Anet, B.; Lemasle, M.; Couriol, C.; Lendormi, T.; Amrane, A.; Le Cloirec, P.; Cogny, G.; Fillieres, R.
Characterization of gaseous odorous emissions from a rendering plant by GC/MS and treatment by
biofiltration. J. Environ. Manage. 128C, 981 (2013).
Yablokov, V. A.; Vasina, Y. A.; Zelyaev, I. A.; Mitrofanova, S. V. Kinetics of thermal decomposition of sulfurcontaining amino acids. Zh. Obshch. Khim. 79, 969 (2009).
Garbusov, V.; Rehfeld, G.; Wolm, G.; Golovnja, D. R. V.; Rothe, M. Volatile sulfur compounds contributing
to meat flavour. Part. I. Components identified in boiled meat. Molecular Nutrition & Food Research 20,
235 (1976).
Vernin, G.; Metzger, J.; Boniface, Ch.; Murello, M.; Siouffi, A.; Larice, J.; Parkanyi, C. Kinetics and thermal
degradation of the fructose-methionine Amadori intermediates. GC-MS/SPECMA data bank identification
of volatile aroma compounds. Carbohydr. Res. 230, 15 (1992).
Zhao, J.; Wang, T.; Xie, J.; Xiao, Q.; Cheng, J.; Chen, F.; Wang, S.; Sun, B. Formation mechanism of aroma
compounds in a glutathione-glucose reaction with fat or oxidized fat. Food Chem. 270, 436 (2019).

ICCT 2019 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS
DIRECT COAL LIQUEFACTION YIELD IMPROVEMENT BY PROCESS PARAMETERS OPTIMIZATION
Frątczak J.1, Hidalgo J.M.1, Svoboda P.2, Anděl L.2, Gómez de La Fuente J.L.3, Snape C.E.4
Unipetrol výzkumně vzdělávací centrum, a.s., Litvínov-Záluží, Czech Republic
Výzkumný ústav pro hnědé uhlí a.s., Budovatelů 2830/3, 43401 Most, Czech Republic
3
IBERCAT S.L., Faraday, 7 – 28049 Madrid, Spain
4
University of Nottingham, Faculty of Engineering, The Energy Technologies Building, Jubilee Campus, Triumph
Road, Nottingham, NG7 2TU, United Kingdom
Jakub.Fratczak@unicre.cz
1
2

Abstract
Direct coal liquefaction (DCL) is a suitable way of producing synthetic fuels from low-rank coals, especially when
the waste-derived materials are co-processed during the process. However, direct liquid product yield is affected
by many factors such as temperature, pressure, reaction time, heating rate, type of the solvent and/or even the
coal itself. In this research, we attempted to maximize the liquid yields by optimizing the reaction conditions
using coal impregnated by 1% weight of molybdenum. Waste tire pyrolysis oil was used as a feedstock. For this
purpose, DCL reactions were carried out in an autoclave. The solvent to coal ratio was 2:5 and the initial hydrogen
pressure was 34.4 bar. To improve the process efficiency, three reaction times (30, 60, 120 min.), two heating
rates (5.6, 8.3 °C/min) and two reaction temperatures (400, 420 °C), were tested. The best liquid yield was found
for the test with the shortest reaction time, lower temperature and slower heating rate. For the reactions with
a temperature of 420 °C, higher heating rate and different reaction times, a significant increment in gas formation
and a slight decrease in the formation of solids was found. Surprisingly, for the same reaction temperature and
slower heating rate, the opposite trend was observed. Thus, the most significant parameters affecting direct
liquid yield for the investigated set of materials seemed to be the heating rate, reaction time and temperature
respectively.

Introduction
The coal liquefaction process was discovered in Germany and developed since the 1930s. After the First World
War, the German army had to find a way of synthetic fuel production due to conflict restrictions, which blocked
their access to crude oil. Coal liquefaction was the scientists answer onto the army’s need. Nowadays, when the
world’s crude oil resources are located in unstable territories, the coal liquefaction can be a proper solution to
become energy independent for all the countries possessing significant coal resources and very short or nonaccess to petroleum1. There are two ways of coal liquefaction; indirect process (ICL), which consist in coal
gasification to syngas with subsequent catalytic hydrocarbons production thru Fischer-Tropsch synthesis; and
direct (DCL), during which the coal can be liquefied in hydrogen atmosphere using non-donor solvent or under
an inert atmosphere using donor solvent. In both possibilities, high pressures and temperatures are needed. DCL,
due to its procedure, seems to be simpler and it was reported that is producing a wider spectrum of chemicals,
in comparison to ICL2,3. The yield of DCL is closely related to the reaction time and temperature, where the best
yields are obtaining in the range of 400-450 °C. From one hand, the reaction time has to be long enough to ensure
the hydrogenation of the free radicals. Nevertheless, its elongation can lead to higher gasification and
polymerization. From the other hand, the temperature has to be high enough to ensure thermal cracking of coal
molecules and enhance reaction rates. Elevated temperature determines the generation of free radicals and free
radical reactions. In low temperature, those reactions will not occur, while at too high-temperature undesired
reactions, like coking, would be dominant. However, there are many other factors affecting DCL yield as heatingrate, type of a solvent, usage of a catalyst or even the coal itself4,5. The use of a catalyst is supporting the cracking
of the complex coal structure, saturation of the free radicals and heteroatoms removal6,7. For catalytic processes,
donor solvents such as tetralin are used, but their price is high and it increases overall process cost8,9. Thus, the
usage of waste-derived solvents seems to be the right direction in further process development. Our previous
published work introduced a novel approach to DCL, where the brown coal impregnated with 1 wt. % of
molybdenum acting as a "catalytic" feedstock as well as the waste-tire pyrolysis oil as a solvent, was used10. In
this research, we attempted to maximize the liquid yields by optimizing the reaction conditions for the same set
of materials.

Experiment
The raw brown coal (BC) was supplied by VUHU (Výzkumný ústav pro hnědé uhlí, Most, Czech Republic) and it
was collected in the North Bohemian Basin placed in the Czech Republic. This BC was subsequently impregnated
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with 1% of molybdenum (Mo-Coal) by the company IBERCAT S.L., which ensured us with a “catalytic feedstock”,
used in all the tests. As a solvent, the waste-tires pyrolysis oil (Pyr. Oil) was used. In all tests, the Mo-Coal to
solvent ratio was equal 2:5. A complete feedstocks characteristic was previously published10. Eight tests of DCL
were carried out in a Parr Instruments Company batch autoclave 4575/76 (300 ml) under hydrogen atmosphere
with an initial pressure of 34.4 bar and the stirring of 500 rpm. During the research, three reaction times (30, 60,
120 min), two heating rates (5.6, 8.3 °C/min) and two reaction temperatures (400, 420 °C) were tested.
Conditions of each test are shown in Table I.
Table I
Plan of the experiment – Tested parameters
Test
Mo-Coal [g]
Pyr. Oil [g]
R1
20
50
R2
20
50
R3
20
50
R4
20
50
R5
20
50
R6
20
50
R7
20
50
R8
20
50

Time [min]
60
120
60
120
30
30
60
30

Heating rate [°C/min]
II (8.3 °C/min)
II (8.3 °C/min)
I (5.6 °C/min)
I (5.6 °C/min)
II (8.3 °C/min)
I (5.6 °C/min)
I (5.6 °C/min)
I (5.6 °C/min)

Temp. [°C]
420
420
420
420
420
420
400
400

After each test, the autoclave was cooled down and the amount of gas, liquid and solid products was calculated
(weight difference before and after the reaction, cold filtration of the reaction mixture). The liquid product
quality was analyzed by elemental analysis (C, H, S, N), density in 15 °C and simulated distillation (SIMDIS).
Additionally, the H/C ratio of liquid products was calculated.

Discussion and result analysis
The mass balance of all performed tests is listed in Figure 1. As was mentioned before, the current research was
an extension of previously published results, where R1 was the test with the best liquid yield in the previous
published work and at the same time a starting point for the current study10.

Concentration,
wt. %

100%
80%
60%
40%

Solid
64,6

62,7

65,1

59,8

64,1

R1

R2

R3

R4

R5

71,6

69,6

77,4

R6

R7

R8

Liquid
Gas

20%
0%

Figure 1. Mass balance of the all performed tests
For the reaction temperature of 420 °C, the best liquid yield was obtained for R6 having almost 72 wt. %. For R7
and R8, the lowered reaction temperature of 400 °C was used. For the same heating rate of 5.6 °C/h and the
reaction time of 30 min, the liquid yield was improved and for the R8 it was almost 77.5 wt. %. The quality of
produced liquid products is listed in Table II. Test R8 led to the highest liquid yield and produced liquid showing
the highest H/C ratio. However, its product showed the highest density and sulfur content.
Table II
Elemental composition, density and H/C ratio of the received liquid products
R1
R2
R3
R4
R5
C, %
86.2
87
86.6
87.4
87.8
H, %
10.1
10.3
10.4
10.1
10.5
S, ppm
5245
4777
5300
4754
5602
N, ppm
3578
3698
4349
3524
3729
Density (15 °C), kg/m3
943.9
938.6
941
947.91 948.36
H/C ratio
1.40
1.42
1.44
1.39
1.43
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R6
87.8
10.6
6063
3664
944.75
1.45

R7
87.9
10.6
6168
4003
956.6
1.45

R8
87.4
10.8
6947
4148
957.49
1.48

ICCT 2019 | PROCEEDINGS

OIL, GAS, COAL, FUEL, BIOFUELS

The fractional composition of received liquid products was calculated from the SIMDIS according to the boiling
range and is listed in Table III. For the R8 the highest content of the residual fraction (above 360 °C) was found
and it was in agreement with density measurement. Lower reaction temperature seemed to affect the cracking
efficiency producing a larger quantity of heavier liquids.
Table III
Fractional composition of the received liquid products, calculated from SIMDIS
Fraction
R1
R2
R3
R4
R5
Gasoline <180 °C, %
21
19
18
18
15
Diesel 180-360 °C, %
58
57
56
61
57
Residual >360 °C, %
21
24
26
21
28

R6
16
56
28

R7
11
53
36

R8
10
50
40

In the case of gas and solids production, two different trends were found for the same reaction times and reaction
temperature, where only the heating rate was different (Fig. 2, 3)

Gas, wt. %

14
12
10
8
6

0

30

60

90
120
150
Time, min.
420 °C, Heating rate II
420 °C, Heating rate I
Figure 2. Gas formation, depending on the reaction time for the tests with the same temperature and different
heating rates (R1-R6)

Solids, wt. %

It was expected that a higher heating rate, as well as elongation of the reaction time, would result in higher gas
production. However, for the R4 (120min, 420 °C, heating rate I) the gas amount was surprisingly slightly lower
than for the test with the same temperature and heating rate, where the reaction time was two times shorter
(R3). During the test R4, the higher amount of solids was produced.
32
30
28
26
24
22
20
18
0
30
60
90
120
150
Time, min.
420 °C, Heating rate II
420 °C, Heating rate I
Figure 3. Solids formation, depending on the reaction time for the tests with the same temperature and
different heating rates (R1-R6)
In the case of solids formation, two different behaviours occurred. For the lower heating rate, probably due to a
milder cracking, very small amount of solids for the reaction time of 30 mins was found. However, the elongation
of the reaction time for the test with a lower heating rate resulted in a significant increment of produced solids.
For the tests with the higher heating rate, the effect was opposite. The test with the shortest reaction time gave
the highest amount of solids, possibly due to cocking during more aggressive cracking. The elongation of the
reaction time did not affect solids production as much as in case of the tests with the heating rate I (Fig. 3)
In the case of the liquid yields, the trends for both heating ranges were similar. Nevertheless, for the lower
heating rate, the differences between particular tests were higher than in the case when the higher heating rate
was used (Fig. 4)
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72
70
68
66
64
62
60
58

0

30

60

Time, min.

90

120

150

420 °C, Heating rate II
420 °C, Heating rate I
Figure 4. Liquid yield, depending on the reaction time for the tests with the same temperature and different
heating rates (R1-R6)

Liquid, wt. %

After R1-R6 tests, slower heating rate and shortest reaction time seemed to be more desired, so additionally,
two reactions using lowered temperature of 400 °C were performed (Fig. 5). The usage of the lower temperature
for the tests with the same heating rate and reaction times (R6, R8) resulted in a significant increment of the
yield to liquids. However, lower reaction temperature and less severe heating up stage led to denser liquids (R7,
R8), surely containing bigger molecules.
80
75
70
65
60

395

400

405

410
415
420
Temperature, °C
60min, Heating rate I
30min, Heating rate I

425

Figure 5. Increment in the liquid yield using lower temperature (R7-R8) in comparison to the tests with higher
temperature and the same reaction times and heating rates (R3, R6)

Conclusion
The best liquid yield was obtained using lower heating rate, shortest time and lower temperature. The heating
rate and the time seemed to have the highest impact on solids and gas production. It was expected, that the
longer reaction time would result in a higher gasification. However, for different heating rates, two opposite
trends related to solids production were surprisingly found. The decrease in the temperature resulted in higher
liquid yields, but it also affected the cracking efficiency producing heavier products. Nevertheless, a higher
amount of synthetic crude, which can be subsequently hydrocracked, was the desired result.
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Abstract
At the present, a legislative process is in place in the Czech Republic, which will allow the economical production
of biomethane from biogas. This activity will be supported by the state as well as in other European countries,
because it is effort to use environmental-friendly technologies. Currently produced biogas is used to generate
electricity, or to heat buildings and fermenters. Company Membrain has developed its own pilot membrane unit
to separate biomethane from biogas. The verification was carried out on an agricultural biogas station, where
the unit was in operation for several thousand hours. For further verification, the unit was deployed to separate
biomethane from sludge gas on a sewage treatment plant. The sludge gas compared to biogas from an
agricultural biogas station has several differences in the presence of siloxanes, or higher concentration of
ammonia.
The biomethane obtained was compressed at 220 bar for the resulting BioCNG product. Urban transport bus
used produced BioCNG to verify its quality in real traffic. The quality of the biomethane corresponded to the
relevant standard and it was continuously monitored for content of methane and hydrogen sulphide and dew
point temperature. The test results of the two-month operation confirmed high operational reliability and
stability of technological parameters of BioCNG pilot plant.

Introduction
The BioCNG unit was connected to sludge gas in BVK ČOV Modřice at the beginning of October 2018. After the
inspection tests the unit was put into continuous operation from 16.10.2018. The unit is designed for biomethane
production volume of 6.3 Nm3/h (95.96 vol.% CH4) with a methane content of 60 vol.% in biogas feed. Operation
parameters were continuously monitored in the period 16.10. – 5.12. 2018. The produced BioCNG was tested in
the DP Brno buses. In the total 36 filling of the bus was carried out with total consumption of 1660 kg BioCNG. In
addition to verifying a pilot unit in Modřice, the unit was also operated to process agricultural biogas. Overall, in
these both applications, the unit was in operation for 4286 hours. This work only documents the results of the
biomethane separation from sludge gas.

Experiments
Description of BioCNG pilot unit
The entire technology, including process control is placed in the ISO 20 container with dimension of 6 x 2.5 x 2.5
m. The technology was connected to a bundle of very high pressure cylinders, a total of 15 pcs x 190 litres to
increase the storage capacity of produced BioCNG. The production part of the technology is located in ATEX Zone
2 IIA T1, control panel with electrical cabinets, gas analyzers and cooler is located in the non-explosive zone. The
technological space has a size of 4 x 2.5 x 2.5 m, control panel with electrical cabinet space has a size 2 x 2.5 x 2.5
m. BioCNG refuelling is performed by a fuel dispenser that monitors the quality of the produced gas, the
refuelled amount of BioCNG and the pressure in the high- pressure cylinders. Fuel dispenser is located on the
right side of the container, from the front view of the technology. The technology is schematically shown in Figure
1. The biogas is supplied to the technology by the blower that covers the pressure losses of the gas pre-treatment.
Then the raw biogas goes through a recuperative and condenser cooler to remove water condensate. Then the
biogas enters the desulfurization column and comes to the compressor inlet. Behind the compressor, the gas has
pressure of 10 bar and passes again through recuperative and condenser cooler, in which the last remaining
water is removed. Treated biogas, which is free of water, sulphane and, in case of sludge gas, also siloxane and
ammonia content comes to a two-stage membrane system to remove CO2 and concentrate biomethane to
concentration greater than 95 vol.%. Membrane modules represent the type of hollow fiber modules. Produced
biomethane is compressed in the very high-pressure compressor and stored in cylinders prior to refuelling. A
total of 130 kg of BioCNG can be stored in the pilot unit and with the external storage cylinders is it possible to
store 560 kg of BioCNG in total. Figure 1 shows the BioCNG pilot unit technology schema.
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Figure 1. Technology schema of BioCNG pilot unit

Discussion and result of operational parameters achieved
Operational parameters are evaluated in the period 17.10. – 5.12. 2018, starting day of the unit 16.10. was not
included in the charts. The process parameters are shown in the following figures 2 – 4.

Figure 2. Operating parameters 17.10. – 31.10.2018
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Figure 3. Operating parameters 1.11. – 30.11.2018

Figure 4. Operating parameters 1.12. – 5.12.2018
Figure legend:

Flow rate of biomethane [Nm3/h]
Concentration of CH4 in raw biogas [vol.%]
Biogas pressure downstream of the compressor [bar (a)]
Flow rate of biogas into membrane module [Nm3/h]
Concentration of CH4 in biomethane [vol.%]

Comment on the operating parameters obtained
It is clear from the course of the operating parameter values, that the operation of the BioCNG unit was stable
and did not show any major deviations during the reporting period. Only during 14. – 18.11. there was a
shutdown to the replacement of the pilot´s remote control router.
Furthermore, the siloxane removal efficiency in the SULOFF adsorption column was checked. This column is
mainly intended for the removal of sulphane, but also 1/5 the charge of activated carbon in this column is focused
at removing of the siloxanes. The results of the analyses are shown in the Tables I and II.

Table I
Analysis of siloxanes and ammonia, upstream of the adsorption column
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Parameter
Ammonia content [mg/m3]

Oktamethylcyklotetrasiloxane
[mg/m3]

Dekamethylcyklopentasiloxane
[mg/m3]
Total organic silicon [mg/m3]

Table II
Analysis of total organic silicon and ammonia, downstream of the adsorption column
Parameter
Ammonia content [mg/m3]
Total organic silicon [mg/m3]

Average
value
1.62
1.79
15.54
6.58

Average
value
1.05
6.58

Comment on analysis results
- the raw biogas contained two types of cyclic siloxanes
- the adsorption column has excellent siloxane removal performance, µ=99,4 %
- the adsorption column also partially removes ammonia, µ=35 %
- the quality requirements of the membrane module supplier at concentration of siloxanes/ammonia
<10/ <20 ppm were met

Conclusion
In the monitored period 16.10. – 5.12.2018 the operating parameters of the BioCNG unit were evaluated, which
confirmed very good operating parameters in the efficiency and volume of production of biomethane separation
from the sludge gas. The achieved values confirmed the production of biomethane in the composition to the
relevant standard – ČSN 656514 and produced BioCNG was successfully fed to the bus of the Brno transport
company. Very good efficiency of adsorption column for siloxane removal was verified.
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Abstract
This contribution deals with the designing of biogas upgrading membrane technology with respect to the typical
customer demands on high quality and high production accompanied with operational costs as low as possible.
We are employing our separation model embedded in process simulation software DWSIM to demonstrate the
effect of all mentioned demands. Carried simulations confirmed very strict influence of each parameter so the
overall degree of freedom is limited by membrane module physical properties. According to this fact any
operation out of optimal conditions results in unacceptable increase of operational costs in case when we want
to ensure both capacity and product quality of the designed technology.

Introduction
Biogas upgrading technology design generally starts with the biogas composition, followed by selection of proper
membrane material. Then it is crucial to estimate maximal biomethane (CH4 content higher than 95 vol. %) gain
based on the available biogas amount and simulated separation according to chosen membrane set-up (two or
multi-stage system). With respect to the simulation results proper instruments are selected and then capital and
operational costs are estimated and passed to the potential customer. It is common phenomenon that the
customer does not agree with single or both costs estimations and tries to make some small concession with
a vision of a reduction typically in operational costs. According to results in this article, technologists have only
small space for performance changes of the initially suggested upgrading technology. There are three firmly
connected parameters which can be utilized for technology performance: I) production capacity – here thought
as a stage-cut (influences capital costs of the technology by selection of bigger compressor and higher number
of membrane modules, when considered to be increased), II) product quality (influences both operational and
capital costs by higher pressure demands and multi-stage membrane setup respectively) and III) power
consumption – here taken in account only for the compression energy (influences operational costs). Results
indicate that the core of the performance limitation for all mentioned parameters is determined by chosen
membrane module and its separation properties.
Our simulation tool is based on the mathematical model for the selected membrane module integrated as
custom made unit operation in chemical process simulator software DWSIM (ver. 5.1 Update 7)1. This process
simulator offers sufficient internal database of unit operations (heat exchanger, cooler, phase separator,
compressor, etc.) and thermodynamical properties of broad scale of different compounds, while allowing simple
and intuitive utilization of user created mathematical models.

Model and simulation
Our mathematical model utilizes finite elements method. Therefore, the membrane module is separated into
many individual stages, so that the composition of streams and their pressure can be considered constant in the
single stage. Two streams, retentate and permeate, are flowing in parallel direction on opposite sides of the
membrane and permeable components are being transported through the membrane from the retentate side
to the permeate (Counter-current flow was used in carried simulation). Following equations were used to
describe the membrane separation:
Overall balance:
(1)

𝑅𝑅" + 𝑃𝑃"%& = 𝑅𝑅"%& + 𝑃𝑃"

where Ri and Pi are the molar flows in i-th stage of the retentate and permeate streams respectively.
Component balance:
𝑅𝑅" 𝑥𝑥)," + 𝑃𝑃"%& 𝑦𝑦),"%& = 𝑅𝑅" 𝑥𝑥),"%& + 𝑃𝑃" 𝑦𝑦),"

(2)

where xj,i and yj,i are the molar fractions of component j in the retentate and permeate streams respectively.
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Transport of components through membrane:
(3)

𝑃𝑃" 𝑦𝑦)," − 𝑃𝑃"%& 𝑦𝑦),"%& = 𝑄𝑄) 𝐴𝐴(𝑝𝑝2,"%& 𝑥𝑥),"%& − 𝑝𝑝3 𝑦𝑦),"%& )

where Qj is the permeance of component j, A is the area of the membrane in one stage and pR,i and pP are the
pressures of the retentate and permeate streams respectively.
Pressure drop in fibers on the retentate side:
𝑝𝑝2,"%& − 𝑝𝑝2," = −

56789:,9 ;< =;9>?

(4)

@AB ;BC DE,9>?

where l is the length of one stage, ηmix,I is the mixture viscosity, Rg is the universal gas constant, T is the
temperature, Nf is the number of fibers and Rf is the radius of the fibers. The pressure drop on the retentate side
(inside the fibers) is calculated using the Hagen–Poiseuille equation, while the pressure at the permeate side is
considered constant.

Pi , yi

pP

Ji

Pi+1 , yi+1

Ri , xi
Figure 1. Schematic of a single stage used in the model
Stage cut and methane recovery:
𝑆𝑆G =

𝑅𝑅𝑅𝑅𝑅𝑅LMC =

HI
HB

HN ON,PQC
HB OB,PQC

(5)
100%

(6)

where Qf, Qp, Qr are volume flows in feed, permeate and retentate respectively, wr,CH4 and wf,CH4 are volume
fractions of methane.
For our simulations we were assumed input gas composition and physical parameters as summarized in Table 1.
We have varied separation pressure (modification of power consumption by compressor), flowrate (stage cut
and product quality modification) and content of methane in biogas compensated by content of carbon dioxide
(effects the quality of the product). Simulation was run at two stage membrane set-up. In this set-up is the
retentate from the first membrane stage used as the feed to the second membrane stage. Permeate from the
first stage is taken as technology off-gas, meanwhile permeate from the second membrane stage is recycled back
to feed biogas before compressor. Retentate from the second membrane stage is our product biomethane
stream. Scheme of the simulation is shown in Figure 2.
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Table I
Composition of the simulated off-gas stream
Property

Unit

Value/Range

Oxygen
Nitrogen
Methane
Carbon dioxide
Pressure
Temperature
Flowrate

mol. %
mol. %
mol. %
mol. %
bar
°C
Nm3/h

0.5
1.0
40 – 60
38.5 – 58.5
3 – 30
20
5 – 180

Figure 2. Scheme of two stage membrane separation technology used for the simulation

Discussion and result analysis
We have carried several simulation runs and extrapolated acquired data to get 3D graph of “optimization
surface”, which should simply point to optimal parameter process point. However it was not possible to get
reasonable surface graph because of nearly linear dependence of stage-cut and product quality as shown in
Figure 3 – middle. Any small deviation from the stage-cut/quality linear trend causes unacceptable variation in
energy consumption so the appropriate optimization surface was confusing and redrawn to Figure 3. As can be
expected and proofed in Figure 3 – top left to reach higher stage-cut (more permeate is obtained) the higher
compression energy is consumed – more pressure is needed. With increasing stage-cut we acquire higher quality
of the product in the retentate but overall amount of the product is reduced. The following capacity of the
compressor then has to be also increased because of the fact that more permeate is recycled back to the feed
resulting in further capital costs increase. To move from the stage-cut/quality linear trend it is necessary to use
in our simulations different membrane modules with different separation properties. Proper choice of the
module material is crucial before technology optimization. There is only small optimization space which is
commonly redeemed by certain loss in energy, quality or production. Customer should always consider pros and
cons of higher quality product with respect to higher energy demands.
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Figure 3. Individual dependences of power consumption and stage cut (top left), power consumption and product
quality (top right) and stage cut vs. quality (middle)
To simplify two stage membrane separation we also focused on the behaviour of the first membrane stage. The
effect of the pressure on the composition after the first stage separation is examined in Figure 4. The composition
of the feed was taken form Table I, where methane concentration was set to 50 vol. %. The pressure varied
between 5 and 30 bars. The pressure on permeate side was kept at 1.1 bars. The membrane area was kept
constant at 4.92 m2. The selectivity of the module increases, while the recovery of methane decreases which
confirms our previous simulations with two stage membrane set-up, where pressure increase results in high
quality product, meanwhile the amount of the retentate was reduced – more gas was transferred through the
membrane. According to our earlier observations the effect of the pressure is very similar to the effect of
membrane area.

Figure 4. Development of methane recovery and methane and carbon dioxide concentrations in dependence of
input pressure in first membrane stage
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For stage-cut modification we changed input flow rate. To demonstrate its effect we also test it on one stage
membrane module. Testing conditions were similar as previously: temperature 20 °C, pressure on permeate side
1.1 bars and membrane area 4.92 m2. The feed composition was again 50 vol. % of methane compensated by
CO2 according to Table I. The feed flow varied from 0.05 kmol/h to 5 kmol/h. The calculations were done for 3
different feed pressures as well – 5, 10 and 20 bars. The results are shown in Figure 5. The dashed lines show the
recovery of the methane for different pressures, while the solid lines show the molar fraction of methane in the
retentate stream. It can be seen that the recovery increases with the increasing flow rate, while the methane
content in retentate decreases. After some limit flow rate, the retentate composition does not change, the flow
through the module is too fast and residual CO2 in the retentate has less time to be separated. This graph can be
used to determine the ideal flow rate and pressure to obtain the desired composition and recovery, while
maximizing the throughput of the first stage module. Higher methane concentration after the first stage,
significantly reduce demands on the second and potentially the other stages.

Figure 5. Pressure influence on feed flowrate vs. methane recovery at the first stage membrane module. Dash
line – recovery, solid line – methane molar fraction in retentate

Conclusion
We have tried to show the reason, why two stage membrane separation has only small space for further
optimization, which is commonly required by customer. Parameters like power consumption, product quality
and quantity are strictly limited by membrane module separation properties. Any small variation in one
parameter negatively influences other from the remaining two. It is always question of customer’s priorities and
concession he is able to make. Even though in case of biogas upgrading to biomethane local legislative typically
limits the product quality so in this case only two parameters are available for optimization, if there were no
reserves in the enhanced product quality.
The satisfaction of customer/legislative demands can be sometimes done by employing of membrane modules
with different separation characteristic, which can move the observed linear trend of stage-cut and quality closer
to acceptable energy consumption limits.
Our simulation were carried in two stage membrane set-up and studied in detail in one stage separation. One
stage separation confirmed the overall behaviour of the multistage system. In addition data acquired from the
one stage separation evinces necessity of employing multistage systems in case of biogas upgrading, where the
recovery of methane has to be ideally above 90 % and its quality has to be higher than 95 vol. % of CH4.
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Abstract
Copper- and zinc-based catalysts are commonly used in methanol synthesis, water-gas shift reaction or
hydrogenation of various oxygenates to produce valuable products. Nonetheless, their application area could be
even wider. Due to EU environmental directives, the copper- and chromium-based catalysts (so called Adkins
catalysts) for ester hydrogenolysis are being eliminated, and thus CuZn-based catalysts could be a potential
alternative. In these catalysts, copper possesses the catalytic activity for hydrogenolysis of ester group, while zinc
promotes the stability. The question is if the copper particles stabilization only by zinc is sufficient.
For this purpose, CuZn and CuZnAl catalysts were prepared by a conventional co-precipitation method as a
common method of the catalyst synthesis to compare their stability and catalytic activity. As-prepared catalysts
were calcined in air, in situ reduced at 220 °C and tested in ester hydrogenolysis. Hydrogenolysis of dimethyl
adipate to hexane-1,6-diol was chosen as a model reaction. All catalysts were characterized in each single step
to determine their physico-chemical properties such as phase composition, surface area or reducibility. Namely,
AAS, XRD, BET, TGA-MS and H2-TPR methods were used.

Introduction
Ester hydrogenolysis is the method of choice for production of organic alcohols. Generally, this process is carried
out over copper- and chromium-based catalysts that are called Adkins catalysts1. They have been developed early
in the 20th century. The catalysts consist of CuO.CuCr2O4 and some promoters such as BaO or Pd2,3. The
hydrogenolysis activity is possessed by copper that must be in a reduced form (Cu0). On the other hand, the
chromium plays a structural role increasing the copper dispersion and affecting the copper particle size. This
synergic effect enhances the catalyst activity and stability.
Although the chromium positively affects catalyst properties, there is a big impact on environment due to the
toxicity of chromium ions4. Therefore, the European union restricts catalysts containing Cr and supports the
efforts leading to their replacement. As reported before, single-phase CuO does not possess sufficient
performance in ester hydrogenolysis due to the tendency to sintering that leads to the low catalytic activity5.
Thus, the presence of another metal oxide is essential for the catalyst.
Some copper-based catalysts were tested in hydrogenolysis of glycerol to propane-1,2-diol6-8, dimethyl or diethyl
succinate to butane-1,4-diol9, hydrogenation of succinic anhydride10, butyl butyrate to butanol11 but some
comparative study is missing. The most common metal or metal combination that were tested in hydrogenolysis
are zinc9, aluminium12, magnesium8, zirconia13 and/or ruthenium14.
Here, we report a comparison of CuZn and CuZnAl catalysts in dimethyl adipate hydrogenolysis.

Experimental part
Catalyst preparation and testing
The catalysts were prepared by co-precipitation. The aqueous solution of Cu(NO3)2, Zn(NO3)2 and Al(NO3)3 was
mixed with a solution of Na2CO3 in demi water at 60 °C at constant pH equal to 7. The resulting precipitate
suspension was then aged, filtered, washed with demi water and dried. These as-prepared catalysts were
calcined in a muffle oven at 350 °C in air atmosphere. The calcined powders were pressed and crushed to obtain
granulate particles with sizes ranging from 0.10 to 0.25 mm. All tests were carried out in a fixed-bed reactor (16
cm length x 0.85 cm i. d.) that was loaded with a layer of 4g of the sieved catalyst and placed between two same
silicon carbide layers. Nitrogen/hydrogen atmosphere was used for the catalyst reduction, where the hydrogen
concentration was gradually increasing for 2h and the temperature in catalyst bed was kept at 220 °C. The
reaction conditions were following: temperature of 205 °C, hydrogen pressure of 160 bar, hydrogen flow rate of
16 l.h-1, WHSV of 4 h-1 and H2/DMA ratio of 8. Dimethyl adipate (Sigma Aldrich, purity 98%) and hydrogen (SIAD,
99.999%) were used for the experiment. 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
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automatic valves. The whole process of testing was monitored by a PC software. The collected samples were
analysed by gas chromatography.

Figure 1. Experimental setup
Products and catalysts analyses
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 AAS 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.
Thermal decomposition was analyzed by TGA-MS using Setsys Evolution from Setaram instrumentation.

Discussion and result analysis
Catalysts characterization
All as-prepared catalysts were highly crystalline, therefore, their structure and phase composition were
determined using X-ray diffraction (XRD). As written above, the Na2CO3 and aqueous environment were used
during co-precipitation, so the final phases consisted of hydroxycarbonates. In particular, aurichalcite
Cu2Zn3(CO3)2(OH)6 and zincian malachite (Cu0.8Zn0.2)2(OH)2(CO3) were determined as the only phases in CuZn
catalysts. The major phase in CuZnAl was ZnAl-hydrotalcite like (HTC) structure Zn0.66Al0.34(OH)2(CO3)0.17(H2O)0.7,
which is a layered structure that has hydroxyl and carbonate ions in interlamellar area.
The HTC-like structure was also confirmed during a thermal decomposition of the as-prepared catalysts. While
CuZn catalysts decomposed in one step in a range of temperatures of 100-400 °C, the CuZnAl catalysts exhibited
a 3-step decomposition. Firstly, physisorbed and interlamellar water was desorbed (<200 °C), then water
produced by dehydroxylation (200-450 °C) was released and the final mass change occurred at temperatures
over 550 °C, where residual carbonates trapped during the structure collapse were released (Figure 2).15,16
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Figure 2. Thermogravimetric analysis of CuZn (left) and CuZnAl (right) catalysts
The as-prepared catalysts were calcined at 350 °C to convert hydroxycarbonates to oxides. That was confirmed
using XRD, showing that both CuZn and CuZnAl catalysts afforded a mixture of CuO and ZnO. Because Alcontaining phase is often highly amorphous, it was not visible by XRD. The physico-chemical properties were
determined using nitrogen physisorption and temperature programmed reduction. The catalysts promoted by
aluminium reached higher values in BET surface area (20-100 m2·g-1) than CuZn catalysts (40-60 m2·g-1). The
catalysts differed significantly in their reducibility, because CuZnAl catalysts contained CuO in different forms and
its reduction occurred in 3 steps.

Figure 3. Representative reduction patterns (TPR) of CuZn (left) and CuZnAl (right) catalysts
Catalysts testing
The calcined catalysts were tested in dimethyl adipate (DMA) hydrogenolysis. Based on the reached DMA
conversion at T = 205 °C, p = 160 bar and WHSV = 4 h-1, the catalysts were compared with the standard Adkins
catalyst. The selectivity to the main product, hexane-1,6-diol (HDOL), was purely dependent on the conversion17.
Significantly, CuZn and CuZnAl catalysts exhibited a good potential to replace CuCr catalyst in ester
hydrogenolysis.

Figure 4. Comparison of catalytic results
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Conclusion
Two series of CuZn and CuZnAl catalysts were prepared from a solution of nitrates and Na2CO3 as a precipitation
agent. The as-prepared catalysts were calcined at 350 °C and all hydroxycarbonates were converted to a
crystalline mixture of CuO and ZnO and amorphous (Cu,Zn)xAlOy(CO3)z. The physico-chemical properties of
calcined catalysts were determined by nitrogen physisorption and temperature programmed reduction. A higher
stability of CuZnAl catalysts was observed. The catalytic tests showed that both CuZn and CuZnAl catalysts
reached higher DMA conversion than Adkins catalyst.
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Abstract
One of the most complex technologies to upgrade heavy oil residues into more valuable products is their
hydrocracking in a three phase gas-liquid-solid system in an ebulated-bed reactor. This paper summarizes the
development cycle of an upgraded temperature control system for such hydrocracking unit, specifically for an
industrial hydrocracking cascade system consisting of three ebulated-bed RHC (Residual HydroCracker) reactors
connected in series. In the first phase, review and testing of different mathematical interpolation methods to
create continuous temperature profile across the reactor from measured data points were conducted. Second
step represented the selection of optimum visualization technique for the purposes of process operation based
on the calculation requirements and discussions with process engineers and operators experienced with
operation of studied RHC unit. In the final phase, software tool implementing selected methods was developed.
The developed tool was readily available to be included into the process operation software system and it was
quickly adapted into operating practice.

Introduction
Crude oil is a liquid mixture of hydrocarbons and other organic materials used mostly as an energy source in fuel
industry, but also as a source of chemicals in petrochemistry, e.g. ethylene, propylene and other. Crude oil
components can be divided into several fractions based on their boiling points – from gases through naphtha to
kerosene, gas oil and heavy residue. The difference in boiling points is used in the crude oil processing. First step
is represented by atmospheric distillation where lighter products are separated. Atmospheric residue is further
distilled in a vacuum distillation column. The bottom product of this separation step represents heavy residue
and it is containing predominantly organic compounds with traces of metals and sulphur, and usually with high
molecular weight such as asphaltenes. Such chemicals have low value and because existing reserves of crude oil
are being depleted, there is a strong demand to utilize heavy oil and to upgrade these low value chemicals into
more valuable products, e.g. by hydrocracking that converts heavy feedstocks to lower-boiling products by
catalytic cracking in the presence of gaseous hydrogen and solid catalyst1,2.
RHC unit selected for this study was operated at temperature over 400 °C and pressure over 18 MPa. As a
catalyst, Ni-Mo/Al2O3 was used. The feedstock was mixed with gaseous hydrogen. Contact with the catalyst was
carried out in the form of ebullated bed to prevent coke formation and consequent rapid catalyst deactivation.
Fresh catalyst was continuously added into the reactor while deactived catalyst was removed. The conversion
mechanism in the reactor consists of chemical reactions including heavy residue cracking into off gasses,
naphtha, kerosene, gas oil and vacuum distillates. and secondary cracking of VGO into GO, GLN and Ke. Also,
secondary cracking of vacuum distillates into gas oil, naphtha and kerosene, and coke formation from heavy
residue and vacuum distillates were considered in proposed reaction mechanisms3,4,5,6. Although the process is
composed of exothermic and endothermic reactions, the overall heat effect is slightly exothermic. Existing
process control was based on monitoring the temperature inside the reactor through ca. 200 thermocouples –
higher temperature favors yield of desired products but also increases coke formation and thus rate of catalyst
deactivation.
Before the start of this project, data from thermocouples were interpreted for process operators in a simplistic
manner that did not provide sufficient information about process and it could potentially lead to operability
problems based on data misinterpretation7. One reactor was presented as a set of approximately 50 rectangles
filled with six different colors associated with specific temperature interval. In addition, only few selected
thermocouples were implemented into the process control system. Such design did not allow process operators
and engineers to properly analyze temperature profile inside the reactor. More complex overview could not only
improve work of process operators, but it could also provide new insight into the process such as ability to study
reactive mixture flow patterns by monitoring temperature trends in the reactor.
The goal of the presented study is to demonstrate development cycle of an upgraded temperature control
system for the RHC unit under review. This work is based on our previous efforts5,8,9 and represents a summary
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of achieved results in the context of new software tool development for improved process control in an existing
refinery. Three phases of the project are analysed in detail in this contribution – screening of interpolation
methods appropriate for the measured data processing, selection of optimum visualization technique for
temperature profile reconstruction and development of final software product.
First phase – interpolation methods screening
For temperature profile visualization, various interpolation methods were reviewed and tested. At first, uniform
grid of points in space was created and then, temperature was calculated for each point based on measured data
from thermocouples. The simplest method used for interpolation was the basic method of nearest neighbour
interpolation where only one thermocouple was considered for temperature calculation. For every grid-point,
the thermocouple closest to the selected grid-point was used for temperature assignment to this point.
In the next step, advanced interpolation techniques such as inverse distance weighting method and methods
based on Delaunay triangulation and Voronoi diagrams were tested. These methods consider multiple
thermocouples in temperature calculation for individual grid-points. Setting details for individual interpolation
methods are provided in our previous works5,8. The reconstructed temperature profiles based on different
interpolation methods are depicted in Figure 1.

Figure 1. Temperature profile visualization using nearest neighbour interpolation (a), inverse distance weighting
considering 4 thermocouples (b), global inverse distance weighting considering all thermocouples (c) and natural
neighbour interpolation based on Delaunay triangulation and Voronoi diagrams (d)

246

ICCT 2019 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY

Second phase – optimum method selection
As it is clearly visible, the continuity of temperature profile was increasing with the number of thermocouples
considered (Figure 1a-c). Best continuity of temperature profile was achieved using global inverse distance
weighting (Figure 1c). However, in this case, temperature extremes measured in reality were eliminated. This
could lead to neglecting hot and cold spots in reactor and catalyst, thus leading to ineffective or even dangerous
operation of the reactor. Therefore, this approach was not considered as appropriate one. As a compromise
between continuity of the obtained profile and conservation of measured temperature extremes, natural
neighbour interpolation method (Figure 1d) was selected as the most suitable method for temperature profile
reconstruction. Using this selected method for different viewpoints of reactor, 3D temperature profile was also
depicted (Figure 2).

Figure 2. 3D temperature profile reconstruction by natural neighbour interpolation
Third phase – software tool development
In the last step of the presented project, software tool readily available to be implemented into operating
practice was developed. As a programming language, object-oriented programming language C# was used. The
data transfer between different software tool components is schematically depicted in Figure 3. The developed
tool firstly connected to existing communication framework between process control system and MS Excel.
Secondly, measured data of each thermocouple with identification information was transferred to our developed
tool and stored in an external database. After this step, data processing took place. Information about individual
thermocouples were transformed to the temperature profile visualization using selected interpolation method
and predefined module for RGB spectrum assignment. Finally, temperature profile for each reactor in RHC unit
was depicted. User have multiple options for data visualization, e.g.:
¥ live temperature profile or temperature profile based on historic operating data
¥ static image or video composed of multiple consecutive images with selected time step
¥ view of reactor: vertically (east-west and north-south) or horizontally
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Screenshots of different software windows are provided in Figure 4. Because of the RHC unit staff native
language, software is only available in Slovak language, thus provided screenshots are also in Slovak. Data
depicted in Figure 4 were only testing data, i.e. these data were not from real operation of the RHC unit.

Figure 3. Schematic description of the developed software tool

Figure 4. User interface of the developed software tool

Conclusion
The aim of the presented paper was to illustrate development cycle of a software tool designed for a process
control upgrade. Target process was an RHC unit, one of the most complex technologies in crude oil processing
to upgrade relatively low value chemicals present in heavy residue into more valuable products by hydrocracking.
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During the timespan of two years, review of different interpolation methods to process scattered measured
temperature data points, testing and selection of an appropriate method and final software product
development were carried out. Requirements and comments of target RHC unit operating staff were
incorporated in different development phases to create software tool suitable for operating practice. Developed
tool increases the readability of measured data for process operators thus improving their day-to-day process
operation and decision-making in the case of unexpected process behaviour. More complex temperature profile
reconstruction can be also included into the new process control system after its thorough testing and
verification in long-time operation. For process engineers, developed tool represents new aid in process analysis
and optimisation. With temperature profiles reconstructed from historic data, experienced process engineers
can study causes and consequences of operability problems, emergency shutdowns, etc. Complex temperature
profile visualization can be used also in the study of other process aspects related to temperature changes such
as reactive mixture flow patterns or preferred coke formation locations in catalyst.
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Abstract
Dimethyl adipate hydrogenolysis is one of the industrial processes restricted by environmental regulations
because it uses a chromium-containing catalyst. However, chromium has an important function as a structural
promoter and stabilizer for copper particles that are active sites for hydrogenolysis1. We suppose that less the
harmful CuZnAl has a similar stability and could be used instead of CuCr2. For this purpose, we synthesized a
CuZnAl catalyst with Cu/Zn ratio of 1.5 and Al/(Cu+Zn) ratio of 0.2 by a co-precipitation method and calcined it
at 350 °C. Then, the catalyst was characterized by basic characterization methods, reduced in situ at 220 °C and
tested in dimethyl adipate hydrogenolysis in a fixed-bed reactor under continuous-flow conditions. Several
catalytic tests were carried out to investigate the activity, selectivity and stability of the catalyst. Besides the
monitoring of structural changes with time-on-stream, the change in the conversion of dimethyl adipate with
time was also evaluated.

Introduction
Ester hydrogenolysis is one of the important industrial organic synthesis processes. The process is industrially
operated in a large-scale of approximately 2.5 Mt/year alcohols production3. Produced organic alcohols are
applied mainly in the production of soaps, detergents, personal care products, and polymers, in particular,
polyesters and polyurethanes3, 4.
To achieve such a large-scale production in an efficient way, the industrial process needs an ideal heterogeneous
catalyst. Such catalyst must have high and stable activity for the particular reaction, selectivity to the desired
product, thermal and mechanical stability5. In addition, there are some other parameters that affect the
applicability of the catalyst in industry, e.g. low cost, non-toxicity, easy preparation, easy metal recycling or easy
disposal of the deactivated catalyst. Not every catalyst that is widely used in the industry fulfils the mentioned
criteria.
Adkins catalyst (CuO-CuCr2O4) is used in the industrial ester hydrogenolysis being highly efficient and selective
up to 99 % at 250 °C and 250 bar1. Even so, this catalyst is problematic in terms of recycling and disposal of the
chromium-containing solid and liquid waste produced during the preparation and operation6.
Considering an alternative catalyst for the same process, it could be based on copper that is the active site of the
Adkins catalyst. However, copper particles are susceptible to aggregation and sintering due to their low Hüttig
temperature (134 °C)5. The formation of large clusters results in decreasing catalyst surface area and loss of the
catalyst activity5, 7. To prevent copper particles from sintering, an appropriate support or a structural promoter
is used in case of supported catalysts or co-precipitated catalysts, respectively5. The function of the structural
promoter in Adkins catalyst is attributed to Cr because it increases the stability and dispersion of Cu particles8.
Zn and Al are also used as promoters that can increase the thermal stability of Cu particles and prevent their
sintering5. Moreover, the combination of Zn and Al was found to be more efficient stabilizer than Zn alone9.
CuZnAl catalysts are widely used for methanol synthesis and tested in hydrogenolysis of esters2, 4, 10, 11. Recently,
their high hydrogenolysis activity and selectivity to alcohols up to 80 % have been published2. However, the
stability of catalytic and structural properties was not described. The aim of this work was to synthesize,
characterize and test a CuZnAl catalyst in dimethyl adipate hydrogenolysis with a particular focus on the stability
of conversion, selectivity, crystallite size and catalyst surface area.

Experimental
Catalyst synthesis
The catalyst was synthesized by a co-precipitation method using Cu(NO3)2·3H2O, Zn(NO3)2·6H2O and
Al(NO3)3·9H2O as precursors. Na2CO3 was used as a precipitant. The pH was kept at 7 and temperature at 60 °C.
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The formed suspension was aged for 60 min, filtered and dried. The as-prepared catalyst was then calcined at
the temperature 350 °C that was kept for 3 hours.
Catalyst characterization
Elemental composition of the as-prepared catalyst was analyzed by AAS Agilent 280FS AA. Phase composition of
the catalyst was determined by X-Ray diffraction by a diffractometer PANanalytical X’Pert3 Powder. Crystallite
size of CuO and Cu was estimated using Scherrer’s equation and reflections at 38.6° and 42.3°, respectively12, 13.
Nitrogen physisorption was measured at 77 K using an analyzer TriFlex, Micromeritics. Specific surface area was
determined by BET method. Thermal decomposition was followed by TGA-MS using Setsys Evolution from
Setaram instrumentation.
Catalyst testing
The calcined catalyst was tested in a fixed-bed reactor of 11 ml volume under continuous-flow conditions. The
reactor was loaded with 4 grams of the catalyst granulated to particle size in a range from 0.10 to 0.25 mm. After
the catalyst was loaded, it was reduced by increasing concentration of hydrogen (99.999%, Siad) in nitrogen
atmosphere at 220 °C. The temperature monitored by seven thermo-couples in different points of the reactor.
The stability tests were carried out at 190 °C and hydrogen pressure of 100 bar. The DMA (99%, Sigma-Aldrich)
flow rate was 16 g·h–1 (WHSV=4 gDMA.h-1.gCAT-1). The hydrogen flow rate was 16 l·h–1 and H2/DMA molar ratio was
8. We have performed three tests at the same reaction conditions, but different duration of 24, 48 and 72 hours.
The test of 72 hours duration was chosen for the discussion. The samples from the reactor outlet were collected
every 2-3 hours and then analyzed by GC-FID (HP-5, 20 m length, 0.25 ID, 0.1 µm film). The simplified
experimental setup is showed in Figure 1. The conversion of dimethyl adipate and selectivity to hexane-1,6-diol
were calculated according to14 and used for the evaluation of activity on time-on-stream.

Figure 1. Scheme of experimental setup

Results and discussion
The elemental composition determined by AAS was as follows: 49.4 wt% of CuO, 33.4 wt% of ZnO and 17.2 wt%
of Al2O3. The phase composition of the as-prepared catalyst listed in Table I was obtained by XRD. The XRD
pattern is presented in Figure 2. The as-prepared catalyst contained Cu in zincian malachite and aurichalcite
phase, while Zn and Al in the hydrotalcite-like phase.
Table I
Phase composition of as-prepared catalyst
Mineral Name
Chemical Formula
Zincian malachite
(Cu0.8Zn0.2)2(OH)2(CO3)
Hydrotalcite
Zn0.70Al0.30(OH)2(CO3)0.15·xH2O
Aurichalcite
Cu2Zn3(CO3)2(OH)6
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Figure 2. XRD patterns of as-prepared and calcined catalysts
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The thermal decomposition of these hydroxycarbonates was then studied by TGA-MS (Figure 3). The weight loss
was 27 wt% and three distinct areas can be distinguished. The weight loss until 170 °C was ascribed to physically
adsorbed and interlayer water in hydrotalcite-like structure15. The major decomposition occurred in the
temperature range of 200-400 °C that was attributed to dehydroxylation and decarbonation15. The peak above
400 °C was attributed to the decomposition of high-temperature carbonates or the amorphous Zn, Al-containing
carbonate phase15.
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Figure 3. Catalyst sample decomposition determined by TGA-MS
The calcined catalyst was then again characterized by XRD. As seen in Figure 2, the catalyst sample was highly
amorphous and only CuO (tenorite) phase was observed. ZnO and Al2O3 phases were not determined by XRD,
probably because of the formation of the above-mentioned amorphous structure (Cu,Zn)AlXOY(CO3)Z that was
decomposed at higher temperatures15.
Also, the crystallite size and BET surface area were determined in calcined and spent catalysts. As seen in Figure
4, the size of crystallites doubled from 3.4 nm to 8.1 nm, while the catalyst surface area decreased by 15%. These
changes had a direct effect on activity, because the conversion and selectivity slightly decreased (Figure 5). The
conversion decreased by max 15%, while selectivity to hexane-1,6-diol decreased by 30%.
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Figure 4. BET surface area and crystallite size for calcined and spent catalyst

252

ICCT 2019 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY

Dimethyl adipate conversion, %

85
80
75
70
65
60
55

0

12

24
36
48
Time-on-stream, h

60

72

Figure 5. Conversion and selectivity dependence on time-on-stream

Conclusion
A co-precipitated CuZnAl catalyst was tested in dimethyl adipate hydrogenolysis at 190 °C under continuous-flow
conditions for 72 hours. The conversion and selectivity were in a range of 83% to 73% and 35% to 25%,
respectively. The significant changes in the structural properties could occur either during the reduction (with
the catalyst remaining stable during the experiment) or during the experiment. Thus, the next study will be
focused on the monitoring the structural changes in calcined catalyst after the reduction.

Acknowledgement
Financial support from specific university research (MSMT No 21-SVV/2019) and the Czech Science Foundation
(project No. GA17-05704S) is greatly acknowledged.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

253

Turek T., Trimm D. L. and Cant N. W.: Catalysis Reviews 36, 645 (1994).
Kubička D., Aubrecht J., Pospelova V., Tomášek J., Šimáček P. and Kikhtyanin O.: Catal. Comm. 111, 16
(2018).
https://www.grandviewresearch.com/industry-analysis/fatty-alcohols-market, (accessed 3 September
2018).
Yuan P., Liu Z., Hu T., Sun H. and Liu S.: React. Kinet. Mech. Catal. 100, 427 (2010).
Ye R.-P., Lin L., Li Q., Zhou Z., Wang T., Russell C. K., Adidharma H., Xu Z., Yao Y.-G. and Fan M.: Catal. Sci.
Technol. 8, 3428 (2018).
Prasad R. and Singh P.: Catal. Rev.-Sci. Eng. 54, 224 (2012).
Munnik P., de Jongh P. E. and de Jong K. P.: Chemical reviews 115, 6687 (2015).
Yuan P., Liu Z., Zhang W., Sun H. and Liu S.: Chin. J. Catal. 31, 769 (2010).
Twigg M. V. and Spencer M. S.: Top. Catal. 22, 191 (2003).
Mokhtar M., Ohlinger C., Schlander J. H. and Turek T.: Chemical Engineering & Technology 24, 423 (2001).
Yan K. and Chen A.: Energy 58, 357 (2013).
Okamoto Y., Fukino K., Imanaka T. and Teranishi S.: The Journal of Physical Chemistry 87, 3740 (1983).
Kikhtyanin O., Pospelova V., Aubrecht J., Lhotka M. and Kubička D.: Catalysts 8, 446 (2018).
Pospelova V., Aubrecht J., Kikhtyanin O., Pacultová K. and Kubička D.: ChemCatChem 11, 2169 (2019).
Tang Y., Liu Y., Zhu P., Xue Q., Chen L. and Lu Y.: AIChE J. 55, 1217 (2009).

ICCT 2019 | PROCEEDINGS

PETROCHEMICALS AND ORGANIC TECHNOLOGY
HYDROTALCITE-LIKE COMPOUNDS FOR ALDOL CONDENSATION OF VALERALDEHYDE AND CYCLOPENTANONE
Fidlerová B.1, Kovářová T.1, Paterová I.1, Kovanda F.2, Červený L.1
Department of Organic Technology, University of Chemistry and Technology Prague, Technicka 5, 166 28,
Prague 6
2
Department of Solid State Chemistry, University of Chemistry and Technology Prague, Technicka 5, 166 28,
Prague 6
Barbora.Fidlerova@vscht.cz
1

Abstract
This work focuses on the possible utilization of Mg/Al hydrotalcite-like compounds (HT) in a fragrance synthesis.
The influence of reaction conditions (reactants ratio, Mg:Al molar ratio and activation method) on reaction
course were studied in aldol condensation of cyclopentanone with valeraldehyde. This reaction gives 2pentylidencyclopentanone, which can be subsequently hydrogenated to the jasmine fragrance 2pentylcyclopentanone or further hydrogenated to the fragrance 2-pentylcyclopentan-1-ol. Prepared HTs with
Mg:Al molar ratio in the range from 2:1 to 3.5:1 and one commercially purchased were characterized by AAS and
XRD. Higher cyclopentanone excess was found to have a positive influence on the desired product’s selectivity.
Higher selectivities were also achieved using rehydrated catalysts rather than calcined ones (selectivity up to
74 % with prepared HT 2.5 or 79 % with purchased HT 2.2:1). Mg:Al molar ratio does not have clear effect on the
reaction course.

Introduction
Hydrotalcite-like compounds (layered double hydroxides) are heterogeneous catalysts with a wide range of use.
They can be used for various reactions, e.g. esterification, olefin polymerization, epoxidation, Michael addition,
greenhouse gas abatement (NOx, SOx), aldol condensation, hydrogenation, etc.1 Hydrotalcite-like compounds
(HT) typically consist of Mg2+ and Al3+ cations with OH- and CO32- anions. Mg2+ can be partially substituted in order
to obtain a different material function, e.g. Mg/Al HT catalyzes aldol condensations, but metals such as Pd, Ru,
Ni, Zn, Cu, Fe, Co, etc. can catalyze hydrogenation2, reduction3, oxidation4 and various other reactions. These
metals can be incorporated during preparation by coprecipitation method or later by impregnation.5
Aldol condensation of cyclopentanone (Fig.1, I) and valeraldehyde (II) gives 2-pentylidencyclopentanone (III).
This compound can be subsequently hydrogenated to the fragrance 2-pentylcyclopentanone (IV, Delphone
(Firmenich)) and then to the fragrance 2-pentylcyclopentan-1-ol (V, Delphol (Firmenich)). Both Delphone and
Delphol have floral scent most reminiscent to jasmine. This work focuses on the possible utilization of Mg/Al
hydrotalcite-like compounds to catalyze the first step of fragrance synthesis.
IV

I

II

III

V
Figure 1. Reaction scheme of aldol condensation followed by hydrogenation I cyclopentanone, II valeraldehyde,
III 2-pentylidencyclopentanone, IV 2-pentylcyclopentanone and V 2-pentylcyclopentan-1-ol

Experimental
Catalyst preparation
Catalysts were prepared by co-precipitation method at constant pH = 9.5. Na2CO3 solution was heated to 75 °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 a constant level. After the addition of the
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entire volume of solutions, the mixture was stirred for 1 hour. Then 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. Calcined material (0.1 g) was rehydrated in degassed water
(10 ml) at room temperature and N2 atmosphere for 1.5 h. Water was removed using the vacuum evaporator
under argon atmosphere. Prepared rehydrated catalysts were used the same day or the day after.
Catalyst characterization
For determination of Mg:Al molar ratios of prepared catalysts atomic absorption spectroscopy (AAS) was used.
The samples were measured using Agilent 280 FS AA absorption spectrometer with a flame atomization
technique (neon-filled discharge lamp with hollow cathode). Results were evaluated using 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).
Structure of prepared materials before and after activation was determined by X-ray diffraction method (XRD).
X-ray diffraction patterns were obtained using a PANanalytical X´Pert PRO (PANanalytical) diffractometer in a
parafocusing geometry with CuKα radiation (λ = 1,5406 Å, U = 40 kV, I = 30 mA) at room temperature. The data
was scanned using a X´Celerator detector in an angular range of 5° – 80° with a measurement step of 0.039 (2θ)
and a scan step time 175.185 s. The data was processed by HighScore Plus 4.0 software (PANanalytical).
Reaction procedure
Aldol condensation of valeraldehyde (VA) and cyclopentanone (CY) was carried out in a 25 ml flask equipped with
a condenser. The molar ratio of VA:CY was 1:3. The reaction mixture consisting of reactants and catalyst (20 wt%
with respect to VA) was stirred for 5 hours at 120 °C. 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 HTs was prepared with different Mg:Al molar ratios in the range from 2.0 to 3.5 (Tab. I). These catalysts
were prepared and then activated as described in the experimental section. Experiments were also performed
using commercially available HT (HT2.2com) purchased from Sigma-Aldrich. The AAS determinations correspond
very well to the desired Mg:Al molar ratios (max. difference 3 %). Precursor purchased from commercial source
had Mg:Al ratio 2.20:1. The structure of prepared, calcined, and rehydrated HTs was determined by X-ray
powdered spectroscopy (XRD) (Fig. 2). XRD spectra confirmed the disintegration of the hydrotalcite structure
during calcination and its subsequent restoration by rehydration.
Table I
Mg:Al molar ratio of catalysts determined by AAS
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Catalyst

Desired Mg:Al molar ratio

Mg:Al (AAS)

HT2

2.00 : 1

2.05 : 1

HT2.5

2.50 : 1

2.50 : 1

HT3

3.00 : 1

3.03 : 1

HT3.5

3.50 : 1

3.58 : 1

HT2.2com

-

2.20 : 1
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Figure 2. XRD patterns of prepared HT3.5 (a) precursor, (b) calcined and (c) rehydrated
Catalytic tests
The activity of prepared Mg/Al hydrotalcite-like compounds expressed as the achieved conversion after 5 h of
reaction was tested for aldol condensation of valeraldehyde (VA) and cyclopentanone (CY). The desired reaction
product was a fragrance intermediate 2-pentylidenecyclopentanone (VACY), which can be subsequently
hydrogenated. Typical by-products of this reaction were valeraldehyde self-condensate 2-propylhept-2-enal
(Fig. 3, VI) and a product consisting of three reactant molecules 2,5-dipentylidenecyclopentan-1-one (VII).
Cyclopentanone self-condensate [1,1'-bi(cyclopentylidene)]-2-one (VIII) was also present in the reaction mixture,
but in a very small amount. Using an excess of one of the substrate (cyclopentanone or valeraldehyde), the
product of its self-condensation was not considered in the calculations (as well as the substrate in the excess).

VI
VIII
VII
Figure 3. Identified by-products of cyclopentanone and valeraldehyde aldol condensation: 2-propylhept-2-enal
(VI), [1,1'-bi(cyclopentylidene)]-2-one (VIII) and 2,5-dipentylidenecyclopentan-1-one (VII)
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Influence of reactants molar ratio
First, the effect of reactants molar ratio ranging from 1:1.5 to 1:3 on reaction selectivity and the conversion of
the key component that was not used in excess was tested (Fig. 4). These tests were performed using calcined
HT2.5. As it can be seen in Figure 4a, the use of cyclopentanone in excess lead to higher valeraldehyde conversion
in both cases in 5 hours of reaction. The experiment performed using cyclopentanone excess (VA:CY = 1:1.5)
resulted in the total conversion of VA after 5 hours of reaction. Using a VA:CY = 1:3 molar ratio yielded in 84 %
conversion after 5 hours of reaction, the conversion gradually increased with time therefore it can be expected
to reach higher value. When valeraldehyde was used in excess, the cyclopentanone conversion was about 65 %
in both cases (Fig. 4a). Figure 4b depicts the dependence of selectivity on key components conversion. Obtained
results show that selectivity to 2-pentylidenecyclopentanone was slowly increasing with increasing
valeraldehyde conversion (CY in excess). On the other hand, the use of valeraldehyde in excess resulted in a steep
decline of products selectivity, mainly due to the formation of the product of subsequent aldol condensation,
2,5-dipentylidenecyclopentan-1-one. The highest VACY selectivity of 62 % at 84 % conversion was achieved using
reactants molar ratio VA:CY = 1:3.
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Figure 4. Influence of reactants molar ratio a) dependence of valeraldehyde or cyclopentanone conversion on
time and b) dependence of desired product selectivity on valeraldehyde or cyclopentanone conversion (20 wt%
calcined HTC2.5 (0.1 g) with respect to VA (CY in excess) or CY (VA in excess), VA:CY molarly, 120 °C)
Influence of Mg:Al molar ratio and activation method
Second, four laboratory prepared hydrotalcite-like compounds and one commercial differing in Mg:Al molar ratio
were tested. The influence of activation method on reaction course was also evaluated. Precursors were calcined
and rehydrated as described in the experimental section. No obvious trend in the influence of catalyst
composition on maximum achieved conversion or product selectivity in 5 hours of the reaction was observed
(Tab. II). Higher valeraldehyde conversions were achieved using calcined laboratory prepared catalysts compared
to commercial one. Its usage to catalyze the reaction lead to formation of high amounts of 2-propylhept-2-enal,
valeraldehyde self-condensate. On the other hand, the by-product of the highest concentration in the reaction
mixture was 2,5-dipentylidenecyclopentan-1-one using laboratory prepared catalysts. Experiments performed
with rehydrated catalysts resulted in VACY selectivity approx. 10 % higher compared to calcined ones. Significant
increase of selectivity (about 16 – 21 %) was achieved using HT2.5 and HT2.2c. Valeraldehyde self-condensate
and higher condensates consisting of three molecules formed in equal amounts using rehydrated HT2.2c.
Reactions catalyzed by prepared rehydrated HTs lead to the formation of 2,5-dipentylidenecyclopentan-1-one
rather than VA self-condensate as in case of calcined materials.
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Table II
Valeraldehyde conversion and desired product’s selectivity results over catalysts varying in Mg:Al molar ratio and
activation method after 5 hours of reaction (20 wt% cat. with respect to VA (0.1 g), VA:CY=1:3 molarly, 120 °C)
Catalyst

Activation

VA conversion, %

VACY selectivity, %

VACY sel. at 76 % VA conv., %

HT2

calcination

90

57

55

HT2.5

84

62

61

HT3

98

64

58

HT3.5

97

64

55

HT2.2c

76

55

55

96

69

64

HT2.5

89

74

77

HT3

96

70

65

HT3.5

90

66

66

HT2.2c

89

79

76

HT2

rehydration

Conclusion
Four Mg/Al hydrotalcite-like catalysts differing in Mg:Al molar ratio were prepared by coprecipitation method a
characterized by AAS and XRD techniques. AAS confirmed the desired catalyst’s composition and XRD structural
changes during activation procedures. The activity of prepared catalysts was studied for aldol condensation of
cyclopentanone with valeraldehyde and compared with commercial HT. The use of cyclopentanone in 3:1 molar
excess to valeraldehyde was found to be suitable to achieve the conversion higher than 90 % in 5 h of reaction
with selectivity to desired product approx. 70 % using rehydrated catalysts. No obvious trend in the influence of
catalyst composition on achieved conversion or product selectivity was observed. Rehydrated catalysts generally
showed higher conversions and selectivity to 2-pentylidenecyclopentanone.
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Abstract
Steam-cracking process forms main pathway basic commodities production. Due to the process demands of
feedstock and energies, there are still optimization efforts. But options of direct data transfer from lab scale to
process scale are limited, therefore mathematical models of steam-cracking are excellent tools for this purpose.
Development cracking model must deal with many challenges. This paper is focused to kinetic model
development and to a description of chemical reaction called hydrogen abstraction specifically. It basically
determines conversion of feedstock under steam-cracking conditions. Exact description of this reaction is
problematic, because it extremely increases number of chemical reactions considered in system. In this paper,
an alternative description is presented. It is based on replacement of all radicals participating in this reaction by
an abstract active radical, and a method for estimation of total activity of radicals is also proposed. Simulation
results are compared to experimental ones and shows excellent match.

Background
Mathematical modelling of steam-cracking as an industrial process, is multi-level challenge, since it requires to
describe the kinetics of cracking, fluid dynamic of reaction mixture, the pressure drop, and the heat-transfer in
the cracking furnace. This paper is limited to the cracking kinetics only. There are many studies in the literature
aimed at the description of cracking kinetics1-3, and many of them are based on cracking mechanism firstly
proposed by Rice4. Since cracking mechanism is quite complex, there has been considerable effort to introduce
simplifying assumptions to reduce the complexity of cracking mechanism. Even detailed models of the behavior
of simple pure light hydrocarbon contains several simplifications or reactions neglecting5. In this paper, the
attention is paid to the chemical reaction called hydrogen abstraction or hydrogen transfer. General mechanism
includes an attack of radical R to a molecule R1H. Original radical is stabilized and the molecule is transformed to
radical by a transfer of hydrogen radical as follows
𝑅𝑅● + 𝑅𝑅$ 𝐻𝐻 → 𝑅𝑅𝑅𝑅 + 𝑅𝑅$ ●
(1)
The main problem is the count of chemical reactions in described systems. Since even simplified models of C4
hydrocarbons usually contains at least 10 molecules and 20 radicals5,6, this means at least 200 combinations of
reactants and if every single C-H bonds considered as reaction centres individually, it will produce even more
reactions for quite simple system. Application of such an approach for the modelling of industrially interesting
systems (e.g. gasolines) would lead to too large reactions sets. Moreover, kinetic models of cracking generally
express a STIFF character. Many previous researches tried to cope with this problem by many different
approaches, several of them were summarized and compared in comprehensive study of Van Damme7.
Interesting point was that for most of radicals, steady-state of their concentration along the reactor can be
considered without higher deviation in solution. Authors also claims, if this assumption is applied only on the
length of integration steam (of numeric solver), final error is completely insignificant. The article published by
Van Geem8 had also significant effect on this field. The study was aimed at the evaluation of significance of
individual radicals in their role in the hydrogen abstraction reaction. Specifically individual contribution of
radicals to entire rate of hydrogen abstraction was evaluated. Authors concluded that radicals heavier than
approximately C4-C5 are not important because the rate of their decomposition is much higher. Since the STIFF
problem gets worse with increasing count of bimolecular reactions. In this paper, we propose a novel approach
to reduce the number of abstraction reactions and the partially the stiffness of equation system as well.
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Hydrogen abstraction model
The hydrogen abstraction reaction explained above, was replaced by formal homolytic scission of the C-H bond
considering the participation of an abstract active radical RA as follows
𝑅𝑅' ●
(2)
𝑅𝑅$ 𝐻𝐻 → 𝐻𝐻● + 𝑅𝑅$ ●

where the hydrogen radical is “borrowed”, because the just formed enters to the radical decomposition where
finally must end as small active radical and will be recombined by the “borrowed” hydrogen radical, therefore
entire balance is closed in the same way as the reaction 1, only decomposed to more steps. In the description of
kinetids, the influence of concentration of active radicals must be maintained (see equation 3). This
concentration represents the total activity of all active radicals (participating on the hydrogen abstraction in the
mixture).
𝑟𝑟 = 𝑘𝑘 ∙ 𝑐𝑐-. ∙ 𝑐𝑐-/0
(3)
Where the rate coefficient is depended on temperature by the Arrhenius relation. All hydrogen abstraction were
considered to share the same frequency factor and the activation energy was divided by following rules:
¥ Basic activation energy EHT,sec (C-H bond on the secondary carbon atom)
¥ Increment of activation energy ΔprimE (C-H bond on the primary carbon atom)
¥ Increment of activation energy ΔtertE (C-H bond on the tertiary carbon atom)
¥ Increment of activation energy ΔbetaE (C-H bond is in beta position to double, triple or aromatic bond)
Radicals activity modelling
The fundamental problem of the hydrogen abstraction model (see above) is to determine the total activity of
radicals in the reaction mixture. Let’s consider one referential substance, to be the basis of the computation,
e. g. n-hexane and presume that the steady-state of initiation-termination system ca be derived from the
equilibrium relation
5
(4)
22𝑐𝑐-.● 4
𝑝𝑝
𝐾𝐾 =
= °
@
𝑐𝑐6789:;69 − 𝑐𝑐-.● 𝑝𝑝 𝑐𝑐6789:;69 + 𝑐𝑐-.●
where c are the concentrations, p is pressure and K is equilibrium relation depended on the temperature
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ΔF6FG 𝐻𝐻H
=
𝑑𝑑𝑑𝑑
𝑅𝑅𝑇𝑇 5

(5)

where ΔinitHm is molar initiation enthalpy and R is gas constant. The main ideal is to consider an activity of radicals
during the cracking of n-hexane (referential substance) under referential cracking conditions to be optimized
parameter, firstly estimated. Then, equilibrium constant for referential conditions can be evaluated and
recalculated to required temperature. Initiation enthalpy was firstly estimated on the basis of bonds energies in
the n-hexane and then optimized to fit experimental data. If we have K for given conditions, then the activity of
radicals during the cracking of n-hexane can be evaluated for given conditions.
Another challenge is to establish the relation of radicals activity for different feedstock substances. We proposed
criterial relation:
𝑐𝑐-.●,J,K,L = 𝑐𝑐-.●,6789:;69,K,L∙MNO,P
(5)
which is meant to be recalculation of radicals activity from the referential to given substance. FS,T is structural
factor and represents the probability of scission of bonds in the studied substance in ratio to such a probability
in referential substance under temperature T and can be evaluated as

𝐹𝐹R,K

−𝐸𝐸
∑F∈J 𝑒𝑒𝑒𝑒𝑒𝑒 V F X
𝑅𝑅𝑅𝑅
=
−𝐸𝐸
∑F∈6789:;69 𝑒𝑒𝑒𝑒𝑒𝑒 V F X
𝑅𝑅𝑅𝑅

(5)

where the sums is done per all bonds i in given or referential substance and Ei is bond energy of the bond. Bond
energies taken from literature sources are summarized in the table I. These bond energies are foxed parameters
of the method, whereas those others were the subject of optimization and their optimal values are reported on
the results section.
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Table I
Bonds energies (kJ/mol) between two atoms of carbon (R1 – R2) for various configuration taken from sources
where reported for characteristic chemical substances [11-14]
R1
R2
Primary
Secondary Tertiary Quaternary
Primary
345,4
341,2
332,9
327,8
Secondary
337
335
322
Tertiary
324
306
Quaternary
283
Reactor model and experimental data
To describe experimental equipment, reactor was considered to be isobaric plug-flow reactor using
experimentally determined temperature profile for each one of pyrolysis temperature set-point. The model
already has been verified and utilized in our previous papers9,10 and the experimental method as well.
Experiments included two reactors (also described in cited papers):
¥ Reactor A: quartz reactor 120 x 4 mm filled by SiC, operating in the pulse mode
¥ Reactor B: stainless steal (17255) reactor 750 x 10.4 mm operating in continual mode, feedstock diluted
by steam

Results and discussion
Optimal values of the method parameters are summarized in the table II. Table III shows conditions of
experiments that were modelled in this paper.
Table II
Optimal values of the method introduced above®
Parameter meaning
Symbol
HA frequency factor
AHT
HA activation energy, secondary
EHT,sec
carbon
HA activation energy, primary
ΔprimE
carbon
HA activation energy, tertiary
ΔtertE
carbon
HA activation energy, primary
ΔbetaE
carbon
RA● concentration for n-hexane
𝑐𝑐-.● ,6789:;69,K ° ,L°
under referential conditions
Enthalpy of n-hexane initiation
ΔinitHm

Units
m3·mol·s-1

Value
2.18 · 1016

kJ·mol-1

116.32

kJ·mol-1

46.52

kJ·mol-1

-12.17

kJ·mol-1

-7.60

mol·m-3

2.82 · 10-11

kJ·mol-1

256.17

Table III
Conditions of pyrolysis experiments, experimental method had been explained in deep details in our previous
papers [10]
Nr.
Feedstock Device p, Bar T, °C t, s Nr. Feedstock Device P, Bar T, °C
t, s
1
n-heptane
B
1.01
679 0.20
9
2-mHpan
A
4.01
700 0.38
2
n-heptane
B
1.01
680 0.47 10 2-mHpan
A
4.01
815 0.30
3
n-heptane
B
1.01
719 0.20 11 2,4-DMPan
A
4.01
700 0.38
4
n-heptane
B
1.01
721 0.45 12 2,4-DMPan
A
4.01
815 0.30
5
n-heptane
B
1.01
760 0.19 13 2,2-DMPan
A
4.01
700 0.38
6
n-heptane
B
1.01
760 0.26 14 n-butane
A
4.01
815 0.30
7
n-heptane
A
4.01
700 0.38 15
n-octane
A
4.01
815 0.30
8
n-heptane
A
4.01
815 0.30
The ability the model to describe this reaction can be evaluated by the comparison of experimental and simulated
conversion of various feedstock molecules pyrolyzed under various conditions. This comparison is done in the
Figure 1.
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Figure 1. Comparison experimental and simulated conversion

Conclusion
A model of hydrogen abstraction reaction using the replacing of all radicals by an abstract active radicals and
dividing reactions by the structure of reaction centre to groups was tested in this paper. Together with
introduced method for the estimation of total radical activity, this model allows to describe the consumption of
the feedstock molecule during steam-cracking of various feedstock cracked under various reaction conditions
and on two different chemical reactors. These results promises future modelling tools development.
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Abstract
Most properties of final solid dosage forms, such as tablets, capsules or granules, are highly dependent on chosen
excipients, especially on the interactions between their particles and those of active substance affecting the
stability or content uniformity of the final product. Since many phenomena initiate at the particle surfaces,
surface properties are one of the critical parameters known to influence formulation performance. Especially
surface energy can project into several unit operations. Moreover, surface properties can be changed by these
pre-treatment operations, primarily mixing or milling.
The work was focused on the change in surface energy as a consequence of different mixing duration. Inverse
gas chromatography was used to determine any changes in surface energy of levocetirizine dihydrochloride
which was mixed with Kollidon® 12 PF or Kollidon® VA 64 in a weight ratio of 1:1. Furthermore, the energy
balance of surface energy was employed to assess whether the components form agglomerates.

Introduction
Powders and especially pharmaceutical solids are complex systems1. The increasing sophistication of drugs and
the development of cost-efficient drug delivery technologies for producing consistent drug powders having
desired physicochemical properties are, therefore, still a challenge for the pharmaceutical industry1-3.
Pharmaceutical powders are of the greatest importance for oral dosage forms where particle behaviour is crucial
to the processes involved in tablet or capsule manufacture and depends directly on the interfacial interaction,
thus on the physical and chemical characteristics of the particles of which it is composed1,4. For this reason, it
was necessary to create new techniques to measure the physicochemical properties of a wide range of drugs
and their formulations. The properties, which can control the behaviour and performance of many particulate
solids, include surface energy, acid-base or polar functionality of surface, diffusion kinetics, solubility parameters,
surface heterogeneity, and phase transition temperatures or humidities. However, they are difficult to measure2.
Researchers have established that one of the most important properties of powders is their surface energy.
Methods of contact angle measurement are not well suited to powdered samples because the presence of liquid
can result in the change of sample physical form, such as dissolution or crystallisation of amorphous regions5.
Inverse gas chromatography (IGC) appears as a popular tool to study the surface and bulk properties of many
particulate solids, powders, fibers or films and has been widely applied in the pharmaceutical industry over the
last decade and offers also significant advantages over contact angle methods1,2,5-7. The solid dosage forms are
most commonly formulated with more than one drug and excipients and hence, understanding the interactions
between them in the final product is extremely important7. Moreover, it has been described that pre-treatment
operations can also lead to the minor differences in the conditions of preparation from batch to batch resulting
in variations of properties which are usually unnoticed8. Therefore, IGC can be used to detect and quantify
surface energy differences induced e.g. by milling or mixing and to reveal how the bulk behaviour of powders
can be changed depending upon processing history9. Based on this, it is important to ensure that potentially
detrimental effects to powder surface caused by various processing steps are minimised6.
Our previous research work10 was focused on the study of predicting the interactions between the components
in a particulate mixture. It was also found that levocetirizine dihydrochloride forms the agglomerates. Therefore,
in this work, we studied the influence of mixing time over the solid surface energy of drug which tends to form
agglomerates. The drug was mixed with two grades of polyvinylpyrrolidone (Kollidon® 12 or Kollidon® VA 64) in
a weight ratio of 1:1 and IGC was employed to characterize the surface properties and to determine any changes
in surface energy induced by mixing duration. The energy balance of surface free energy or its components was
then used to characterize the quality of mixing. This effect is not well documented in the literature, but the
changes in behaviour can relate to difficulties in the performance variability in the final product.
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Materials and methods
Materials
Levocetirizine dihydrochloride (LEV) was obtained from Zentiva Group, a.s. (Czech Republic). Kollidon® 12 PF
(K12) and Kollidon® VA 64 (K64) were kindly donated by BASF Pharma (Germany). The probes employed were
hexane, heptane, octane, nonane, ethyl acetate and chloroform, all at least 99 % pure, and were purchased from
Sigma-Aldrich (Czech Republic).
Preparation of binary physical mixtures
Binary mixtures of the drug (LEV) and polymer (K12 or K64) were mixed in a weight ratio of 1:1 using a
conventional tumbling Turbula mixer (T2F model, Switzerland). The total amount of the binary mixture was 1 g.
A sufficiently large plastic container with the mixture was fixed in the Turbula mixer and the mixing was
performed for 1, 5, 10, 15, 30, 60, 180 and 300 min at 50 rpm. Prepared mixtures were then passed through the
250 μm sieve using a vibratory sieve (AS 200 basic, Retsch, Germany) to destroy the lumps.
Surface analysis technique
The measurement of the surface energy of pure components and the change in surface energy of binary mixtures
caused by mixing duration was studied using IGC. A standard gas chromatograph (Shimadzu GC2010, Japan)
equipped with a quadrupole mass analyser (Shimadzu QP 2010, Japan) was modified to allow installation of the
glass packed bed column to contain the sample. Dried helium was used as a carrier gas and the column
temperature was fixed at 30 °C during the analysis. The flow rate of the carrier gas was 2.31 mL·min-1. All
experiments were undertaken in identical conditions. Prior to being packed into the glass column, all powder
samples were dried on Petri dish in an oven at 40 °C for at least 24 h to remove the physisorbed water which
could affect the surface energy11. Each powder sample (approximately 40-50 mg) was packed into the glass
column plugged with silanized glass wool (Shimadzu, Japan) at both ends of the column to prevent material
movement during the handling process. The packed column was then tapped until there were no visible cracks,
hollows or channels in the body of the powder. Prior to analysis, each column was conditioned at 40 °C for 30
min at 0% RH to remove residual surface moisture adsorbed on the powder surface. The injector was heated at
150 °C and the detector at 250 °C. For the probes injections, evacuated Tedlar® bags (Chromservis s.r.o., Czech
Republic) containing 200 mL of nitrogen and 75 μL of solvent were used. The vapour probes were then repeatedly
injected in the split mode of the injector. All measurements were carried out at infinite dilution. In order to
achieve this condition leading to the low surface coverage and Henry’s law is obeyed12, the vapour probes (200
μL) were injected to the column using a 1 mL syringe (Hamilton, Chromservis s.r.o., Czech Republic). Dead time
was determined from the nitrogen peak, the dispersive surface energy was determined using the homologous
series of n-alkanes (hexane, heptane, octane, and nonane) retention data and the specific surface energy was
determined by polar probes (ethyl acetate having basic nature and chloroform having acidic nature). The vapour
probes were injected five times to give a measure of the reproducibility. The relative standard deviation in the
net retention times of these injections were less than 5 % in each case. All data measurements are an average of
at least 2 measures on different samples. The dispersive surface energy was determined according to Schultz et
al.13 and the specific surface energy was calculated according to the van Oss et al. approach14.

Results and discussion
Since the measurements were carried out at infinite dilution, where only small portion of the surface is occupied
by probe molecules which are available for the interactions with the powder surface, it was ensured that the
probes preferentially interacted with the highest energy sites on the surface of sample and therefore, only the
highest energy sites were covered, as was described by Ylä-Mäihäniemi et al.15 or Planinšek et al.16. The surface
free energy and its components were expressed as energy of mixture (see below) and were plotted as a function
of mixing duration (Figure 1 and 2).
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Figure 1. The effect of mixing time on surface energy and components thereof expressed as energy of mixture
for binary systems comprising LEV and K64

Figure 2. The effect of mixing time on surface energy and components thereof expressed as energy of mixture
for binary systems comprising LEV and K12
As can be seen in these Figures, the values of specific surface energy were almost negligible as compared to the
dispersive component. Consequently, dispersive surface energy was a major contribution to the surface free
energy and therefore, the dispersive interactions between the components predominated in all binary mixtures
containing LEV and K64 or K12 in a ratio of 1:1. The surface free energy profile was uniquely controlled by its
dispersive component. Figure 1 also shows that the values of surface free energy and its components increase
by increasing the time of mixing up to the 15th min. After this mixing duration, a significant reduction in the
values of these surface parameters was observed. Based on the energy analysis (Figure 3) proposed in our
previous study10, we can describe the quality of the mixing process and the mixture. In this approach, the
difference ∆E between the theoretical and the measured energy of mixture based on surface properties is
evaluated while positive values of ∆E indicate the components do not interact and the interactions are utilized
to some other phenomena, namely, some new surfaces are exposed (for example by disruption of agglomerates).
On the other hand, the negative ∆E indicated the interactive mixture formation. The time-energy profiles may
be interpreted in similar way, the dE/dt meaning the process of agglomerate disruption or interaction forming
are taking place. Therefore, the maxima in the energy profiles around the 15th min time indicate the process
involve two consecutive steps of the agglomerate disruption and then formation of new interactions between
different species for LEV and K64. After this mixing duration, the interactions were present between the
components based on the negative ∆E. Therefore, the mixture was reorganized using mixing duration and the
differences in surface free energy or in its components were not observed indicating the stabilization of this
binary system. In this case, it can be said that the time of mixing had a significant effect on the quality of this
mixture. Therefore, it was observed that longer mixing duration positively influence the mixing and the
agglomerates of LEV were disrupted.
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Figure 3. Energy analysis of surface energy and components thereof of binary mixtures comprising LEV and K64
In the case of the binary mixture containing LEV and K12, surface free energy (Figure 2) were almost constant up
to the 60th min. After this mixing duration, surface free energy and its dispersive component increased by
increasing time of mixing. Moreover, the dispersive and specific components of surface free energy were lower
in comparison to the binary mixtures containing LEV and K64. It could be caused by the different molecular
structure of polymers. Based on this, the functional groups of polymers can change the orientation or availability
to dispersive or specific interactions during the mixing duration. Based on the energy analysis (Figure 4), it can
be said that the strongest dispersive and specific interactions were measured between LEV and K12 in
comparison to the binary mixtures containing LEV and K64. The stabilization of this system was observed
between the 15th min and the 60th min. However, it can also be said that longer mixing time had negatively
influence on the quality of this mixture because the weakest interactions between the components were
observed after the 60th min. Based on this, it can be also expected that the values of ΔE will be positive after
even longer mixing time indicating the aggregation or agglomeration of LEV.

Figure 4. Energy analysis of surface energy and components thereof of binary mixtures comprising LEV and K12

Conclusion
In this study, we have described the effect of mixing time on the LEV which tends to agglomerate during the
handling process. To characterize the quality of mixing with polymers having a different structure, we used the
energy analysis of surface free energy and its dispersive or specific component which were measured using IGC.
It was found that the longer mixing time had a positive influence on the quality of mixture containing LEV and
K64 leading to the stabilization of this binary system. Therefore, in this case, the agglomerates of LEV were
disrupted and it could be also said that this mixture was more uniform as mixing time increased. On the contrary,
the binary mixtures containing LEV and K12 exhibited the stabilization in a narrow range of time duration and
longer mixing time had negatively influence on the quality of this mixture.
Our results indicate that by using a combination of evaluations, subtle but significant changes in powder
properties can be exposed. Also, observing the time-energy profiles can provide the information about the time
scale of processes taking place, which can be further utilized to setting up correct mixing process parameters and
duration.
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Abstract
Modelling and design of processes comprising particle systems or even their performance are considerably
difficult to carry out. The main problem connected with particle systems (powders) results mainly from their
origin – the particles which they consist of. Presence of adhesive and friction forces existing among the particles
and their amount directly affect the flow properties of powders in negative manner. Considering the importance
of sufficient flowability for unproblematic process performance and final product quality, development of free
flowing powders is a fundamental demand. For this purpose, so called glidants are added to the powders in order
to decrease attractive forces.
The aim of this work was to investigate a novel glidant family – magnesium aluminometasilicates (MAS). Possible
enhancement of flow properties by MAS was studied via angle of repose and flow through an orifice. Attention
was also paid to comparison with traditional colloidal silica glidant (Aerosil®).

Introduction
In a pharmaceutical industry, powders are the basis of solid dosage form preparation, the most applied
pharmaceutical formulation. During preparation of solid dosage forms such as tablets or capsules, powders go
through several steps more or less dependent on their flow properties resulting in final product quality1-3. In view
of the fact that active pharmaceutical ingredients (APIs) and some excipients are often characterized as cohesive
and poor or non-flowing, development and improvement of their flow properties are essential1,4,5,6.
Several methods have been invented for the purpose of flow property improvement. Dry and wet granulation
can be named as examples7,8. However, the most often used method is probably addition of small amount of
glidant. In most cases, traditional glidants, such as the colloidal silicon dioxide (Aerosil®), are fine materials
(nanomaterials) and their primary particles are usually present in agglomerates due to that. During mixing, size
of the agglomerates tends to decrease and loose primary particles adsorb on the surface of host particles. In
optimal coverage, the glidant primary particles work as a roughness on the surface that causes increase in
distance of two interacting host particles. This leads to reduction in interaction forces between them and
improvement of flow properties. If higher coverage is achieved, a created monolayer of glidant on host particles
is not so beneficial arrangement and the glidant loses its activity. As it is evident, amount of glidant and mixing
time resulting in final coverage are crucial factors for the successful flow property improvement and need to be
found out during the development of powder mixtures9-13.
Considering these difficulties of traditional glidants, some efforts have been carried out to discover new glidant
not so dependent on them.
Certain types of silicate compounds - magnesium aluminometasilicates (MAS) represented primary by Neusilin®
series are known and used in the pharmaceutical industry. Neusilin® particles are spherical and porous with low
interparticle friction and low ability to create particle interactions. Neusilin® series includes 4 grades named US2,
S1, S2 and UFL2. Its main use is an application as adsorbent for solid dispersions or self - microemulsifying
systems. Enough literature dealing with this topic is available14,15. However, its physical-chemical properties
named above make Neusilin® suitable for using as a glidant as well. In addition, its particle size characterized by
diameter in micrometer range gives rise to a question about the possibility of different mechanism of action in
comparison with traditional glidants. Unfortunately, no study has been published yet despite the visible MAS
potential for their use as a glidant.

Materials and methods
In this study, several binary mixtures comprising pharmaceutical excipient of controlled particle size distribution
and glidant were prepared.
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Materials
Microcrystalline cellulose (Avicel® PH 102 - MCC, FMC BioPolymers, USA) was used as a typical filler in
pharmaceutical industry. Neusilin® US2, Neusilin® S2 (Fuji Chemical Industries, USA) and anhydrous colloidal
silicon dioxide (Aerosil®, Evonik Corporation, USA), were selected as glidants.
Preparation of binary mixtures
Microcrystalline cellulose was sieved using vibratory sieve shaker model AS 200 Basic (Retsch, DEU) to obtain
two size fractions. The fractions 100 – 150 µm and 150 – 250 µm were determined as desired. Vibratory sieve
shaker was operated for 10 min at amplitude set to 60-70 using a set of sieves (250, 150 and 100 μm). Glidants
were used for mixture preparation without any adjustment.
The binary mixtures composed of selected particle fraction and glidant were prepared using the Turbula T2F
blender (W. A. Bachofen, CHE) at 50 rpm for a period of 1000 minutes. The concentrations of Neusilin® were set
at 1, 5, 10 and 25 % by weight based on the total formulation for the US2 grade and 1, 5 and 10 % for the S2
grade. The Aerosil® concentrations were set at 1 and 5 %. The samples were stored in sealed plastic containers
to avoid the influence of atmospheric moisture.
Measurement of flow properties
Two pharmacopoeial methods, a repose angle and flow through an orifice, were used for flowability
determination. The methods were performed via Powder Flow Tester PF1 (Sotax, CHE). Repose angle
measurement was carried out using configuration containing cylinder and disc with 4 mm diameter orifice. Setup
for flow through an orifice measurement included a funnel in the form of a truncated cone and a nozzle with 10
mm diameter orifice. The batch size of each sample was 100 g according to European pharmacopoeia.
Scanning electron microscopy
SEM/BSE images of representative mixtures were taken during this study using scanning electron microscope
TESCAN Lyra3 GMU (Tescan Orsay Holding a.s., CZE) at acceleration voltage of 10 kV. Each mixture had been
coated with thin layer of gold (Q150R ES, Quorum Technologies Ltd., UK) before imagining to neutralise charging
effects and increase an SE yield at final micrographs.

Results and discussion
SEM/BSE observation
SEM/BSE images were primarily recorded to support the investigation of interactions among particles and effect
of applied glidant. The scanning was done with the involvement of detector of backscattered electrons (BSE)
which provides information about the relative value of mean atomic number as the brightness of the certain
place in the image. Thus, the Neusilin® and Aerosil® particles are relatively brighter in the images compared to
the microcrystalline cellulose ones.
The difference between the particle character of Aerosil® and MAS is evident from SEM/BSE images (Figure 1).
Since the Aerosil® primary particles are in nanometre scale, they are strongly adsorbed on the surface of
microcrystalline cellulose particle separately or in smaller agglomerates. In contrast, Neusilin® US2 primary
particles show a low tendency to interact which is probably due to its micrometre particle size similar to
microcrystalline cellulose. Nevertheless, there are visible “dusty fragments” of Neusilin® US2 adsorbed on
microcrystalline cellulose surface in higher magnification. Their presence was also confirmed for Neusilin® S2.
These fragments are most likely given by manufacturing process and their presence may have a contribution to
improvement of flow properties in a way similar to traditional glidant.
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a)

b)
Figure 1. SEM/BSE images of the samples: a) MCC – 10 % Neusilin® US2, b) MCC – 5 % Aerosil®
Repose angle
The results obtained from performed repose angle measurement (Figure 2) just confirm known ability of Aerosil®
to work as a glidant and enhance flowability, predominantly in its lower concentration in a mixture. The results
also show the positive effect of MAS on the flow properties of microcrystalline cellulose. Decrease in the
measured values and thus improvement in the flow properties with increasing concentration of the MAS in the
mixture is visible. Comparing the two studied MAS grade, Neusilin® US2 evinces better properties. Even though,
certain non-ideal behaviour is observed in case of mixtures containing 10 % Neusilin® US2.
It is worth mentioning that values of repose angle are very low for both pure Neusilin® grades. It is consistent
with the assumption of their low tendency to form interparticle interactions and low friction and it predicts their
main function rather in higher amount. This is supported with the fact that the effect reached by 5%
concentration of Aerosil® is approximately reached by 25% concentration of Neusilin® US2.
From this figure, influence of microcrystalline cellulose fraction is also evident. Mixtures with the coarse fraction
show better flow properties. This observation is in agreement with expectancy since large particles generally
exhibit better flowability.
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Figure 2. Effect of glidant concentration in mixture on repose angle. Samples are identified by X - Y abbreviation
where X = A - the coarse fraction of microcrystalline cellulose (solid line), X = a - the finer fraction of
microcrystalline cellulose (dashed line), Y = NE US2 – Neusilin® US2 (filled circles), Y = NE S2 – Neusilin® S2 (filled
squares) and Y = AE – Aerosil® (filled triangles)
Flow through orifice
In the case of flow through an orifice measurement (Figure 3), the results indicate flowability improvement just
in certain glidant content range. In low glidant concentration, the flow rate increases and it means the
improvement in flow properties. This corresponds with the repose angle. However, the flow rate decreases with
increasing amount of glidant after certain limit content is reached. This observation can be given for MAS by their
low bulk density. In higher concentrations of MAS, the mixture contains higher volume of air and it results in
sample dilution, expansion and slower flow of particles through the orifice. Lower bulk density of Neusilin® US2
than of Neusilin® S2 is also probably reason why mixtures comprising it show the worst flow properties and
obtained results do not correspond with the results from repose angle measurement.
The cause of observed behaviour is probably different for the mixture comprising Aerosil® and coarse fraction of
microcrystalline cellulose. Since microcrystalline cellulose particles do not have large specific surface area, all of
the Aerosil® particles are not adsorbed in higher concentration. The loose particles in the mixture act then as
friction elements among microcrystalline cellulose particles and among the particles and the funnel wall. This
again leads to the deterioration of flow properties.
Comparison of applied microcrystalline cellulose fractions points out the better flowability of coarse fraction as
well.
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Figure 3. Effect of glidant concentration in mixture on flow rate. Samples are identified by X - Y abbreviation
where X = A - the coarse fraction of microcrystalline cellulose (solid line), X = a - the finer fraction of
microcrystalline cellulose (dashed line), Y = NE US2 – Neusilin® US2 (filled circles), Y = NE S2 – Neusilin® S2 (filled
squares) and Y = AE – Aerosil® (filled triangles)
Comparison of glidant mechanism of action
Evaluating the results from performed measurements, it is possible to deduce a different mechanism of action
for both glidant types. It is known that Aerosil®, a representative of traditional glidants, works as a roughness on
the surface and certain type of bearing ball reducing the contact area between the host particles. Easily said, its
activity is surface based.
Whereas considering the action mechanism of MAS, it is believed to be volume based when MAS particles cause
increasing distance between host particles due to their micrometre size. Besides, the mentioned presence of
dusty fragments may conduce to flowability via mechanism typical for traditional glidants.

a)
b)
Figure 4. Scheme of mechanism of action: (a) Aerosil® and (b) MAS

Conclusion
This work was focused on studying possible novel glidants – magnesium aluminometasilicates (MAS). Two
common pharmacopoeial methods were used for a survey – the measurement of repose angle and flow through
an orifice. The obtained results from repose angle showed improvement in flowability of microcrystalline
cellulose proportionally with increasing MAS glidant loading in the mixtures and defined higher contribution of
Neusilin® US2 to improvement in flow properties. The second method indicated better flowability of
microcrystalline cellulose just in low MAS concentration and more noticeable benefits were given to Neusilin®
S2. Due to low friction of MAS particles, the angle of repose decreases with the increasing amount of MAS in
mixture and Neusilin® US2 exhibiting lower friction compared to Neusilin® S2 shows greater impact. Contrarily,
flow rate declines with higher concentration of MAS in mixture due to MAS low bulk density leading to slower

273

ICCT 2019 | PROCEEDINGS

PHARMACEUTICAL TECHNOLOGY
flow of particles through the orifice. Based on this measurement, Neusilin® S2 has more substantial impact
because of its higher bulk density.
However, in general, both MAS grades exhibited same mechanism of action – increase in distance between host
particles. This described characteristic was dissimilar to traditional glidants such as Aerosil® that work via
different mechanism and their effect reaches the maximum in low concentration.
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Abstract
An interactive mixture, i.e. a blend of larger carrier particles with active pharmaceutical ingredient (API) particles
adhered on their surfaces, is often used in pharmaceutical formulations for promoting powder flow, improving
blend uniformity, reducing the segregation risk during manipulation, and improving the solubility of poorly
water-soluble APIs. Obtaining uniform and stable interactive mixtures require adhesion forces between fine API
and coarse carrier particles to exceed the cohesion forces between API particles
This work was aimed at developing the methodology measuring the particle adhesion by centrifugation
combined with the optical microscopy to predict interactions between components in mixtures. Comparing our
results to the results of interactive force measurement based on surface energy for the same analysed systems
of excipients (Kollidon® VA64, Kollidon® 12, Soluplus®) and tadalafil, using centrifuge technique may overcome
all the limitations of employing the atomic force microscopy (AFM) and inverse gas chromatography (IGC) for
adhesion measurement.

Introduction
The poor aqueous solubility of newly developed drug molecules is often associated with slower dissolution rate
in biological fluids, insufficient and inconsistent biological exposure and sub-optimal efficacy in patients when
delivered via the peroral route of administration. One of the methods commonly employed to enhance the
dissolution rate is to increase the surface area of drugs available for dissolution. However, increasing the surface
area by particle size reduction does not always result in a dissolution rate improvement1,2 due to the tendency
of the micronized substance to form aggregates or clusters in the solvent so that the effective wetted surface is
reduced again3. One approach used to take better advantage of this particle size reduction procedure relies on
the preparation of interactive mixtures2,4,5. Interactive mixtures result from the adherence of fine drug particles
onto the considerable larger particles of the carrier2,6. The coarse excipient particles, during the mixing process,
break up drug agglomerates into individual particles which are then dispersed homogeneously and adhered
strongly to the surface of the excipient particles. The result is a large surface area available for dissolution and
hence, an improved dissolution rate for poorly soluble drugs7,8. Furthermore, those mixtures are often used in
pharmaceutical formulations for promoting powder flow, improving blend uniformity and reducing the
segregation risk during manipulation. So as to achieve an interactive mixture, the API must be uniformly
distributed over the carrier particle surface during blending. Achieving this state may be challenging in practice
as it involves several steps. The general requirement for obtaining uniform and stable interactive mixtures,
adhesion forces between fine API and coarse carrier particles should exceed the cohesion between API particles
2,9,10
. This predominance is conditioned by physicochemical properties of material particles, such as size, shape,
morphology and contact area, as well as environmental conditions during the experiments11-13.
Different techniques have been developed to measure the adhesion between particles and substrate. On the
one hand, there is the atomic force microscopy (AFM), which is suitable for investigating the particle adhesion
on a detailed scale. However, it is only possible to perform AFM measurements with one single particle at a time
and considerable efforts are needed to characterize a polydisperse powder with a certain size and surface
variation within the sample14,15. On the other hand, there are multiparticle measurement techniques, such as the
vibration method, the drop test method and the electric field detachment method16-18. The centrifuge method,
which belongs to this group, is simple to perform and describes the adhesion behaviour of a relatively large
number of particles in terms of their average adhesion force. Enhancement of this technique will allow the
determination of the adhesion force distribution. While knowing the average adhesion force for a powder is
useful, knowledge of the adhesion force distribution would be far more useful, especially if this distribution could
be correlated with easily measured particle/powder properties19,20. In our previous work21, the high-performance
liquid chromatography (HPLC) analysis of the sample in collector was used to quantify the amount of drug
removed from the carrier surface. To a certain extent, the adhesion force measurement by the centrifuge
technique was able to predict the strength of interactions between different types of API and excipient. However,
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using HPLC analysis just evaluates the percentage of API detachment after each centrifugation. Although the
evaluation of particle detachment by image analysis has been reported17,19,20, methodology using the centrifuge
method including the image analysis has not been described in detail. Therefore, the aim of this work was to
develop the adhesion force measurement by centrifuge technique combined with optical microscopy and image
analysis for tracking the particles so that this methodology can be utilized as a tool for predicting interactive
mixture stability.

Experiment
Materials
The particle adhesion measurement by centrifuge method was performed using excipients - vinylpyrrolidonevinyl acetate copolymers (Kollidon® VA64, BASF Pharma, Germany), polyvinylpyrrolidone (Kollidon® 12, BASF
Pharma, Germany), polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer (Soluplus®,
BASF Pharma, Germany) - and API -Tadalafil (obtained from Zentiva, Czech Republic).
Centrifuge method
In principle, the method uses a centrifugal force to separate adhering particles from a substrate surface.
Therefore, API powder was filled into a 10 mm die and compressed into round and flat-faced tablets using a
hydraulic press under the compaction pressure of 175 MPa. Excipient particles were used as those deposited on
the surface of tablets. The size of particles deposited should be in the range of 10 to 100 μm. Kollidon® VA64 and
milled Soluplus® were deposited onto the tablets through a sieve with the mesh size of 75 μm. For Kollidon® 12,
the desired particle size was achieved by hot melt extrusion of that polymer and milling and sieving the extrudate
so as to overcome a problem of too small particles in the original material.
Specially designed adapters were built and installed in the centrifuge to accommodate the sample tablet having
the particles deposited on its surface as illustrated in Figure 1. The tablet face was placed perpendicularly to the
centrifuge rotation axis. Thus, the centrifugal force is applied in the opposite direction of adhesion force between
deposited particles and tablet surface. The adhering particles detach when the centrifugal force (Fcen) exceeds
the adhesion force (Fad) in magnitude.

Figure 1. Modified centrifuge adapter used in this study (I-holding part, II-collector, III-tablet holding plate)
Images of the tablet surface with deposited particles were captured using the Nikon SMZ18 optical microscope.
The image taken prior to centrifugation is the reference image containing the total number of particles on the
tablet surface. A centrifuge Sigma 2-6 was used for the study. Rotational speeds of 500, 1000, 1500, 2000, 2500,
3000, and 3500 revolutions per minute (rpm) were applied for five-minute intervals to perform all experiments.
After each experiment at each rotational speed, an image was captured using the optical microscope. Upon
completion of each experiment, the captured images were processed using NIS-elements software (Nikon Inc.,
Japan) to determine the projected area diameter of detached particles. It is important to note that on each tablet
surface a testing area was selected and the picture of the identical area was taken during each image step. In
addition, before each centrifugation step, the collector should be cleaned in order to avoid the chance redeposition of removed deposited particles onto the tablet surface during the manipulation.
Data processing
As mentioned above the particles are detached from the tablet surface when the magnitude of centrifugal force
Fcen exceeds the magnitude of adhesion force Fad.
𝐹𝐹"#$ = 𝐹𝐹&'
Eq (1)
The detachment centrifugal force applied to a particle can be calculated from the particle mass m (prospectively
true density ρ and volume V of detached particle), the angular speed necessary for detachment ωd and the
distance between sample and rotor centre Rc as shown in Eq.2.
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𝐹𝐹()* = 𝑚𝑚𝜔𝜔'- 𝑅𝑅" = 𝜌𝜌𝑉𝑉𝜔𝜔'- 𝑅𝑅"
Eq (2)
The adhesion force can be expressed by the adhesion strength Y of the particle to the surface and the effective
contact area Aef. However, it is not easy to determine the Aef for real particle. Therefore, the adhesion force can
be estimated by a newly proposed criterion, the apparent adhesion strength Ya and the apparent or projected
area A as shown below in Eq.3.
𝐹𝐹&' = 𝑌𝑌𝐴𝐴#4 = 𝑌𝑌& 𝐴𝐴
Eq (3)
This simplification requires to introduce some assumptions about the general particle shape and mode of their
interaction with the surface. It may require prior characterization of the particles to select the best possible
approximation. In the case of the three polymers, the particles were round but only moderately spherical. The
volume of such irregular particle based on microscopy data was estimated from the projected area diameter dp
and the circularity C of particle obtained by image processing as follows.
5
𝑉𝑉 = 𝑑𝑑89 ∙ 𝐶𝐶 - Eq (4)
6
The mode of contact was assumed to be over the whole area of particle projection. Using Eqs.1-4 for irregular
particle the Ya can be determined according to simplified Eq.5.
Eq (5)
𝑌𝑌< = 𝑑𝑑8 𝐶𝐶 - 𝜌𝜌𝜔𝜔'- 𝑅𝑅"
9

Results and discussion

Although particle detection can be done manually, automatically identifying objects of interest is useful
particularly for a large number of particles. A common barrier to successful image processing is uneven
illumination or varying brightness due to light source and alignment. Over-illumination and under-illumination
cause the difficulties in recognizing deposited particle from the surface and thus these particles cannot be
captured. In the case of non-uniform illumination, particles located in this uneven illuminated area will be marked
together with their surroundings, leading to inaccurate results. Therefore, the necessary step is to ensure the
sample is correctly illuminated. In this section, optimizing the automatic image processing and its application in
methodology measuring particle adhesion are reported.
Image processing
On account of the limited contrast between particles and the tablet surface, a light source was placed parallel to
the tablet surface. In this way, adhering particles on the tablet surface became visible under the microscope, as
illustrated in Figure 2.A. The following steps will demonstrate how the software NIS-elements defines the
deposited particles using more than one binary layer.
1. Use Homogeneous Area Detection to perform image segmentation. Provided tablet surface is properly
illuminated, the particles will be marked to create the first layer, which may include unwanted objects such as
particle shadows and boundary of testing area (Figure 2.B). Setting of correct image segmentation is different for
each surface, as constant illumination for all surfaces cannot be achieved. Generally, the level of detail is adjusted
according to two criteria – marking all particles larger than 30 µm (those smaller than 30 µm typically will not be
detached by the centrifugal forces applied in this study) and capturing whole particle projection onto the tablet
surface.
2. Create a threshold on the particle shadows – the second layer, Figure 2.C. The threshold setting itself is also
different for each image, the universal setting for each examined surface cannot be used due to the different
intensity of the surface illumination. Thresholding is applied to images by intensity with an upper limit
adjustment as the surface has been illuminated. The goal is to achieve the largest possible dark area around
particles selected in Step 1. However, it is impossible to mark all dark areas. Once the upper limit of threshold
increases, particles are gradually marked. Therefore, only a specific area of surface is chosen to achieve the most
accurate indication of all particle shadows. Visually comparing two layers, the upper limit adjustment is
established. Other parameters remain constant during measurement.
3. Create subtraction of the second layer (step 2) from the first layer (step 1) using Binary Operations. Thus, a
final layer is generated, which should define individual particles as accurately as possible without their possible
shadows, Figure 2.D. Occasionally, a particle may be bounded by a larger area generated during segmentation
than its shadow marked in Step 2. Therefore, subtracting those layers results in the formation of "bays" and
"ponds" next to the examined particles, as illustrated in Figure 2.E. In this case, the excess areas must be manually
removed.
4. Apply e.g. Draw Rectangular ROI for selecting a region of interest on the tablet surface to observe particle
detachment (Figure 2.F). This region must obviously fall within the above-mentioned area for which image
segmentation has been optimized. Comparing the selected area on the tablet surface before and after each
centrifugation step, it is possible to visually determine the presence or absence of particles in this area.
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A

B

C

D

E

F

Figure 2. Image processing step illustration. (A) Original image. (B) Result of image segmentation. (C)
Thresholding unwanted objects. (D) Result of binary operations. (E) Objects requiring manual adjustment. (F)
Creation of ROIs
Case study
In this section, the above-proposed image processing was applied for evaluating the adhesive forces of three
excipients (Soluplus®, Kollidon® VA64 and Kollidon® 12) on the surface of tadalafil tablet, i. e three systems
SOL/TAD, K64/TAD and K12/TAD. According to Eq.5, the apparent adhesion strength was calculated for 64, 33
and 24 particles of Soluplus®, Kollidon® VA64 and Kollidon® 12 respectively, detached from the tablet surface.
Their distributions were generated and plotted in Figure 3.
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Figure 3. Apparent adhesion strength distribution of three binary systems
The figure shows that SOL/TAD system exhibits the highest Ya values, its median value is twice as high as the
value of K64/TAD and ten times as high as the value of K12/TAD (Table I). In other words, particles of Solupus
adhered more easily onto the surface of Tadalafil tablet than those of its competitors. In addition, greater
centrifugal force would be required for the detachment of Soluplus than for both types of Kollidon. It was found
that the first particle detachment of Solupus occurred after centrifuging at 1500 rpm, while particles of Kollidon
detached mostly after the first centrifugation, i.e. 500 rpm.
Furthermore, the upper quantiles of apparent adhesion strength distribution were compared with the results of
interactive forces measurement based on surface energy for the same analysed systems of excipients and
tadalafil22, as presented in Table I.
Table I
Quantiles of apparent adhesion strength distribution (Ya, 25, Ya,50, Ya,75) and work of adhesion Wa for binary mixture
System
Ya,25, Pa
Ya,50, Pa
Ya,75, Pa
Wa, mJ m-2
SOL/TAD

65.9

97.0

151.0

131.5

K64/TAD
K12/TAD

13.3
7.3

48.2
9.8

97.5
19.1

81.6
73.5

The reason for choosing the Ya,75 for the comparison is the surface energy of samples was characterized using
inverse gas chromatography (IGC) at infinite dilution. In this case, the probes preferentially interacted with the
highest energy sites on the surface of sample, causing higher value of dispersive component of surface energy
23
. On the whole, results obtained by centrifuge technique are in agreement with those obtained by IGC. Soluplus
forms the strongest interaction with Tadalafil. While the difference in Wa values for both types of Kolidon is not
significant, the Ya,75 of Kollidon® VA64 is five times as high as Kollidon® 12. It can be explained by the fact that
the IGC measurement is carried out at the microscopic scale, whereas centrifuge method is employed at the
macroscopic one. Since the particle size of probe molecule is considerably smaller than surface asperity of
sample, the effect of surface texture on adhesive interaction cannot be investigated by IGC. In the case of
centrifuge technique, the size of deposited particles is generally within the range of 10 to 100 μm. Therefore,
this method can demonstrate how the surface texture affects particle adhesion.

Conclusion
We have developed the methodology measuring the adhesion force by centrifugation methodology in
combination with the optical microscopy. Using the optical microscope to quantify the number of particles is
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extremely sensitive to properties of deposited particles on the measured surface as well as the position of light
source. Therefore, a criterion to successfully process the image is correct illumination. On account of the method
principle, one of the important requirements for employing centrifuge technique is the sufficient compactibility
of component used for carrier surface preparation.
Furthermore, the key factor influencing adhesion in the system of deposited particle on carrier surface can be
the real contact area, which strongly depends on surface character at the point of particle adhesion. It seems
that the larger the real contact surface, the stronger the interaction created in this system and thus greater forces
would be required to detach particles from the carrier surface, even though the apparent contact area is the
same. Using centrifuge technique for adhesion force measurement, therefore, may overcome all the limitations
of using AFM and IGC.
Based on results obtained by using centrifuge technique as well as IGC, Soluplus can be selected as a suitable
carrier for the interactive mixture formulation with Tadalafil.
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Abstract
Nowadays, the pharmaceutical industry faces a challenge to formulate a large number of APIs that are almost
insoluble in aqueous media. The preparation of solid dispersions (SD) is one of the promising methods for
improving drug solubility and bioavailability. SDs are mostly binary API-polymer systems, where API is molecularly
dispersed in a polymeric matrix. Thus, the aim of this work was to prepare SDs by melting method and compare
them with corresponding physical mixtures (PM). Paracetamol was used as a model drug, which was mixed with
three different hydrophilic polymer matrices (Kollidon® VA 64, Kollidon® 12 PF and Soluplus®) in various ratios. It
was shown that the polymer type has an influence on the surface energy values and the dissolution rates of
drugs. Moreover, it was found that the higher concentration of paracetamol in solid dispersions, and also the
lower hardness of tablets cause faster dissolution.

Introduction
A large number of used drugs has very low or practically no solubility in an aqueous media, and thus in the GIT1.
Various technologies including co-solvents, cyclodextrin complexes, prodrugs, micronization, changing of the
drug solid phase or solid dispersions (SDs) have been described to solve this pharmaceutical problem2-5. Among
them, the preparation of SDs is one of the widely used methods to improve the drug solubility, oral absorption
and dissolution rates of poorly water-soluble drugs1. The term SD is defined as a homogenous dispersion of one
or more drugs in an inert matrix (typically a polymer) at solid state. The most desirable type of SD is molecular
dispersion, where the drug is molecularly dispersed in the polymeric matrix6. The prepared SDs are amorphous
and have a higher solubility and molecular mobility than its corresponding crystalline substances. Properties of
SDs are based on the method preparation7. Thus, the aim of this study was to investigate SDs prepared by melting
method in terms of surface energy and the dissolution behaviour and compare them with corresponding physical
mixtures (PMs).

Experimental part
Materials
Paracetamol, Avicel PH 101 and Ac-Di-Sol® were provided by Zentiva, k.s. (Prague, Czech Republic). Kollidon® VA
64 (K64), Kollidon® 12 PF (K12) and Soluplus® (SOL) were obtained from BASF Pharma (Ludwigshafen, Germany).
Hydrochloric acid was purchased from Penta (Prague, Czech Republic). Solvents of analytical grades for inverse
gas chromatography (IGC) were obtained from Sigma-Aldrich.

Preparation of PMs and SDs
Firstly, PMs, as reference material, were prepared by mixing paracetamol with hydrophilic polymers in ratio 1:5
or 1:10 (w/w) using 3Dblender Turbula® T2F at 50 rpm and 10 min. For IGC characterization 2 g of PM was melted
in an evaporating dish, which was placed in a special metal holder on the magnetic stirrer with heating. For the
tablet production, 6 g of PM was melted in a small oven (150-190 °C). The melted mixture was cooled and then
crushed in a mortar.

Inverse gas chromatography
The surface energy measurements of PMs and SDs were carried out using inverse gas chromatography in infinite
dilution. Approximately 200 mg of sample (PMs or SDs) was weighed into the reactor and it was tapped with
glass wool on both sides. Then the reactor was fixed in the chromatographic column. Prior to the measurement,
it was necessary to dry the sample to remove all water. Drying was carried out at 40 °C until the signal of water
fragments (18 m/z) was stable in the mass spectrum. All experiments were carried out at 30 °C and 200 µl of
selected probes with known properties were injected into the helium stream (the carrier gas). N-hexane,
n-heptane, n-octane and n-nonane were used as non-polar probes and diethyl ether and chloroform as polar
ones. Retention times of nitrogen and a probe were measured and the resulting net retention time used to
calculate the surface energy of the sample was calculated from difference between the retention time of nitrogen
and the probe.
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Tablet preparation
The prepared SDs or PMs were mixed with excipients (Table I). The mixture was homogenized for 30 min at 50
rpm.
Tab I
Composition of the tablets

SDs or PMs
Avicel PH 101
Ac-Di-Sol

50 %
46 %
4%

The resulting homogenized mixture was compressed using a Specac manual hydraulic press, where 0.5 g of the
mixture was weighed into a metal die of 10 mm diameter. The die was closed from both sides with punches fixed
with a screw and compressed by 0.5 kN force for 30 s. The prepared tablets were characterized using dissolution
tests and the tablet hardness was measured.

Dissolution tests
The dissolution tests were carried out in SOTAX AT7 SMART device. For this purpose at least 3 tablets were
measured in 0.1 M hydrochloric acid (1 000 ml) with rotation speed set to 75 rpm at 37 °C. Solution samples were
collected at 1, 3, 5, 10 and 25 min and the concentration of paracetamol was analyzed by UV/VIS
Spectrophotometry (at 243 nm).

Tablet hardness
The tablet hardness tests were carried out in SOTAX Multitest 50. The tablets were inserted into the device
radially Firstly, the tablet height and diameter were measured. Then the destructive force was measured and
converted to the tablet hardness using formula 1, where F is the destructive force, d and h is diameter and height
of the tablet and P is the resulting tablet tensile strength.
$ ∙&
𝑃𝑃 =
(1)
'∙(∙)

Results and discussion
Effect of polymer type on the dispersive component of surface energy, dissolution behavior and
tablet hardness
Kollidon® VA 64
The results of surface energies, dissolution profiles and tablet hardness of mixtures with K64 are depicted in
Figure 1.
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Figure 1. Surface energy (A), dissolution profiles (B) and tablet hardness (C) of prepared PMs and SDs with K64:
● SD 5:1, ● PM 5:1, ● SD 10:1, ● PM 10:1
The results showed that the dispersive component of the surface energy increased with increasing content of
paracetamol in the mixture (Figure 1A). The mixture 10:1 contains a small amount of paracetamol and therefore
K64 has a bigger effect on the dispersive component of its surface energy (the value is closer to pure K64 –
25.4 mJ·m-2)8. It is also evident that that higher values were observed for prepared SDs. The results indicate that
paracetamol strongly interacts with K64 even in PMs via vinyl acetate group from K64 and after melting
crystalline paracetamol was probably dissolved in polymeric matrix. In 10:1 PM, paracetamol particles were
probably coated with K64 particles, the surface of K64 predominates and the dispersive component of surface
energy is closer to pure K64. After melting, SD is formed, paracetamol is in amorphous form and causes structural
changes in the polymer and therefore the dispersive component of surface energy increased. This is in agreement
with results from the dissolution test (Figure 1B), where paracetamol was faster released from SDs then from
corresponding PMs and also SDs has lower values of tablet hardness (Figure 1C), where part of the surface energy
is consumed on the strong adhesion between paracetamol and K64 particles. In the case of SD 5:1 a higher
amount of paracetamol has been released at the beginning of the test, which corresponds to the lowest value of
tablet hardness. Upon contact of the dissolution medium with the sample, complete hydration of the outer layer
occurs, followed by swelling and subsequent polymer erosion. Vinylpyrrolidone in the polymer appears to form
pores that just facilitate the penetration of the medium into the tablet. Thus, the polymer chains are immediately
unravelled and paracetamol is rapidly released. A decrease in the drug particle size to molecular dimensions,
breaking the strong crystal lattice and wetting activity of polymers are thought to be responsible for the creation
of a supersaturated aqueous solution in amorphous SD9. Molecular SD is the most desirable type of binary system
that increases solubility by weakening the interactions between solutes. Reducing the binding energy allows
molecules to pass more easily from the amorphous state to the dissolution medium. This is further facilitated
increasing the contact surface with the medium, resulting in improved solubility and dissolution rate10.
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As a result, the prepared SDs improved the release rate of paracetamol.

% of released Paracetamol

Kollidon® 12 PF
In the case of mixtures with K12 (Figure 2A), we can see the opposite trend then in case of K64. The dispersive
component of surface energy increased with increasing content of polymer in the mixture. It was also shown
that in the case of SDs the dispersive component of surface energy decreases compared to the corresponding
PMs. It may indicate that SDs are more hygroscopic and adsorbed water may decrease the dispersive component
of surface energy. Also, high energy sites of paracetamol might be covered by the polymer and it can lead to the
decrease of the dispersive component of surface energy. In the case of PMs, the highest energy positions on the
sample are occupied by paracetamol molecules and therefore the dispersive component of surface energy values
are higher. The fact that the surface energy for the 10:1 PM is higher than for pure paracetamol (35.67 mJ·m-2)8
can be caused by disruption of the paracetamol agglomerates, which hold together by the cohesive forces and
upon the disruption energy of the whole system increases.
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Figure 2. Surface energy (A), dissolution profiles (B) and tablet hardness (C) of prepared PMs and SDs with K12:
● SD 5:1, ● PM 5:1, ● SD 10:1, ● PM 10:1
As expected from very high tablet hardness (Figure 2C), the slowest dissolution rates were observed in case of
tablets containing K12 (Figure 2B). In the case of PM, the total amount of paracetamol was not released at the
measured time. The slower dissolution rate might be caused by paracetamol encapsulation into K12 and upon
contact of the dissolution medium with the tablet, swelling of the polymer occurs. Then a gel layer is formed and
paracetamol is released very slowly. As in SDs is in the amorphous form and very small particles are suspected,
their diffusion through the swelled polymeric layer is faster than from crystalline form in PMs. Also an interaction
between hygroscopic K12 and paracetamol which is noticeable in the decline of surface energy for 5:1 mixtures,
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could be an important effect during dissolution. After melting (SD), the dispersive interaction increased, and thus
the dissolution rate was improved, however, it was still very low.
Soluplus®
The results from dissolution tests showed that paracetamol was rapidly released from all of the Soluplus tablets
(Figure 3B). It was released faster from PMs than from corresponding SDs. It might be due to the incorporation
of paracetamol into Soluplus molecule after melting, changing SOL properties or swelling of SOL on the surface.
Paracetamol and SOL molecules are held together and therefore paracetamol is slowly released11. In PM, there
is no interaction between them, and thus paracetamol is released faster. Interestingly, the surface energy
measurements (Figure 3A) show the highest value of surface energy in the case of PM 5:1, where the highest
energy sites on the sample surface corresponding to pure paracetamol and still the paracetamol was very fast
released. It corresponds also to the lowest values of tablet hardness (Figure 3C), which were observed in case of
Soluplus in both ratios, due to the significantly different particle size distribution of the two substances.
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Figure 3. Surface energy (A), dissolution profiles (B) and tablet hardness (C) of prepared PMs and SDs with SOL:
● SD 5:1, ● PM 5:1, ● SD 10:1, ● PM 10:1

Conclusions
In this study, we have investigated SDs and PMs in terms of surface energy and dissolution behavior of the drug.
We have shown that the type of hydrophilic polymer has an influence on the surface energy and the dissolution
rate of paracetamol. Our results indicate that both Kollidons with paracetamol probably create interactions that
affect the dissolution rate and the surface energy of the mixtures. After melting, the dispersion of the API in the
polymeric matrix and also the dissolution rates increased. Moreover, it was found that the higher concentration
of Paracetamol and also the lower tablet hardness cause faster dissolution.
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Abstract
Organic matrices, such as epoxy resins, are commonly used for the production of composites. Poor fire resistance
and structural changes at temperatures above 250 °C are the main disadvantages of these composites. This paper
describes the composite material made from an inorganic matrix based on alkali activated aluminosilicates. Due
to this inorganic matrix the material has high strength and high-temperature resistance. Influence of curing
methods on mechanical properties of composites with inorganic matrix was studied. Tensile strength was
measured on samples after exposure to temperatures from 22 to 700 °C. The results showed that composites
cured without heating had better mechanical properties. The tensile strength of these samples exceeded
300 MPa and lowered to approx. 130 MPa after exposure at 700 °C.

Introduction
Composites consisting of fibre reinforcement and organic matrix, such as epoxy resin, are used in many industrial
areas. These materials have excellent mechanical properties, but low resistance to high temperatures. Inorganic
binder is a good substitute for organic binders for its resistance up to 1100 °C1,2,3.
Inorganic materials based on alkali activated aluminosilicate, also known as geopolymer under certain conditions,
consist of alkaline solution (alkali metal hydroxide, water glass or mixture thereof) and powder component
containing silicon and aluminium (metakaolin, slag, flay ash, metakaolinite-rich clay materials). Many types of
fillers and additives can be parts of these materials. Properties of inorganic binders depend on the type and
amount of all these components4,5,6.
Composites with inorganic matrix have good mechanical properties and high-temperature resistance. Their
properties depend on the materials used for matrix preparation, the type of fibre reinforcement, the number of
reinforcement layers and the volume percentage of matrix. Normally, the inorganic binder used in this work
solidified at laboratory conditions for 24 h3. The setting time can be reduced by applying an elevated
temperature7,8.
In this work, the composites were prepared from inorganic matrix and 8 layers of carbon fabric. Mechanical
properties of composites cured at laboratory temperature for 30 days and composites cured at 65 °C for 3 hours
were compared. High temperature curing (up to 700 °C) was studied too.

Materials and experiment
Two composite plates were prepared from carbon fabric in plain weave (Carbon fabric Style eSpread 200 CHT,
200 g·m-2, C. Cramer GmbH & Co. KG, Germany), commercial metakaolinite-rich material Mefisto L05 produced
by the calcination of kaolinitic claystone at 750 °C in rotary kiln (České lupkové závody, a.s., Czech Republic), silica
fume (České lupkové závody, a.s., Czech Republic) and potassium alkali solution. The alkali solution was prepared
from commercial potassium water glass (Vodní sklo, a.s., Czech Republic), potassium hydroxide flakes (Lach-Ner,
s.r.o., Czech Republic), boric acid (Penta, s.r.o., Czech Republic) and distilled water.
Table I
Chemical composition of used materials
Materials
Metakaolinite-rich
material
Silica fume
Potassium water glass

H2O

SiO2

Al2O3

3.79

50.8

41.8

0.75
45.7

96.8
27.6

0.12

Material composition, %
Na2O
K2O
CaO

1.48

P2O5

MgO
0.12

0.66

0.14

0.07

0.05
25.4

0.06

0.48

The potassium alkali solution with composition of molar ratio K2O/SiO2 = 0.88 and K2O/B2O3 = 25.35 was prepared
a few days before the matrix preparation. First, potassium hydroxide solution was obtained by dissolving the
solid hydroxide in distilled water at weight ratio 1:1. Cold KOH solution was mixed with a commercial potassium
water glass (M = 1.7) and solid boric acid for 24 hours. This solution was stored in the fridge for two days. Then,

288

ICCT 2019 | PROCEEDINGS

POLYMERS, COMPOSITES
the metakaolinite-rich material and silica fume were dissolved in alkaline solution to form an inorganic matrix
with the composition of SiO2/Al2O3 = 34.2 and K2O/Al2O3 = 4.1. All ingredients were agitated in a food blender
for 30 min.
Eight pieces (30x50 cm) of carbon fabrics were impregnated with an inorganic matrix by paint roller. These pieces
were stacked one by one to get a plate. The whole composite plate was wrapped in a peel-ply fabric and then in
a plastic foil. Subsequently, the composite plate was compressed at 440 kPa for 1 hour (sample CB-65) or 24
hours (sample CB-22). Sample CB-22 was removed from the press after one day, unpacked from the peel-ply
fabric and plastic and cured at laboratory conditions (c. 22 °C) for 30 days. Sample CB-65 was removed from the
press after one hour and placed into an oven where it was cured at 65 °C for 3 hours. After 3 hours, the peel-ply
fabric and plastic foil were removed from the composite plate.
The mechanical properties were investigated using universal testing machine LabTest 6.200 (maximum load of
the sensor 200 kN) at a loading speed of 2 mm/min. (LaborTech, s.r.o.). Tensile strength and modulus of elasticity
measurements were conducted on two series of specimens 250 x 25 x 2.5 mm. Five samples from each of two
series were exposed to 400, 500, 600 or 700 °C (samples CB-22-400, CB-22-500, CB-22-600, CB-22-700, CB-65400, etc.) in air for one hour or they were cured at laboratory temperature (samples CB-22-LT, CB-65-LT) before
measuring. The structural properties of composites were observed by scanning electron microscopy (SEM, JSMIT500HR, JEOL).

Results and discussions
Mechanical properties
The results presented in Figure 1 and Table II showed that the tensile strength was affected by the elevated
temperature (65 °C) during curing and by the treatment temperatures (400-700 °C). The tensile strength of both
type of composites decreased with increasing treatment temperature. This decrease in tensile strength of high
temperature treated samples was expected. Normally, mechanical properties of alkali activated aluminosilicate
can be affected by temperature above 400 °C9. Resistance to high temperature, especially the specimen damage,
its deformation or change in the shape or size of sample, was studied in this work. The elevated temperature
during curing of the composite plate caused a reduction in tensile strength probably because the accelerated
curing stopped the polymerization process. Slow low-temperature curing provided sufficient time for ion transfer
in the matrix structure. The curing of the matrix using elevated temperature led to a reduction in strength, but
significantly accelerated the production process10. Thus, this method of preparing composites was more efficient
for applications without requirement of high material strength. The difference in values of tensile strength
between samples CB-22-LT and CB-65-LT was 15 % and between samples treated at 700 °C for 1 hour was 51 %.
Figure 2 shows the dependence of the modulus of elasticity on the curing way and the dependence of the
modulus of elasticity on treatment temperature. The results of the modulus of elasticity measurements were
similar to trend of tensile strength.
The tensile strength of sample CB-22-LT was almost comparable to tensile strength of conventional dural (Al-CuMg alloy). This very frequently used high strength material is not suitable for high-temperature applications,
because it is already molten at 700 °C. Composites with inorganic matrix can maintain up to 43 % of their original
strength at 700 °C, so they can be applied in high-temperature environments without any material deformation
(Table II).

Tensile strength, MPa

400
22 °C / 30 days
65 °C / 3 h

300
200
100
0

300
400
500
Temperature,°C
Figure 1. Tensile strength of composite plates cured at elevated temperature
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Modulus of elasticity, GPa

40
22 °C / 30 days
65 °C / 3 h
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10
0

0
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300
400
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Temperature,°C
Figure 2. Modulus of elasticity of composite plates cured at elevated temperature

700

Table II
Comparison of tensile strength between composites with inorganic matrix and conventional dural
conventional dural
CB-22
CB-65
(Al-Cu-Mg alloy)
Specific weight, kg·m-3
1500
1500
~2800
Tensile strength (22 °C), MPa
320
272
≥ 330
Tensile strength after 700 °C/1 h,
139
68
0
MPa
43 % tensile strength
25 % tensile strength
in a liquid state
after 700 °C
after 700 °C
Structural properties
Complete saturation of the carbon fabric with an inorganic matrix is shown in a scanning electron microscope
image (Figure 3). This image shows a cross section of a composite plate, the individual carbon fibres are coated
with inorganic matrix. The absence of air bubbles and pores ensures greater durability and strength of the
composite material.

Figure 3. Cross section of a composite plate

Conclusion
This work demonstrated the possibility of using inorganic matrix composed of alkaline activated aluminosilicates
for the production of heat-resistant carbon fabric laminates. Better properties of inorganic matrix combined with
carbon reinforcement prepared at room temperature were confirmed. These composites achieved tensile
strength 320 MPa at laboratory temperature, which is comparable to conventional dural. After exposure to
700 °C for 1 h, the samples kept 43 % of their original strength. In order to accelerate the production of
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composites, it is possible to use a heat treatment during curing. However, this process subsequently reduces the
tensile strength of the finished composites, especially after exposure to a temperature of 700 °C the tensile
strength is reduced by 75 %.
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Abstract
The project was focused on a development of a polymeric mass that will be suitable for a production of molds
for pressure die casting of sanitary ceramics and whose physical and physical-mechanical properties can be
effectively controlled. The main emphasis has been put on a simple operative control of the pore size.
The influence of a type of emulsifier, various types of polymer powders differing in particle size, and an effect of
mixing intensity of the reactive polymer blends were included in the present study. The application of mixed
emulsifiers based on block copolymers of ethylene glycol with propylene glycol has proved successful for the
control of pore size, simply feasible on technical scale. By controlling the composition of their mixtures, the pore
size can be continuously adjusted at least in the desired range of 6 - 11 µm while keeping constant ratios of the
other formula components.

Introduction
Sanitary ceramics products are shaped by casting a ceramic suspension into porous molds. The original porous
molds for this process were made of gypsum. Ceramics casting must be carried out at normal pressure, the
production cycle is long and the molds must be replaced after 80 to 100 cycles1. This original method is being
increasingly replaced by a pressure die casting process into porous polymeric molds. This process has a higher
acquisition cost for the process equipment, but it provides quality castings, significantly increases productivity,
and over 20,000 pieces of castings can be easily produced on one mold.
The current formulations and processes for the production of commercially available polymer compositions for
the manufacture of porous molds are based on the principle of preparing, casting and subsequently curing a
water-in-oil emulsion2. The organic oil phase of the emulsion consists of a mixture of solid acrylates based
polymers (beads, powders), usually polymethyl methacrylate (PMMA) with a methyl methacrylate monomer
(MMA), or a mixture thereof with styrene (S). Polymer powders have a function of a filler and some of them
dissolve in monomers and thus support fast physical solidification of the composition after casting. The freeradical polymerization of the monomers present cures and fixes the entire structure. The water in the emulsion
is the precursor of the future network of continuous open pores. Emulsifiers, most often non-ionic emulsifiers
based on the block copolymer of ethylene oxide (EO) and propylene oxide (PO) of the poloxamer type, wetting
agents, radical polymerization initiator and optional other additives, with which the desired properties of the
material can be achieved, are additional important parts of the porous mass formula.
One of the determining properties for the application of porous masses for ceramics pressure casting is the pore
size. The size of the pores is inherent to each formulation. Besides reformulation of the whole recipe, the pore
size can also be controlled by an addition of suitable agents. For example, the addition of calcium sulfate
dihydrate, disodium disilicate or sodium tetraborate to the porous mass has been described as the accelerator
for the formation of ceramic product during normal pressure casting3. These compounds have been shown4 to
significantly reduce the pore radius up to 0,1-0,2 µm. Using a similar procedure, when applying a poloxamer type
emulsifier with a minimum of 30% EO, with addition of sodium tetraborate decahydrate and 1-6 mm short glass
fibers, pore size of 1-5 µm could be controlled. By using polar comonomers such as epoxy methacrylate or
ethylene glycol methacrylate and with the addition of atomized aluminum, it was possible to prepare masses5
which reach a mean pore radius of 0,1-10 µm.
Casting polymer compositions for the manufacture of porous molds for the pressure casting of sanitary ceramics
are commercially available. However, individual commercial materials always have a discrete defined average
pore size within a certain narrow range. In our project we focused on possibilities of a simple continuous
regulation of porous mass pore size that could allow to change this parameter operatively in the production of
porous mold according to actual requirements of various customers. The influence of selected parameters were
studied in the present work.
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Experiment
Materials
Monomers MMA and S, dibenzoyl peroxide Luperox A75 (BPO) and N, N-dimethyl-p-toluidine (DMPT) were
purchased from Sigma-Aldrich. Polymeric powders - PMMA beads - with mean diameter of 40 µm (PMMA-1) and
400 µm (PMMA-2) were supplied by Lucite International and with mean diameter of 20 µm (PMMA-3) was
supplied by Arkema Inc. Poloxamer type EO-PO block copolymer emulsifiers were obtained from BASF, Croda
International and Sigma-Aldrich. All materials were used without further treatment.
Preparation of porous polymeric compounds
The water phase (Premix 1) typically contained 23-25% demineralized water and 33-45% fine PMMA powder
(PMMA-1) based on the entire emulsion. Non-ionic wetting agent (typically 0,1%) was added to facilitate powder
dispersion, BPO (0,1-0,3 %) was added if necessary, and the entire suspension was dispersed for 10 minutes. The
organic phase (Premix 2) contained a mixture of MMA and S monomers (18-20 %), poloxamer emulsifier (0,2-1,5
%), DMPT (0,1-0,3 %) and coarse PMMA powder PMMA-2 (15-27 %). The Premix 2 was stirred only for 1-2
minutes after the PMMA-2 powder was added to prevent its dissolution and excessive viscosity growth. The
casting emulsion was then prepared by mixing both Premixes on a conventional laboratory mixer with a speed
range of up to 2000 rpm, usually for 1 minute, and then immediately poured into prepared molds where it were
left 90 minutes to cure. After removal from the molds, samples were stored in water.
Methods of characterization
The mean pore radius, rHg, and total porosity, PHg, were determined by the mercury porosimetry method on an
AutoPore IV 9500 from Micromeritics.
The determination of bulk density, OH, and apparent porosity, Pz, was carried out in water according to the
modified procedure from the standard ČSN EN 993-1. Cylindric samples with a diameter of 28 mm and a height
of 28 mm were used for the determination. The samples were dried at 40 ° C for 48 hours.
Compression-strain curves were measured on a Matest E183N electro-hydraulic measuring press. Dried
cylindrical specimens with a diameter of 28 mm and a height of 28 mm after determining bulk density and
apparent porosity were used for the measurement. From the compressive stress-strain curves the compressive
stress at 1,5 % deformation (strain), s1.5, and 10 % deformation (strain), s10, were evaluated.
The water permeability of the porous mass was measured on a laboratory assembled device connected to the
drinking water supply. The principle of the method consisted in measuring the amount of water that permeates
through the porous mass sample at a prescribed pressure. The sample had a cylinder shape with a diameter of
36 mm and a height of 15 mm and was placed in the measuring chamber so that the water flowed in and out
only across the opposite circular surfaces. The difference in water pressure in front of and behind the sample
was 1,0 ± 0,1 bar. The measurement results are reported as the normalized water permeability, Qr, in kg.min-1
through the mass having the surface area 1 cm2 and the thickness 1 cm at the unit pressure difference 1 bar.

Discussion and result analysis
Effect of emulsifier
Emulsifier is an important part of the emulsion formula. For production of porous molds typically poloxamers
with EO content higher than 20 % are used2. Preliminary results showed that the pore radius and the permeability
of water through the cured mass depends on both, the molecular weight and the content of ethylene oxide of
the poloxamer emulsifier. Poloxamers with the content of 10 – 20 % of EO with sufficiently high molecular weight
stabilize the emulsion well however the cured specimen forms either mostly closed pores or very small pores
and it has only very low water permeability. Increasing content of EO in poloxamer to 40 % increases the pores
diameter, however it also very much increases the mixture viscosity which makes it hardly castable.
An application of a mixture of two poloxamers with different polarity (different EO content) makes a good
compromise for uncured emulsion processing and in the same time it enables very efficient control of the pores
radius as shown in Table I. In the case of this poloxamer mixture (EM-1), only a small addition of the polar
emulsifier with 40 % EO was needed to less polar poloxamer with 20 % EO to significantly increase the pores size
of the mass at almost constant overall porosity. The overall porosity is the result of water content in the recipe
that was in all samples R251-R257 the same. As the total porosity is constant the increase of water permeability
through the cured mass is completely related to the diameter of the pores. Taking into consideration about 40
different experimental specimens with similar Pz in the range 29 ± 1 %vol, following experimental correlation
equation (Eq. 1) useful for estimation of pore radius from water permeability measurements was found:
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Qr = 5.0x10-4 rHg2 + 4.3x10-3 rHg

(R2 = 0,864)

Eq. 1

Pores radius distributions obtained with emulsifier mixtures according to Table I is in Figure 1. Relatively narrow
distribution of pore sizes is kept during steady shift towards higher pore size with increasing percentage of polar
emulsifier.
Using the same emulsion formula and applying various poloxamer mixtures in it (EM-1 to EM-5) confirms that
using minor amount of polar 30 - 40 % EO containing poloxamer in a mixture with non-polar 10 – 20 % EO
containing poloxamer enables to control water permeability in a broad range (Figure 2). As the porosity for all
recipes is constant close to 29 %vol the pore radius in these masses is in the useful range at least 6 – 11 µm.
Table I
Cured compound properties with mixture of poloxamers containing 20 and 40 % EO (EM-1 in Figure 2)
Formula Nr.
R251 R256 R257 R252 R253
Poloxamer 20% EO, %rel
100
98
96
93
85
Poloxamer 40% EO, %rel

0

2

4

7

15

OH, g.cm

0.84

0.84

0.83

0.83

0.83

Pz, %vol

28.96

28.85

29.74

29.45

29.75

PHg, %vol

26.56

26.43

26.79

27.44

27.92

rHg, µm

7.1

8.2

9.0

10.4

11.1

Qr, kg.min-1

0.042

0.066

0.080

0.102

0.128

s1.5 , MPa

12.3

11.5

13.0

14.1

13.7

s10 , MPa

30.5

30.8

31.1

32.0

31.1

-3

Water porosity
Hg porosity
Water permeability
Compression stress at defined strain

Figure 1. Pore radius distribution in cured masses based on compositon of an emulsifier mixture
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Figure 2. Water permeability of compounds based on various emulsifier mixtures
Effect of polymeric powders
Polymeric powders account in total for almost 60 % of the porous mass formula and therefore it should be
considered as an important parameter affecting the compound properties. Important factors are absolute
amount of powders, ratio of fine-to-coarse particle powders, size of the particles and molecular weight of the
polymer determining the speed of dissolution. Further, the effect of powder particle size at constant porosity
will be discussed.
Substitution of 5, 10 and 20 % of the total content of fine PMMA-1 particles by even finer and cross-linked
PMMA-3 powder leads to significant decrease of the pore size of the cured porous mass (Figure 3a). In the same
direction also a decrease of the water permeability through the porous mass is observed. The presence of very
fine particles causes better filling of the voids present between bigger size particles and as a result smaller pores
are formed. It is further expected that the walls of the polymeric mass are thicker and this enhances the
compressive stress-strain curve (Figure 3b). Since the small particles are cross-linked they can only swell in
monomers during compound preparation. Due to high surface and possible swelling the very small particles bind
more monomers and cause steep rise of the viscosity of the emulsion during preparation with increased dosage
which makes it unworkable on technical scale.
a)

b)

Figure 3. Partial substitution of fine PMMA-1 by cross-linked finer PMMA-3. Effect on a) water permeability and
pore radius and b) compressive stress-strain curve
Using various pore size fractions of the coarse PMMA material (average particle diameters 390, 540, and 810
µm) instead of PMMA-2 has in general similar effect on pore radius, water permeability and mechanical
properties as discussed above for the fine grained PMMA (Figure 4a,b). However, since the coarse PMMA alone
accounts only for about 20 % of the emulsion formulation and since it serves only as a filler that does not dissolve
during the mass preparation, the overall effect mainly on pore size is only limited.
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In a previous study1 an increase of water permeability, porosity and deterioration of the compressive stressstrain curves was observed with increasing average bead size of PMMA powders. Present results confirm the
same influence on water permeability and compressive stress-strain curves even on the same overall porosity
level.
a)

b)

Figure 4. Effect of various size coarse beads PMMA particles on a) water permeability and pore radius and b)
compressive stress-strain curve
Effect of mixing intensity
The virgin uncured blend of the porous mass has a structure of water-in-monomers emulsion with dispersed
PMMA powder particles in which the water is the precursor of pores. As by ordinary similar heterogeneous
systems, the degree of dispersion of water particles should depend on intensity of mixing. This is confirmed in
Figure 5a) where by varying mixer speed from 400 to 1700 rpm a lowering of pore radius in a broad range from
17 to 8 µm was achieved. Unfortunately, the decrease in pores size is in the same time accompanied by a
relatively large deterioration of compressive stress-strain curves as evidenced in Figure 5b).
a)

b)

Figure 5. Effect of various mixing rates on a) water permeability and pore radius and b) compressive stressstrain curve

Conclusions
Several parameters were studied with the aim to control physical and physical-mechanical properties of porous
polymer masses used in the production of molds for sanitary ceramics. Main emphasis was on possibilities to
simply operatively control the pore size.
Mixtures of selected poloxamer emulsifiers are suitable to control the pore sizes in a wide range, without
necessity to adjust other constituents of the formulation. This method of pore size control is feasible for technical
scale application.
Decreasing the size of polymeric PMMA powders, especially the fine powders, leads to interesting decrease of
the pore size and improvement of stress-strain properties, but in the same time it worsens workability of the
virgin compound.
The pores size is largely reduced with increasing intensity of mixing during preparation of the virgin emulsion. In
the same direction, however, a significant decrease of compressive stress-strain curves was observed. This
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method could be only applied in technical scale provided careful control and repeatability of mixing parameters
also in case of mixing different volumes can be secured.
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Abstract
Mixed-matrix membranes have the potential to overcome Robeson upper bound of permselectivity. However,
their performance is often decreased due to microstructural defects as sedimentation or aggregation of fillers.
Thus, we focused on the relationship between membrane microstructure and parameters of their preparation.
We developed a process to prepare defect-free mixed-matrix membranes consisted of 6FDA-ODA polyimide and
silicalite-1 as filler. The process suppressed both sedimentation and filler aggregation in the polyimide matrix.
We demonstrated the homogeneity of the filler in the membranes using spatial distribution of silicalite-1 volume
fractions across the membrane length and thickness at Fig. 1 right. We achieved outstanding membrane
reproducibility by means of a two-step quality control protocol: i) polyamic acid synthesis arrangement that
isolates precursor solution from temperature and moisture fluctuations that affect solution viscosity; ii) a new
imidization cell with definite solvent evaporation adjustable through the nitrogen flow rate that sustained fillers
fluidized.

Introduction
A mixed-matrix membrane is a dispersion of filler particles in continuous polymer matrices1,2. Nano- or micronsized porous particles, such as zeolites, carbon molecular sieves or zeotypes as SAPOs or MOFs, are most often
exploited as fillers. Polymer matrices are represented by polyvinyl acetates, polyimides, polyetherimides,
polyethersulfones, ethylene-propylene (diene methyl) rubbers, and polydimethylsiloxane1-3.
A typical preparation method of the mixed-matrix membranes comprises the synthesis of polymer precursor
dope solution followed by the different addition modes of fillers1,2. Further processing of the suspension includes
homogenization, sonication, casting and evaporation of a solvent. However, preparation or manufacturing can
be constrained by sedimentation or aggregation in suspensions of polymer-precursor solution and filler particles
1,4-8
. The inhomogeneous distribution of fillers then decreases permselectivity, flexibility, or flexural strength.
However, the crucial question is, why are mixed-matrix membranes promising materials for separation
technology? The answer is bright and clear. They combine the benefits of both phases, for example, costeffectivity and durability of a polymer matrix with proper separation characteristics of filler particles
exceptionally high permselectivity1-3. Thus, they have the potential to overcome the upper bound in the Robeson
plot, which describes a trade-off between the permeability and selectivity9-11.
One of the essential properties of the mixed-matrix membranes, besides the features of each phase, is filler
distribution that extensively determines effective properties. As was already mentioned, inhomogeneous
particle distribution often results in a decrease of permselectivity, flexibility, or flexural strength. The primary
outcome of particle sedimentation is lowered selectivity due to the void formation at the matrix-particle
interphase that is accompanied by elevated permeability and the decrease in flexural strength in comparison to
a homogenous membrane1-3. Due to this tendency of membranes to defects and overall low reproducibility of
their fabrication, the broader spread of mixed-matrix membranes into industrial applications is still limited1,2,4,5.
Several solutions to remedy these defects have already been reported. Particle sedimentation can be minimized
by lowering particle size down to the nanoscale. Nevertheless, this approach is intrinsically limited by aggregating
particles due to an improper setting of zeta potential1,4,5,7,12,13. An alternative way to overcome this problem is
the preparation of a more dense and viscous solution of polymer precursor1,2,5,14. However, when the solution
becomes too dense and viscous, filler particles can hardly be distributed homogeneously in a polymer matrix. As
implies from these facts, the inhomogeneous particle distribution was resolved only partially as a consequence
of system complexity.
Thus, monitoring the parameters of the MMM preparation and their effects on a membrane can be used to
develop a process for defect-free mixed-matrix membranes.
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Synthesis of the membranes
Membranes were prepared form 4,4´-(hexafluorodiisopropylidene)diphtal anhydride, 4,4´-oxydianiline,
dispersed silicalite-1 particles and the silylation agent APTES used as a linker for optimal interfacial contact. In
this paper, we describe the MMM samples with an approximate volume fraction of silicalite of 0.30.
MMMs were prepared using two-step reaction consisting of polyaddition and imidization step while we modified
both parts of the procedure step-by-step. A result of the polyaddition is a solution of polyamic acid in N,N´dimethylformamide (DMF). Further, an addition of the desired amount of silicalite-1 particles follows together
with the homogenization of the suspension using sonication and mixing. In the last step, the imidization of the
polyamic acid solution is taking place. To control the solvent evaporation rate via a defined flow of inert gas
during imidization, we developed a cell seen in Figure 1.

Figure 1. Imidization cell for a controlled evaporation rate of solvent using nitrogen flow through the cell
Membrane characterization
After the synthesis of the membranes, we prepared the corresponding cross-sections to assess their
microstructure and potential sedimentation. The membranes were cast into epoxy resin at first. Second,
hardened cross-sections were then prepared using a Saphir 520 & Topas 130 ATM metallographic grinder. The
microstructure of the membrane cross-sections was observed using a FIB-SEM Lyra3 GMU Tescan microscope
with BSE detection followed by image analysis. For the analysis, we used about 30 BSE images of each membrane.
The Fiji program and its selected plugins were used for image processing. As a result of image processing, we
obtained indicator functions that completely described the spatial distribution of the phases constituting the
membrane.
Digitized microstructures represented by indicator functions were further characterized using a one-point
probability function for the silicalite phase. This function corresponds to a position-dependent volume fraction
of silicalite-1.

Results and discussion
Polyaddition parameters
Polyaddition conditions crucially affected polyimide precursor viscosity that was the main factor for the
development of particle sedimentation. The conditions leading to membranes with the homogeneous spatial
distribution of silicalite particles were following: initial mass fraction of reagents in the solvent was equal to 0.20;
reaction temperature was 22 °C; reaction time equals to 24 hours and water concentration in the solvent of
about 100 - 170 ppm.
Using our setup, we achieved stable viscosity of the polyamic acid solutions in a period of 24-48 hours. Besides
that, we also attained excellent reproducibility of the developed process confirmed on 15 consequent
homogeneous membranes.
We have also investigated the effect of trace-water on the viscosity of polyimide precursor affecting the
sedimentation in the membranes. Although this effect on viscosity of PAA solutions has qualitatively been
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described in the literature16-18, its quantification has been done to a minimal extent. Several researchers have
studied mostly the storage conditions and the effects of high water concentration of about 104-105 ppm17.
For our system, we found a specific solution viscosity breakpoint at an approximate concentration of about
170 ppm. This water concentration in DMF resulted in the polyamic acid solution with a kinematic viscosity of
10 cm2·s–1 and, consequently, in the membranes with a homogeneous distribution of particles.
When the concentration was about 240 ppm, the polyamic acid solution did not reach the desired viscosity that
led to settled layers of silicalite of about 3 to 6 μm. By contrast, the concentration of less than 70 ppm induced
the very rapid increase of the polyamic acid solution viscosity within eight hours, leading to a gel transition of
the material.
Imidization parameters
The optimization of the imidization step included the stabilization of a membrane using a glass ring annulus,
which led to membrane discs with no shrinkage, torsion or curling independently of the mass ratio of silicalite to
polyimide. Further, a nitrogen flow rate of 3 mL/s suppressed the formation of defects such as bubbles entrapped
in a solidified membrane.

Microstructural characterization
Here as a case study, we demonstrated the effect of the experimental conditions on the statistical homogeneity
of resulting microstructures, i.e., on the level of sedimentation of particles in our study. The microstructure of
the membrane with a totally settled layer of particles is displayed in the upper left corner of Figure 2. Its
microstructure is statistically characterised by the on-point probability function on the right-hand side. The Scourse of the function supports the apparent formation of the two layers, the upper of which is almost particlefree. The second example (middle row) in Figure 2 is another representative of the inhomogeneous
microstructure that is represented by a thin layer with a thickness of about six particles. On the right-hand side,
the spatial runs of the silicalite volume fractions also detect the sedimentation. The homogenous microstructure
of the MMM samples is shown the bottom part of Figure 2. The particles are uniformly distributed across the
whole membrane thickness, including the particles floating at the upper surface. The corresponding one-point
probability function for silicalite shows only local fluctuations around the expected mean (0.3). In addition, no
defects in the samples were observed.
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Figure 2. BSE images of the membranes with a different level of sedimentation that decreases from the upper
image to the bottom one and the corresponding courses of the one-point probability functions (positiondependent volume fractions of silicalite-1)

Conclusions
We have achieved the absolute quantification of synthesis parameters leading to homogeneous membranes
together with excellent reproducibility of the method. Further, we have demonstrated the undemanding method
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for the precise analysis of the particle sedimentation using the evaluation of particle distribution via the positiondependent one-point probability function.
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Abstract
The paper represents intermediate research results in the field of tightness testing of flange joints connection
and contamination monitoring of pure helium under high pressure by the diffusion of gases from outer
atmosphere through the sealing of the flange joint. For testing purposes a unique apparatus was constructed
and a method for determination of low concentration of helium in the outer atmosphere and simultaneously a
method for determination of low concentration of gases contaminating helium from outer controlled
atmosphere (nitrogen/air) were created.

Introduction
Gas-cooled fast reactor (GFR) are considered to become a promising way of development in nuclear energy
generation. Its development, however, faces several challenges. One of them is the issue of gas leakages and
contamination of clean helium used in cooling loop of GFR reactor, such as the ALLEGRO concept1,2. Helium
cooling loop is expected to operate under temperature reaching up to 850 °C and pressure reaching 7 MPa. The
basic requirement of functional system is the maintaining of high purity of coolant and from economic reasons
minimizing the gas leakages. The whole cooling loop cannot be designed to use welded joints only and certain
parts has to be detachable, e.g. equipped with flange joints. Such can be found either in a primary loop, heat
exchangers, purification system or in the helium storage system. Scheme of Gas-cooled fast reactor is given in
Fig. 1.

Figure 1. Scheme of helium-cooled GFR3 (1- reactor, 2- reactor core, 3- control rods, 4- generator, 5- electrical
power, 6- turbine, 7- compressor, 8- intercooler, 9- pre-cooler, 10- recuperator)
It is expected, that the reactor itself and at least the turbine will be placed in a secondary tight containment, so
called guard vessel, which will be filled by nitrogen. Future possible positions of demountable joints, including
process conditions, were identified as follows:
¥ Reactor enclosure cap (approx. 400 °C; 7 MPa)
¥ Heat exchangers (approx. 400 °C; 7 MPa)
¥ Helium treatment section (-100 up to 400 °C; 0.1 to 7 MPa)
¥ Helium storage section (approx. 400 °C; 20 MPa)
To ensure safe and reliable operation of the GFR in the future two conditions has to be observed. First, helium
leakages from the system has to be minimized mainly due to the increasing He cost on the market. Second,
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helium contamination by nitrogen from the guard vessel should be eliminated as it may cause increased
requirements for helium purification.

Testing device
The aim of the work is to construct an apparatus capable of simultaneous determination of helium leakage rate
over the flange joint gasket (i.e. from primary loop) and determination of nitrogen diffusion from outer
environment into the pressurized helium through the gasket (i.e. from outer environment to the primary loop).
From the above mentioned, the operating conditions of the apparatus were defined: operating pressure up to
35 MPa for ambient temperature and 7 MPa with maximum temperature of 450 °C.
As such apparatus is not available on the market, a unique testing device was designed and constructed. For
designing recommendations given by EN 1779:19993 and EN 13555:20144 were followed but due to the
requirement of nitrogen diffusion monitoring several modifications were applied. The overall scheme of gasket
testing device is given in Fig. 2A.
12

A)

B)

Figure 2. A) High pressure stand for gasket testing (1- mounting basement, 2- central heating element, 3- heat
insulation, 4- He filling in/flushing/sampling, 5- heating coils, 6- high pressure He cell, 7- filling of outer
atmosphere, 8- blind flange, 9- outer cap, 10- safety release valve, 11- gasket, 12- outer atmosphere sampling)
B) Steady state temperature fields simulation [°C]
Testing apparatus consist of two, high pressure (6) and low pressure, cells which are separated by inner Class
2500 NPS 1½ ” RF flange joint (8) which serves for installation of tested gaskets. Inner high pressure cell is filled
with helium and is of internal volume approx. 150 cm3. The outer cell which simulates guard vessel is filled with
nitrogen and is of internal volume approx. 7896 cm3. The outer cell is sealed using DN250 PN16 flange joint (9).
Flushing and filling of high pressure cell with high purity helium is carried out using SS 316L tubing (4). For gas
sampling for analysis a tubing on the opposite side is used. The outer cell is filled with nitrogen using SS tubing
(7) and tubing (12) serves for sampling of nitrogen for analysis. Working pressure of both, internal high pressure
cell and outer cell, is monitored using precise manometers. Both cells are closed using stainless steel high
pressure diaphragm valves. From safety reasons, the outer low pressure cell is equipped with safety release valve
(10). Maximum working pressure of the apparatus is 20 MPa at 450 °C for inner cell and 1.6 MPa at 150°C for
outer cell.
In order to achieve maximum working temperature at flange face (11) of 450 °C, the apparatus is equipped with
1500 W central heating element (2) and four additional outer heating elements (5) of 1200 W power each. Steady
state simulations (Fig. 2B) proved that the apparatus is capable of reaching and maintaining the temperature of
450 °C at the test flange (11). Thermocouple for monitoring of the flange temperature is located close to the
lower flange face (11). Apparatus itself is finally thermally insulated (3).
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Measurement
Results presented in this paper cover the initial phase of low temperature tests which serves for verification of
functionality of chosen apparatus design and capability of installed analytical instrumentation on identifying
both, leakage rate of helium from high pressure cell and the diffusion of nitrogen from outer cell against the
pressure gradient into the helium cell which simulates real behaviour of the gasket in future helium cooling loop.
As a testing sample a kammprofile gasket MITes HT 6223 (MiCo, s.r.o., Czech Rep.) was chosen with applied
torque of 165 N.m, inner dia. 44 mm, outer dia. 79 mm. Basic conditions for tests were set on: 20°C; 6 MPa (for
helium cell) and 0.1 MPa for nitrogen in outer cell. Tests were performed in duration of 2, 20, 70 and 200 hours.
As a result, simultaneous determination of specific leakage rate L [mg.s-1.m-1] of helium from high pressure cell
and diffusion of nitrogen into high pressure cell is identified. In contrary to the recommendations given by
standard5 to use mass spectroscopy for leakage detection, it was decided to use analytical methods.
The mass of helium leakage during the test period was determined using gas chromatography (Agilent 7890) with
high resolution thermal conductivity detector (TCD) and nitrogen, grade 6.0, as a carrier gas which is connected
directly to the output from outer cell, see Fig. 2A (12).
The mass of nitrogen diffusion into the high pressure cell from outer cell was determined using gas
chromatography (Agilent 7890B) with Pulsed Discharge Helium Ionization Detector PDHID, type D-3 (VICI AG
International) with helium, grade 6.0, as a carrier gas which is also connected directly to the output from the
apparatus (high pressure cell). PDHID detector is capable of measuring low concentrations of nitrogen and
oxygen which is particularly useful for identification of possible contamination caused by air diffusion from
environment during setting up and performing the tests.
At the start of tests, both testing cells were flushed (according to the internal procedure) with pure gases. Inner
high pressure cell with helium, grade 6.0, and the outer cell with nitrogen, grade 6.0, and filled to the operating
pressure. Just before start, analysis of helium from the high pressure cell using GC-PDHID is performed to obtain
reference value (focused on determination of trace amount of nitrogen and oxygen). After the test, gases from
both cells are analysed again to obtain molar ratio of helium in nitrogen (outer cell) and nitrogen in helium (in
inner cell). Results are then recalculated using equation of state for real behaviour of gas, pressure and internal
volume to the total mass leakage observed during the test period. Results for the total mass helium leakage and
nitrogen diffusion during 2, 20, 70 and 200 hours tests are given in Fig. 3 and 4.
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Figure 3. Total helium leakage over the tested gasket during the test periods of 2, 20, 70 and 200 hours (60 MPa)
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Figure 4. Total nitrogen diffusion through the tested gasket during the test periods of 2, 20, 70 and 200 hours (60
MPa)
Total mass leakages were then recalculated in order to obtain specific leakage rate L [mg.s-1.m-1] (according to
the EN 13555) for used gasket and respective gases which represents gas mass flow [mg.s-1] per metre of the
mean perimeter of the gasket. Obtained specific leakage rates for helium and nitrogen are given in Fig. 5 and 6.
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Figure 5. Specific leakage rate of helium for tested gasket the test periods of 2, 20, 70 and 200 hours (60 MPa)
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Figure 6. Diffusion of nitrogen into the high pressure cell expressed as specific leakage rate for tested gasket and
the test periods of 2, 20, 70 and 200 hours (60 MPa inner helium cell; 0.1 MPa outer nitrogen cell)

Conclusion
The aim of the work is to design, construct and operate apparatus for simulation of flange gaskets behaviour
under conditions similar to the conditions which will be applicable in the real helium cooling loop in future GFR
with focus not only on the helium leakages from the system but also on contamination of helium by nitrogen
from the guard vessel. Performed initial tests proved that proposed design of the apparatus and applied
analytical methods (GC-TCD and GC-PDHID) are capable of monitoring sufficient levels of gas leakages. Initial
testing performed using kammprofile gasket and helium at pressure of 6 MPa and temperature of 20 °C proved
tightness class for respective gasket to be L=1 x 10-3 for helium leakage and L=1 x 10-8 for nitrogen diffusion if
expressed in similar manner. Currently intermediate step is ongoing where increased temperature of 300 °C and
helium pressure of 6 MPa is applied for the same type of gasket and the goal is to achieve temperature of 450 °C
and helium pressure of 7 MPa and to test portfolio of selected gasket.
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Abstract
Titration (volumetry, volumetric analysis) is a common laboratory method of quantitative analysis.
It belongs to the robust but relatively precise determination methods of measuring various inorganic and organic
substances. It can be used for analysis of high concentrations unsuitable for measuring by very sensitive
instrumental analyses as GC/MS or HPLC. In the present study, we used titration for measuring of wood leachate
containing methylxanthines caffeine, theobromine and theophyline. Concentrations corresponding to the
highest solubility of studied substances in water were analyzed. Theobromine and theophyline were titrated by
verified methods by adding of 0.1 M AgNO3 solution. Titration of caffeine was modified and verified
spectrometrically in the present study. The results indicated suitability of used methods for methylxanthines
analyses of wood leachates.

Introduction
Methylxanthines belong to alcaloids, derivates of xanthine. They are able to stimulate nervous, respiratory and
cardiac systems1. They occur in coffee, cocoa, chocolates, tea or they can be a part of artificially energetic
drinks2,3. Some of them are used as drugs in astma or support for cardiac activity. The most known
methylxanthine, caffeine, is very often used in cosmetics for stimulation of skin and hair growth. From
environmental point of view, they have been found in all types of surface waters including wastewaters4. Their
use is also proved in some biotechnological or wood technologies. However, wood is very complex matrix with
variable components those can leachate into solutions. Thus, we need suitable analytical methods for practical
assessment.
Many analytical methods have been developed for methylxanthines analyses. The most used methods are: High
Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS), High Performance Liquid Chromatography
with UV detector (HPLC-UV), Gas Chromatography-Mass Spectrometry (GC-MS), Fourier Transform Infrared
Spectroscopy (FT-IR), Electrochemical Impedance Spectroscopy (EIS), Cyclic Voltammetry (CV), Differential Pulse
Voltammetry (DPV), and Square-Wave Voltammetry (SWV)5. All these methods, however, works with very low
concentrations in ranges from pico- to micrograms. When we can analyze higher concentrations (up to the
thousand grams), we are not able to measure them without significant dilution. Those adjustments can lead to
inaccuracies in the methylxanthine's determination.
Titration is a common laboratory method of quantitative analysis. It is based on the determination
of the unknown concentration of the known sample volume by measuring the volume of the titration standard
(known concentration called titrant) that we have consumed in order to react the substances just and without
residue (so called equivalence point). Indicator (bromthymol blue or phenolphthalein) are added into measured
methylxanthine’s solution. Sodium hydroxide (NaOH) is usually recommended as a titrant for theobromine and
theophyline. Titration of caffeine is done by any other titrant, acid chloride6. From this reason, we used for
titration of caffeine 0.1 M NaOH as well for titration of the other two substances in the present study.

Experiment
Chemicals caffeine (Sigma Aldrich, Czech Republic, 99% a.i.), theobromine (Sigma Aldrich, Czech Republic, 98%
a.i.) and theophyline (Sigma Aldrich, Czech Republic, 99% a.i.) were analyzed in the present study. All substances
were used in a powder form. They were dissolved in distilled water. The saturated concentration of studied
substances (caffeine = 20 g.L-1, theobromine = 0.330 g.L-1, theophylline = 5.5 g.L-1) at 20 ̐C were used in the
experiment. The pine samples were dived into methylxanthines solutions (20 ml) for 24 hours (figure 1). The
samples in solutions were stored in thermostat in dark at temperature 20 ± 2 ̐C. The spiked samples were pulled
out the solutions next day. The methylxanthines solutions in distilled water were also measured. The residual
concentrations of all three methylxanthines were titrated by the following methods.

310

ICCT 2019 | PROCEEDINGS

WASTE PROCESSING, AIR AND WATER PROTECTION

Figure 1. Illustration of a pine sample dived in caffeine solution (20 g.L-1)
Appropriate volume of substance’s eluate or concentration in water (caffeine or theobromine or theophylline)
was transferred into titration flask. The appropriate indicator was added. After mixing of solution, titration was
started by adding of NaOH solution. NaOH solution was applied by glass burette with 0.1 ml gradual scale.
Titration of caffeine: 0.125 ml of indicator phenolpthalein was added to 0.5 ml of caffeine sample (20 g.L1) in
boiling 9.5 ml of distilled water. The solution was titrated by 0.1 M NaOH into red colour. The appropriate amount
of 0.1M NaOH was calculated after spectrometrical verification at 325 nm of caffeine solution.
Titration of theobromine: 50 ml of heated theobromine solution + 25 ml of 0.1M silver nitrate was titrated with
0.1M NaOH until pink color, using 1 ml of phenolphthalein solution as indicator. 1 ml of 0.1M NaOH is equivalent
to 18 mg of theobromine7.
Titration of theophyline: 50 ml of theophyline solution + 20 ml of 0.1 M silver nitrate + 1 ml of bromothymol blue
solution as an indicator was titrated with 0.1M NaOH until blue color. 1 ml of 0.1M NaOH is equivalent to 18 mg
of theophyline8.

Discussion and result analysis
Titration by perchloric acid6 is recommended in pharmacopoeia for caffeine. From this reason, we tried to modify
titration for caffeine to get more similar procedure (based on NaOH titrant) for all three studied substances.
Calibration curve and a linear equation (y = 0.082x + 0.3828, R2 = 0.9976) were made for caffeine (see Figure 2)
on the base of our measured data (caffeine concentration in distilled water). The consumed titrant for analysis
of caffeine in the taken sample (theoretically 0.01 g of caffeine in 10 ml of solution) was confirmed
spectrometrically at 325 nm. Titrant was added to caffeine solution and indicator until reaching of stable
absorbance values. Only linear part of calibration curve was used for calculation of caffeine concentration in the
present study. The wavelength 325 nm was selected on the previous unpublished measuring of caffeine
solutions. The residuals of caffeine were the similar in wood samples as in distilled water too (Table I).
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Figure 2. Relationship between amount of caffeine in sample and consumed titrant (ml) for titration of caffeine.
Stability of consumed titrant (in ml) was verified spectrometrically at 325 nm
Table I
Mean consumed titrant for all tested substances concentrations in distilled water and wood leachates (in ml)
and calculated mean concentrations of the substances in distilled water and wood leachates (in g.L-1)
Substance
Mean consum. titrant Mean concentr. – Mean consum. titrant Mean concentr. –
– distilled water distilled water (g.L-1)
– wood leachate ± SD wood
leachates
± SD (ml)
(ml)
(g.L-1)
caffeine
1.20 ± 0.06
20
1.10 ± 0.10
18.3
theophyline
15.3 ± 0.00
5.51
15.3 ± 0.06
5.51
theobromine 0.90 ± 0.00
0.33
0.90 ± 0.00
0.33
Wood samples were taken from solutions those were used for the titration analysis. Procedures for theobromine
and theophylline were taken from literature Pharmacopoeia7,8. We analyzed amount of titrant for assessment of
wood leachates containg thebromine or theophyline and compared our data with literature sources (18 mg of
substance should correspond to 1 ml of consumed titrant7,8). Even if we tested theobromine and theophylline in
powder form for commercial use and not pharmaceuticals, our results confirm the appropriate amount of 0.1 M
NaOH (see Table 1). The residuals were the same in wood samples as in the distilled water.
Leachates of wood samples usually contain some other substances as essential oils, terpenes or various dyes.
Neverthelless, our results confirmed that possible interaction of such substances with methylxanthines was not
relevant for titration analysis because the results were stabile for wood leachates as well for concentrations
in distilled water. The differencies between distilled and wood solution were not significant.

Conclusions
We successfully analyzed saturated solutions of caffeine, theobromine and theophyline in wood leachates and
in distilled water by titrations. Theobromine and theophyline were successfully analyzed according to described
procedures from literature, caffeine by method modified in the present study. From this reason, we can
recommend titration methods for analyses of methylxanthines in waste waters from biotechnological or
industrial applications, where we suppose analyzing of higher concentrations of methylaxanthines (from
miligrames to grames) than are currently used in environment.
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Abstract
The aim of this work was to evaluate the possibility of decolourizing effluents that contain aminoantrachinone
dye Acid Blue 80 (AB80) by an indirect electrochemical oxidation in a single-chamber laboratory electrolyser. The
anodes used for the treatment were platinum and boron doped diamond (BDD) electrode. A suitable method for
monitoring the effectiveness of decolourization of model wastewater containing AB80 was UV-VIS spectroscopy.
The changes in bleaching velocity of model solution were measured during electrochemical oxidation in
dependence on initial pH in the presence of auxiliary electrolyte. The electrolyte was either sodium chloride or
sodium sulphate, both frequently used during dying process. The time intervals corresponding to chromaticity
change of electrolyzed solution were measured and kinetic constants were assessed. Results showed that the
decolourization rate is higher in the presence of NaCl than Na2SO4 in the whole pH range. The efficiency of
oxidation was also taken into consideration by evaluating the mineralization parameter TOC.

Introduction
Aminoantrachinone dye Acid Blue 80 is mainly used for dying in textile industry. Its structure is depicted in the
Figure 1. The decolourization and mineralization of the dye is uneasy task due to its high stability at various
conditions, therefore new approaches like anodic oxidation seem appealing1,2. As textile effluents generally
contain sodium chloride or sodium sulphate, the indirect oxidation willingly takes place3. The formation of
oxidants depends on conditions like pH, material of anode, time, etc. The generation of chlorine active agents
like chlorine, respectively hypochlorous acid or perchlorate is highly influenced by pH4,5. In the case of oxidizing
agents originated from sulphates, pH also plays an important role. The standard oxidation potential of formed
oxidizing agents is shown in table I6. The surface of the electrode is another criterion that influences oxidation
mechanism. Anodes are generally categorized into active and non-active anodes. In the case of active anodes
the surface interacts with the hydroxyl radical to form so-called higher oxide, which does not possess such high
oxidising power as hydroxyl radical itself, which is produced at large quantities on non-active electrodes. The
hydroxyl radical is known to react with organic compounds unselectively and mostly causing their mineralization
to CO2, H2O and elementary molecules7,8. BDD anodes possess capability to generate not only hydroxyl radicals
but also inorganic radicals such as chloride and sulphate radicals, when their corresponding anions are present
in the water9. Therefore we chose to compare BDD anode as non-active electrode and platinum anode as active
anode under different pH conditions. We evaluated the rate of decolourization, which is connected with the
chromophore disintegration and TOC which convey the information about mineralization.
-
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Figure 1. Chemical structure of Acid Blue 80
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Table I
Standard oxidation potential of formed oxidizing agents
Oxidant

SO4●−

●

E0 [V]

2.5-3.1

2.7

OH

Cl

Cl2●−

S2O82−

HClO

Cl2

ClO−

2.4

2.1

2.0

1.5

1.4

0.9

●

Experiments
The model wastewater was prepared by mixing distilled water, supporting electrolyte and AB80 (Synthesia a.s.)
with initial concentration of AB80 3×10-4 mol.L-1. The electrolyte was either sodium chloride (c= 5 g.L-1) or sodium
sulphate (c= 7.3 g.L-1). The pH value was adjusted by addition of sodium hydroxide, hydrochloric acid or sulphuric
acid. Electrochemical oxidation was carried out in the single-chamber laboratory electrolytic cell with the volume
of 0.25 L in the room temperature. The current was held constant at the value 160 mA. The anode of the
electrolytic cell used for kinetic measurements was made of polished platinum (dimensions: 10x10x0.4 mm) or
BDD (dimensions: 20x20 mm), the cathode was made of austenitic stainless steel AISI 316 (CSS 17.346,
dimensions: 30x3.5 mm) with a declared corrosion resistance in sea water. The active area of the Pt anode, BDD
anode and steel cathode was 1 cm2, 4 cm2 and 6 cm2 respectively at specified conditions. Stabilized DC Power
Supply Matrix MPS-3005 L-3 was used for the electrolysis of the solution. For kinetic measurements the
electrolytic cell was equipped with a closed circulation circuit composed of peristaltic pump PP1B-05, connecting
tubes and 1 cm quartz flow cell which was located in the temperate block of UV-VIS spectrophotometer Libra
S22. The electrolyzed solutions were stirred by magnetic stirrer Heidolph MR Hei-Tec (100rpm). During the
electro-oxidation the actual concentration of dyes was determined using UV-Vis spectrometer Libra S 22
according to Lambert-Beer law at the dye’s maximum wavelength (λmax= 627 nm). The example of a
measurement with the calibration curve used for determination of concentration is depicted on Figure 2.

Figure 2. Example of UV-VIS spectra obtained during indirect electrochemical oxidation of AB80 on BDD anode
in the presence of NaCl at pH 7 with the calibration curve for AB80 measured in distilled water at λ=627 nm and
t= 25°C

Discussion and result analysis
The results show that the efficiency of decolourization and mineralization process is closely related to the anode
material and the supporting electrolyte. In the presence of chloride ions both anodes are similarly effective in
the decolourization and mineralization, probably due to fact that the same active chlorine species are generated
on both anodes. Additionally the BDD anode produces hydroxyl radicals that could be responsible for increase in
decolourization rate as well as in mineralization. The highest decolourisation rate was obtained at pH 7. This pH
value corresponds to the high formation of hypochlorous acid (pKa = 7.5), known to be a strong oxidant. The
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presence of sulphate ions resulted in slower loss of absorbance on both anodes. On BDD anode was higher rate
shifted to acidic area, but still didn’t match values obtained with chloride ions. However, decolourization on Pt
anode in combination with Na2SO4 was incomparably slower. This condition provided almost no loss of
absorbance at 267 nm in the time corresponding to the total loss of absorbance on BDD in the presence of
Na2SO4, which was approximately 2 hours. Even after 24 hours of electrolysis the absorbance didn't reach its
minimum, however the absorbance dropped, which indicated the mechanism of direct oxidation. In such lengthy
electrolysis the influence of initial pH was almost negligible. The comparison of the decolourization rate under
different conditions is summarised in Table II. In accordance with UV-VIS measurement the mineralization of
AB80 reached only 11% after 24hour electrolysis. On the other hand best results after 24h were achieved on BDD
anode in Na2SO4 with mineralization 81%. However, in this case the TOC didn’t decline until 10 hours unlike
experiments conducted in NaCl electrolyte. The decrease of TOC in the presence of NaCl after 24 hours was 66%
on BDD anode followed by Pt anode with 62%. Summary of TOC results is shown on Figure 3.
Table II
Relationship between kinetic constants and initial pH obtained during indirect electrochemical oxidation of AB80
on BDD and Pt anode in the presence of NaCl and Na2SO4
pH

k [s-1]
BDD NaCl

Pt NaCl

BDD Na2SO4

11

1.80 x 10-3

1.60 x 10-3

3.32 x 10-4

7

4.24 x 10-3

4.37 x 10-3

3.81 x 10-4

3

2.58 x 10-3

2.24 x 10-3

6.23 x 10-4

Figure 3. Relationship between mineralization parameter TOC and time obtained during electrochemical
oxidation of AB80 on BDD and Pt anode in the presence of NaCl and Na2SO4

Conclusion
The highest decolourization rate in the presence of NaCl was obtained at neutral pH with similar results for BDD
and Pt anode. In the presence of Na2SO4 on BDD anode was higher rate shifted to acidic area, however even the
quickest decolourization at pH 3 was still slower than any decolourization in the presence of NaCl. Undoubtedly
the worst settings for decolourization were bound to the use of Pt anode in combination with Na2SO4 electrolyte.
In this case the mineralization of AB80 was only 11% after 24 hours. On the other hand promising results after
24h were obtained on BDD anode in Na2SO4 and NaCl with mineralization 81% and 66% respectively, followed
by Pt anode in NaCl with 62%.
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Abstract
In this work, ordered three-dimensionally micromesoporous carbon composed of large spherical mesopores 13
nm in diameter and small micropores with a mean micropore width of 1.46 nm, connecting the main spheres,
was synthesized and investigated for CO2 capture ability at temperatures of 25 °C, 35 °C and 50 °C, and at
pressures up to 6.5 MPa. Because of the big pore volume occupying 3.62 cm3/g, composed of mesopores and
micropores, the carbon sample showed very high adsorption capacity at high pressures. The highest CO2
adsorption capacity of 24.03 mmol/g was obtained at 25 °C and at 5.5 MPa. As the temperature increased, the
CO2 adsorption capacity decreased to 13.34 mmol/g at 50 °C and at 6.5 MPa. The Freundlich fittings of the
measured adsorption isotherms at pressures up to 2 MPa showed very high correlation coefficients. The
estimated isosteric heats of adsorption in the range of 5.62-6.90 kJ/mol indicated a physical adsorption process,
and suggested a stronger interaction between CO2 molecules than between CO2 molecules and the surface of
the carbon sample.

Introduction
Air quality is nowadays a matter of major public concern due to the presence of various pollutants in the
atmosphere. Carbon dioxide is considered as a major greenhouse gas, the concentration of which has been rising
continuously, leading to global warming1. The most intense CO2 emissions have been recorded from fossil-fuel
plants, which during fossil-fuel combustion produce emissions into the air containing about 40% CO21. It is
therefore necessary to capture CO2 from the emissions. Among many methods that have been put forward, the
adsorption technique using porous materials has been found to be the most attractive option, because it is simple
to use and has strong capture performance2.
In recent years there has been increasing interest in synthesizing nanoporous carbon materials that can be
utilized for various applications, including capture of CO23-5. It has been shown that carbon materials with large
micropore fractions exhibited high adsorption of CO2 at low (atmospheric) pressure3, while carbon materials
composed of large mesopore volumes adsorbed high amount of CO2 at high pressures4,5. Microporous carbon
materials not only had high adsorption performance but are much cheaper and more commercially accessible
than other materials6. In addition, the presence of large mesopores and also micropores in the carbon structure
increases its benefits. Mesopores serve as the transport paths for CO2, thereby increasing the adsorption rate at
low pressures4. Also, due to their large surface areas, large pore volumes, high thermal stability and chemical
resistance, and their good regeneration performance, micromesoporous carbon materials have been shown to
be excellent adsorbents at pressures typically used for pre-combustion CO2 capture5. These benefits mentioned
have stimulated investigations into, and the development of, micromesoporous carbon materials.
In the work presented here, we prepared a three-dimensionally ordered micromesoporous carbon material with
a large surface area and a pore volume composed of micropores and mesopores, and investigated the CO2
capture ability of this carbon material under a wide range of pressures and temperatures. Interactions between
the CO2 molecules and the carbon surface were also evaluated.

Experiment
Synthesis of three-dimensionally ordered micromesoporous carbon
Three-dimensionally ordered micromesoporous carbon (3DOmm) was prepared by the inverse replication of
regularly assembled spherical SiO2 nanoparticles. The silica nanoparticles were prepared by evaporating lysinesilica nanoparticle sols at 70 °C, followed by calcination at 550 °C, in accordance with the method presented in
study4. The space between the packed silica nanoparticles was filled with furfuryl alcohol as a carbon precursor
and oxalic acid. This mixture was treated at 90 °C for 4 days and was then carbonized at 900 °C for 3 hours. The
silica product was removed from the carbonized product by washing it in various solutions of hydrofluoric acid

318

ICCT 2019 | PROCEEDINGS

WASTE PROCESSING, AIR AND WATER PROTECTION
at room temperature. The carbon material that was obtained was washed in distilled water, followed by filtration
and drying.
Characterization of the sample
The ordered pore structure of the synthesized 3DOmm carbon was checked by X-ray diffraction analysis. The
SAXS profile was obtained from low-angle X-ray diffraction data measured using a Bruker D8 Advance
diffractometer. The diffractometer is equipped with a Vantec-1 detector in Bragg-Brentano geometry using Cu
Kα radiation. The scattering vector (q), which is given by the equation q=(4π/λ)sinθ, where λ is the wavelength
and 2θ is the scattering angle, was obtained in the range of 0.013-0.67 Å-1. The lattice parameter (a), describing
the cubic structure and the centre-to-centre distance for the face-centred cubic fcc structure was then calculated.
The mesopore and micropore parameters were determined from the N2 and CO2 adsorption measurements. The
mesopore volume (Vmeso), the mean mesopore diameter (Dmean), and the BET specific surface area (SBET) were
calculated by applying the Barrett-Joyner-Halenda (BJH) and Brunauer-Emmett-Teller (BET) models to the N2
adsorption isotherm measured at -196 °C. The CO2 adsorption isotherm measured at 0 °C and at pressures up to
100 kPa (a relative pressure p/ps = 0.03) was fitted with the Dubinin-Radushkevich model7 and the Stoeckli
equation8, and parameters such as the micropore volume (Vmicro) and the mean micropore width (L0) were
calculated.
CO2 adsorption measurements
Before the sorption measurements were made, the carbon sample was outgassed in an ultra-high vacuum at a
temperature of 200 °C for at least 12 hours, using a turbomolecular pump. Fifteen minutes was set as the time
for achieving an equilibrium state during the adsorption process throughout the measured range of pressures
and temperatures. The purity of the CO2 gas used in the adsorption measurements was 99.995 vol% (Linde Gas
Czech Republic).
CO2 adsorption measurements at temperatures of 0 °C, 25 °C, 35 °C and 50 °C and at pressures up to 2 MPa were
carried out using an IGA-100 gravimetric sorption analyzer (Hiden Isochema). A sample amount of about 40 mg
was used in the measurements, in accordance with the sample bucket. A period of 5 minutes was set for the
pressure increase between two consecutive isotherm points. The pressure was maintained with accuracy of
±0.02% and the temperature was maintained with accuracy of ±0.05 °C at each measurement point.
CO2 adsorption measurements at temperatures of 25 °C, 35 °C and 50 °C and at pressures above 2 MPa were
carried out using a home-made manometric sorption device. A sample of about 220 mg was used in the
measurements, in accordance with the sample cell. The temperature in the reference and sample cells was
maintained by an Ni-Cu thermocouple with accuracy of ±0.1 °C.

Results and discussion
Characterization of the sample
The SAXS profile of the 3Domm carbon studied here for the cubic structure revealed a peak with a maximum at
a scattering vector of 0.0219 Å-1, which corresponds to the (100) plane. The lattice parameter (a) for a value of
28.6 nm and the centre-to-centre distance for the fcc structure of 20.2 nm were calculated from this peak.
The shape of the N2 adsorption-desorption isotherms measured on the 3Domm carbon at a temperature of
-196°C corresponded to a type IV isotherm, which is characteristic for mesoporous materials. The desorption
isotherm of N2 formed a type H1 hysteresis loop, which indicated the presence of relatively uniform cylindrical
pores within a narrow distribution range4. Mesopores with a mean diameter of 13 nm occupying a volume
of 3.38 cm3/g were determined by applying the BJH equation to the N2 adsorption isotherm. In addition, the BET
specific surface area (SBET) was calculated to be 1529 m2/g. Due to the fact that the kinetic diameter of a CO2
molecule is less than the kinetic diameter of an N2 molecule, allowing a CO2 molecule to enter into narrower
micropores4, the micropore parameters of 3DOmm carbon were evaluated from the CO2 adsorption isotherm
measured at a temperature of 0 °C and at relative pressures up to 0.03. Thus the micropore volume (Vmicro) of
0.24 cm3/g and the mean micropore width (L0) of 1.46 nm were calculated for the studied carbon sample by
applying the Dubinin-Radushkevich adsorption model7 and the Stoeckli equation8 to the measured CO2
adsorption isotherm. Table I contains values of all pore parameters determined in this study by X-ray analysis
and by the adsorption technique.
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Table I
Pore parameters of the synthesized 3DOmm carbon
Pore parameter

Abbreviation

Units

Values

Lattice parameter
Centre-to-centre distance of fcc
Mesopore volume
Mean mesopore diameter
BET specific surface area
Micropore volume
Mean micropore width
Total pore volume
Helium density

a
Vmeso
Dmean
SBET
Vmicro
L0
Vtotal
ρHe

(nm)
(nm)
(cm3/g)
(nm)
(m2/g)
(cm3/g)
(nm)
(cm3/g)
(g/cm3)

28.6
20.2
3.38
13.0
1529
0.24
1.46
3.62
1.11

CO2 capture
CO2 adsorption capacities at pressures below 2 MPa were obtained gravimetrically, and adsorption capacities of
CO2 above 2 MPa were calculated in terms of the Gibbs excess adsorption9 and the absolute adsorption10 from
the measured adsorption data using a manometric sorption device. Since the Gibbs excess adsorption capacities
do not include the specific volume occupied by the CO2 molecules during adsorption, the absolute adsorption
capacities were calculated. Figure 1 shows the CO2 adsorption isotherms obtained for 3DOmm carbon at
temperatures of 25 °C, 35 °C and 50 °C and at pressures up to 6.5 MPa, where the absolute adsorption capacities
from the manometric sorption measurements are given. Figure 1 shows that the CO2 adsorption capacity
decreases with increasing temperature. Accordingly, the 3DOmm carbon adsorbed 24.03 mmol/g at 25 °C and
at 5.5 MPa, 16.94 mmol/g at 35 °C and 13.34 mmol/g at 50 °C and at 6.5 MPa. This type of temperature
dependence suggests an exothermic adsorption process4. Since CO2 is in a subcritical state at 25°C with saturation
pressure at 6.34 MPa, the isotherm was measured up to 5.5 MPa (relative pressure p/ps ~ 0.87) to avoid
condensation. In this case, a steep increase in adsorption capacities was observed above 4 MPa, which is the
pressure characteristic for capillary condensation taking place in mesopores. As regards the CO2 adsorption
isotherms measured at 35 °C and 50 °C, the CO2 is in a supercritical state, with the critical point at 7.2 MPa. Due
to that fact, the CO2 adsorption isotherms were measured up to 6.5 MPa. These isotherms showed a linear
increase in adsorption capacities above a pressure of 2 MPa, which is characteristic for multilayer adsorption11.
The 3DOmm carbon studied here showed a very high CO2 adsorption capacity at high pressures, exceeding the
adsorption capacity of other carbon materials, such as ordered mesoporous carbons of the CMK group5 and
activated carbons3.

Figure 1. CO2 adsorption isotherms measured at temperatures of 25 °C, 35 °C and 50 °C
The interaction strength of the CO2 molecules with the surface of the 3DOmm carbon was evaluated from the
values of the isosteric heats of CO2 adsorption. The isosteric heats were calculated from the CO2 adsorption
isotherms measured at three various temperatures, using the Clausius-Clapeyron equation4. The Freundlich
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model was used to fit the experimental adsorption models in order to calculate the pressure values at the
respective surface coverage. Due to difficulty in fitting the isotherms in the whole measured pressure range, only
the isotherms measured up to 2 MPa were fitted with the Freundlich model. These fittings are shown in Figure
2, and results of the fittings are given in Table II.
Table II
Results of Freundlich fittings at temperatures of 25 °C, 35 °C and 50 °C, and pressures up to 2 MPa.
Parameter value
Model
Model
parameter
25 °C
35 °C
50 °C
n
1.68
1.61
1.55
Freundlich
k
6.6459
0.0191
0.0127
R2
0.9999
0.9998
0.9997

Figure 2. The fittings of the CO2 adsorption isotherms measured at temperatures of 25 °C, 35 °C and 50 °C, and
at pressures up to 2 MPa, using the Freundlich model (symbols represent experimental data, and solid lines
represent Freundlich fittings)
The adsorption isosteres calculated and plotted as the natural logarithm of pressure (ln p) versus reciprocal
temperature (1/T) at constant surface coverage ranging from 1 mmol/g to 9 mmol/g are shown in Figure 3. All
adsorption isosteres showed a linear course, indicating that the isosteric heats do not depend on temperature.
However, they showed dependence on the amount of adsorption. The isosteric heats were therefore calculated
from the slopes of the adsorption isosteres, and are plotted in Figure 4 as a function of the surface coverage. The
lowest isosteric heat value of 5.62 kJ/mol was obtained at the lowest adsorption amount of 1 mmol/g. As the
CO2 adsorption increased, the isosteric heat also increased slightly up to 6.8 mmol/g at 9 mmol/g. This increasing
trend indicated that the interactions between CO2 molecules are stronger than the interaction between CO2
molecules and the carbon surface. The values obtained for the isosteric heats are in the range corresponding to
physical adsorption12. They are also lower than the values obtained on the other carbon materials4,13. The low
isosteric heats obtained for the studied 3DOmm carbon show the high regeneration ability of 3DOmm carbon,
which is a very important parameter for an adsorbent material.
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Figure 3. Isosteres of CO2 adsorption at surface coverage ranging from 1 mmol/g to 9 mmol/g

Figure 4. Isosteric heats of CO2 adsorption as a function of surface coverage

Conclusion
A three-dimensionally micromesoporous (3DOmm) carbon material was synthesized by the inverse replication
of regularly assembled spherical silica particles. The sample was characterized by the low-angle X-ray diffraction
analysis and sorption techniques. The 3DOmm carbon revealed a face-centred cubic structure with a centre-tocentre distance of 20.2 nm. Spherical mesopores 13 nm in diameter and micropores 1.46 nm in width were also
identified in the carbon structure. The synthesized carbon was investigated for its CO2 capture ability at various
temperatures and pressures, using a gravimetric sorption analyzer and a manometric sorption device. Because
of the large volume of pores present in the 3DOmm carbon, mainly composed of spherical mesopores, the
3DOmm carbon adsorbed a very large amount of CO2 at high pressures, exceeding the adsorption capacity of
other carbon materials. The amount of CO2 capture was dependent on temperature, and the amount decreased
with increasing temperature. Because CO2 is in a subcritical state at 25 °C and in a supercritical state at 35 °C and
at 50 °C, the measured absorption isotherms had a varied course. The Freundlich model showed very well fitting
values of all adsorption isotherms at pressures up to 2MPa. With increasing surface coverage, the estimated
isosteric heats increased slightly, indicating stronger interaction between the CO2 molecules. The evaluated
isosteric heats of adsorption showed values corresponding to physical adsorption, and were lower than the
values in carbon materials. This showed that 3DOmm carbon has very high regeneration ability.
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Abstract
This work presents a characterization of the textural properties and the CO2 adsorption capacity of carbonized
products prepared by pyrolysis of sewage sludge. A comparison is made between variants with and without
water steam activation. A solid residue is prepared as a low-cost adsorbent for removing and capturing CO2 and
pollutants. The CO2 adsorption measurements were made with the use of gravimetric and manometric sorption
devices. The adsorption capacity values of CO2 range from 0.24 mmol/g (material activated by water steam at
900 °C) to 1.33 mmol/g (non-activated material at 900 °C). Water steam at 900 °C damages the material. The
adsorption capacities demonstrate that carbonized sewage sludge is a promising adsorbent for removing and
capturing CO2 and pollutants, and that there is a favorable relationship between cost and adsorption capacities.

Introduction
Adsorption on to solid adsorbents is the most widely used method for removing pollutants, because it is highly
efficient and is simple to apply and handle in-situ. Various industrial by-products and waste materials can be used
cost-effectively as sorption materials1.
The sewage sludge produced by wastewater treatment plants forms part of the large amount of waste that is
overwhelming the planet. Sewage sludge needs to be disposed of in a comprehensive manner, and pyrolysis can
provide a way to convert waste into a resource, and to reduce the volume of waste materials2.
Several products are obtained by pyrolysis. Liquid products such as tar can be used as an alternative motor fuel,
and gas products with a low heating value can provide energy for pre-drying the material entering a reactor. The
solid residue, a carbonized porous material, can be applied as a low-cost adsorbent3. Solid residues produced at
a high temperature are suitable for adsorbing pollutants directly from the environment, due to their porosity,
while low temperature pyrolysis products can be used in agriculture4.
Various experiments have shown that carbonized sewage sludge is a material with high porosity and with
a considerable pore surface area. For example, the SBET value is 390 m2/g for chemically-activated carbonized
sewage sludge, and only 80.0 m2/g for pyrolyzed sewage sludge 5. Other studies show that the SBET values of nonactivated carbonized sewage sludge obtained by high temperature pyrolysis at 900°C are 65-68 m2/g6,7.
Pre-treatment of raw materials before or during pyrolysis can increase their specific surface area. However,
chemical activation should not be used for adsorbents in the field of water or gas purification for subsequent use
by humans, or for sequestration to the environment, due to potential problems with the leaching of chemical
compounds.
The aim of this study and of future research is to find the best pyrolysis conditions for the preparation of a porous
material with excellent sorption properties, but with no subsequent harmful impact on the environment and on
human health.

Experiment
Preparation of materials
Pre-dried sewage sludge from a wastewater treatment plant with anaerobic digestion was used for pyrolysis.
This kind of input raw material is non-homogeneous and non-porous, with a high content of water and organic
compounds, and also heavy metals. The input material was fed into a quartz reactor, which was inserted into an
electrically heated furnace. A liquid product, a gas and a carbonized solid porous residue were produced during
the pyrolysis process. The non-activated sample (NoA) and the water steam activated sample (W) were obtained
at two different temperatures (800 °C and 900 °C) by pyrolysis in own atmosphere under ambient air pressure
for 30 min and in relevant cases following activation by water steam after reaching the required temperature in
the sample (800 °C or 900 °C). The activation time was 60/90 min (900 °C/800 °C) and the flow rate of the water
steam was 1.5 ml/min. Finally, the carbonized materials were crushed into particles < 0.2 mm, and were predried, if needed.
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Characterisation of the materials
The specific surface area BET (SBET) was obtained by low pressure physisorption of N2 at -196 °C up to 100 kPa on
the SURFER volumetric sorption analyser (Thermo Fisher Scientific)8.
Mesopore and macropore parameters, e.g. bulk density, pore volume, pore size distribution (PSD) and total
porosity (Por) were established for dry crude granules of the carbonized materials by mercury intrusion
porosimetry, using the Pascal 240 porosimeter (Thermo Electron – Porotec)9. The helium (skeletal) density (ρHe)
was measured by helium pycnometry (Quantachrome).
The micropore parameters, e.g. total micropore volume (Vmicro), micropore surface (Smicro), the modus of the
micropore radii and the micropore distribution were determined from the CO2 sorption isotherm measured at
a temperature of 25 °C, using an IGA 100 Hiden Isochema gravimetric sorption analyser. The micropore volume
was calculated according to the Dubinin volume filling equation10, and the pore size distribution was evaluated
according to Medek11.
The pores, the fracture morphology and the substance content were observed using an optical microscope and
an electron microscope.
The element content was measured on a CHNS/O micro-analyser (Thermo Finnigan Flash FA 1112) or using
normalized analytical methods.
The iodine number (IN) was determined by the norm for activated carbon ASTM-D4607. IN indicates the
adsorption capacity of the substances contained in the liquids as a proportion of the total pore surface.
The textural properties of the material and the data evaluation were determined by experimental methods that
have been reported in greater detail in12.
Adsorption characteristics
High pressure sorption isotherms of CO2 were obtained by measurements using the high-pressure manometric
sorption device constructed at the Institute of Rock Structure and Mechanics of the Czech Academy of Sciences.
The experimental set-up and some data evaluation have been presented in13. The chosen method is based on
the pressure changes caused by the sorption process in a system with constant temperature and constant
volume. The experiment was conducted at a temperature of 45 °C (±0.1 °C), at pressures up to 6,5 MPa
(±0.05 %), because these conditions can simulate the state in-situ in the localities where CO2 is captured, and
they are frequently reported values. The samples weighed about 2 g, depending on the skeletal density of the
samples.
The excess sorption capacities were calculated from Gibbs theory, see the equation 1 below.
𝑛𝑛"#$"%% =

'( )*+,- .*/012.'3 */01
5678 9-

1000

(1)

The amount of gas adsorbed at one measured point is calculated as the difference between the total amount of
gas transferred from the calibrated reference cell into the calibrated sorption cell and the amount of nonadsorbed gas after reaching the sorption equilibrium state. Experimental isotherms were fitted by the modified
Langmuir equation for monomolecular monolayer sorption for a high-pressure apparatus, where the Langmuir
sorption capacity describes the amount of adsorbed phase in the equilibrium state. The maximum adsorption
capacity (nmax) is the value at the maximum point of the isotherm. nmax is often used to compare the real
adsorption capacities of different materials.
Low pressure sorption isotherms of CO2 were measured by an IGA 100 Hiden Isochema gravimetric sorption
analyser for temperature cycles t=25 °C, 45 °C (±0.05 °C) and for pressure up to 0.1 MPa (±0.02 %). The samples
weighed about 100 mg. A temperature of 45 °C was selected for a comparison with data obtained using a highpressure apparatus and 25 °C is the temperature for determining the micropore quantities. This measurement is
based on the principle of the weight changes before and after gas adsorption. The excess sorption capacity was
calculated from the Dubinin-Medek modified equation. For the experimental CO2 adsorption data, the micropore
volume Vmicro was calculated using the modified Dubinin-Raduskevitz equation, and the micropore size
distribution was calculated by the Medek equation. The low pressure adsorption technique and models are
presented in14.

Results and discussion
Material analyses
The basic parameters of the materials studied here, based on textural analyses, are listed in Tab. I. The samples
are numbered from S1 to S4 for carbonized sewage sludge. W/NoA indicates water steam activated / non-
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activated samples, and 800/900 denotes the temperature during the pyrolysis. Commercial activated carbon
(AcC) made from black coal was used as a reference material.
Table I
Basic properties of carbonized sludge and activated carbon
Parameter
Sample
SBET
IN
ρHe
Smicro
Vmicro
2
3
2
(m /g)
(mg/g)
(g/cm )
(m /g)
(cm3/g)
S1-W-800
67
161
2.364
48
0.018
S2-W-900
30
91
2.241
37
0.014
S3-NoA-800
92
195
2.160
92
0.032
S4-NoA-900
107
191
2.238
104
0.037
AcC
868
1038
1.852
573
0.212

Por
(%)
51.9
54.8
50.1
47.6
25.7

nmax
(mmol/g)
1.05
0.24
0.95
1.33
7.39

The SBET values for the same temperature during pyrolysis are higher than is mentioned in the literature, for
example in6,7. It can be seen that SBET and Smicro correspond well with IN and with the maximum adsorption
capacity (nmax). The adsorption capacity depends on the surface area of the pores, on pore content and, last but
not least, on the temperature during the sorption process. The sorption capacity rises with increasing micropore
content and smaller mesopore content, and of course with decreasing temperature.
Adsorption isotherms

1,2

8
6

0,8

4
0,4
0

2

0
S1-W-800
S4-NoA-900

2

4
Pressure [MPa]
S2-W-900
AcC-Y2 axis

6

0

S3-NoA-800

0,3

1,2

0,2

0,8

0,1

0,4

Adsorption uptake [mmol/g]

Adsorption uptake [mmol/g]

The CO2 adsorption isotherms at 45 °C obtained by the manometric high-pressure sorption apparatus and by the
low-pressure gravimetric sorption apparatus are shown in Fig. 1. The sorption equilibrium for each pressure point
was reached in about 5 minutes for both types of measurement. All isotherms show an increase in the amount
that is adsorbed with increasing pressure, with the exception of S2-W-900. The shapes of the low pressure CO2
isotherms (Fig. 1 right) for samples AcC, S3-NoA-800, S4-NoA-900 are typical for adsorption into micropores and
into smaller mesopores.

0

0
S1-W-800
S4-NoA-900

0,05
Pressure [MPa]
S2-W-900
AcC-Y2 axis

0,1

0

S3-NoA-800

Figure 1. Adsorption uptake of CO2 from the high-pressure apparatus (left), and from the low-pressure apparatus
(right)
The maximum of the real sorption capacity for samples S1-W-800, S3-NoA-800, and S4-NoA-900 was achieved at
pressures between 4 - 6 MPa, while in the case of sample S2-W-900 the adsorption capacity dropped with
increasing pressure. This sample also has low adsorption ability due to the small pore surface area. The activated
carbon has an adsorption capacity of 7.39 mmol/g. The adsorption capacity of our carbonized sewage sludge is
about 6 times less than the adsorption capacity of the activated carbon. Non-activated sample S4-NoA-900 has
the highest adsorption capacity (1.33 mmol/g) of all the carbonized samples, and the ratio of the adsorption
capacities in AcC/ S4-NoA-900 is 5.6. Sample S2-W-900, activated by water steam, has the lowest adsorption
capacity, with a value of 0.24 mmol/g. This is 23.3 times lower than the value for AcC. Thus non-activated samples
at higher temperature are more cost-effective and have a higher capacity than a sample activated by water steam
at a higher temperature.
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Porosity versus adsorption capacity
The total porosity (Por), obtained by mercury intrusion porosimetry, depends on the presence of pores. Por is
the ratio of bulk density to skeletal density. Por is higher for samples with larger pores, which implies that when
the porosity is higher, the sorption capacity is lower because of the small quantity of micropores. Samples
S1-W-800, S3-NoA-800 and S4-NoA-900 have a relatively balanced ratio of micropore, mesopore and macropore
content, see the particle size distribution of mesopores and macropores (PSDme+ma) in Fig. 2, left. AcC has the
lowest Por and a high content of micropores (PSDmic in Fig. 2, right), which leads to high adsorption capacity
(Tab. I). The micropore content for NoA materials is about 6 times lower than for AcC, and it corresponds with
the ratio between the maximum adsorption capacities of these samples.
Micropore and mesopore content has a positive effect on adsorption capacity. However, the water steam used
during pyrolysis at 900 °C (S2-W-900) has a negative effect on the texture of the material, as there are many
cracks and rough pores and the macropore content is much higher than the micropore and mesopore content;
total porosity reaches the highest value of all samples, see Tab. I and Fig. 2, left.
0,2
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Relative volume [mm3/g]

80

40
20
0

0
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S4-NoA-900

200
400
Radius [nm]
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AcC
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0,6
0,4

0,1

0,2
0

0

0,5

1

1,5

0

Radius [nm]
S1-W-800
S4-NoA-900

S2-W-900
AcC-Y2 axis

S3-NoA-800

Figure 2. PSDme+ma of pores over the 2.5 nm (left), PSDmic of micropores up to 1.5 nm (right)

Figure 3. Pores in carbonized materials, S4-NoA-900 (left), S2-W-900 (right)
The microscopic state of samples prepared at 900 °C without and with activation by water steam are shown in
Fig. 3, for a non-activated sample and for a sample activated by water steam. It can be seen that water steam
damages the pores and enlarges them, and reduces the mesopore content. The almost complete absence of
micropores in S2-W-900 causes the lowest adsorption capacity. The adsorption capacities correlate well with the
iodine number, with the surface area of pores (SBET) and with the surface area of micropores (Smicro). A higher
temperature during pyrolysis is necessary for a greater content of mesopores and micropores, but a lower
temperature is better for activation by water steam.

327

ICCT 2019 | PROCEEDINGS

WASTE PROCESSING, AIR AND WATER PROTECTION
Conclusion
The CO2 adsorption capacity of carbonized sewage sludge has been measured at 25 °C and at 45 °C and up to
6 MPa, using low-pressure and high-pressure adsorption methods. Generally, the results show that the
adsorption capacities increase with an increasing micropore content. The values of the high-pressure CO2
adsorption capacities of carbonized sewage sludge range from 0.24 mmol/g to 1.33 mmol/g, in dependence on
the pyrolysis temperature and activation by water steam. The non-activated sample (S4-NoA-900) has the
highest volume of micropores and mesopores, and therefore has the highest adsorption capacity of all the
carbonized materials. Activation by water steam during pyrolysis at a higher temperature (S2-W-900) damages
the texture of the material, and as a consequence the adsorption capacity is greatly reduced. The results
presented here prove that carbonized sewage sludge is quite a good adsorbent for the removal and capture of
pollutants, and can be used as an interesting low-cost sorption material with adequate adsorption capacities.
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Abstract

One of the most challenging type of waste is sewage sludge, which is a heterogeneous suspension containing
organic and inorganic substances and pathogenic organisms. This work focuses on an effective application
method for the sewage sludge, which is usually deposited in landfills or co-incinerated in power plants. Hightemperature pyrolysis and gasification at 700–900 °C were applied to the samples of stabilized sewage sludge.
The samples with a constant weight of 100 g were heated in a stationary bed, with the rate of batch heating
being monitored. During the heating process, volatile products were released and the composition of the
gaseous products developed during the heating was analyzed. Afterwards, the mass balance of the resulting
products was evaluated. The elemental and textural analyses of the products were performed. Furthermore, it
has been found that the solid residue has a porous texture and properties suitable for the removal and capture
of pollutants.

Introduction
Sewage sludge, a heterogeneous semi-solid material containing organic and inorganic substances, has
become a serious issue for wastewater management. The increasing volume of produced sewage sludge in the
Czech Republic causes problems not only for its high quantities, but also for its high concentrations of organic
compounds and pathogens. Among the conventional methods used for sewage sludge disposal (direct use in
agriculture, incineration and landfilling), thermal processes such as pyrolysis and gasification have recently
1–3
drawn attention due to their energetic and environmental advantages .
The pyrolytic conversion of sewage sludge produces gaseous products, bio-oils and solid residues,
which can be widely used in various environmental applications. By regulating process parameters such as
temperature, heating rate and residence time, it is possible to change the quantity and quality of these
products in order to their intended use. Among these parameters, the amount of the final product is mainly
2,4,5
affected by the pyrolysis temperature .
Another promising thermal technology that can be used to convert sewage sludge is gasification. In
comparison to pyrolysis, a gasification agent is introduced into a process to induce partial oxidation of sewage
sludge. The advantages of the gasification include high carbon conversion, as well as the higher calorific value
6
of the produced syngas .
The aim of this research is to study the pyrolysis process of sewage sludge and the usability of pyrolytic
products for agricultural and environmental purposes. A solid carbonaceous residue produced by sewage
sludge pyrolysis, which is known as char, has a potential to improve soil properties and remediate
contaminated soils, because it is a source of organic matter, phosphorous, calcium and other micronutrients.
However, the content of heavy metals in sludge-derived chars is drawing attention for their potential mobility
and solubility after application to soil.

Methods
Material
The sewage sludge was collected from the wastewater treatment plant in a city with the population about
50,000 people. It was stabilized under anaerobic conditions and dried in the low-temperature belt sludge dryer
by STC–Aquatec. The air-drying process temperature was set to 78 °C. After drying, the stabilized sewage
sludge was stored in an airtight container. For further analyses, the desired fraction below 0.2 mm was sieved
after previous grinding.
Characterization of the sewage sludge
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In order to observe any changes in the superficial texture of the sewage sludge before and after experiments,
photos were taken by the scanning electron microscope (SEM) (Quanta 450) and the digital microscope
(VHX-600, KEYENCE) (Fig. 1).

Fig. 1. The images of the sewage sludge taken by a) camera b) digital microscope c) SEM
For the determination of the elemental composition of sewage sludge, major and trace elements were
measured by X-ray spectroscopy (Spectro IQ, Kleve). The following tables describe the chemical composition
(Table I) and physical properties (Table II) of the sewage sludge. Ultimate analysis was performed to determine
the weight percentage of carbon, hydrogen, nitrogen and sulfur content in the sewage sludge. The oxygen was
a
d
daf
calculated to 100 %. Proximate analysis was used to determine moisture (W ), ash content (A ), volatile (VM )
daf
and fixed carbon (FC ) in the sample. Proximate and ultimate analyses were carried out according to ISO
standards (687:2010, 562:2010, 1171:2010, 333:1996, 334:2013, 625:1996, 157:1996). For the samples of
sewage sludge and solid residue, the higher heating value (HHV) was determined calorimetrically and the lower
heating value (LHV) was calculated according to the ISO 1928:2009 standard. The real density was determined
in ethanol at 20°C and the apparent density was measured by weighing in air and water (Table III). Each
measurement was repeated three times at least.
Table I: The chemical composition of the sewage sludge by XRF (%).
Mg

Ca

K

Si

P

Ti

Mn

Fe

Zn

Al

Cl

S

LOI

0.25

2.79

0.63

5.21

2.08

0.35

0.07

4.31

0.24

3.39

0.08

1.79

60.19

Table II: Proximate (wt. %) and ultimate (daf, wt. %) analyses of the sewage sludge.
a
d
daf
daf
d
W
A
VM
FC
St
C
H
So
N
O
6.13

43.12

84.17

15.83

1.54

52.65

7.70

2.04

7.85

29.76

HHV
(MJ/kg)
22.20

LHV
(MJ/kg)
20.51

3

Table III: The physical properties of the sewage sludge (g/dm ).
Bulk density

Apparent density

True density (in C2H2OH)

371.5

1.5428

1.7593

Pyrolysis and gasification experiments
For each pyrolysis and gasification experiment, 100 g of dried sewage sludge was processed in a stationary bed.
In order to achieve high yield, pyrolysis was conducted in a high temperature range (700–900 °C). Both
processes took place at atmospheric pressure. A quartz reactor with the feedstock was precisely insulated to
avoid any possible leaks, then placed into a vertical furnace and heated at 10 °C/min by a programmable
heating system. Once the target temperature was reached, the feedstock was kept in the operating furnace for
30 min (pyrolysis) and 60 or 90 min (gasification). The volatile products released during the experiments were
conducted from the reactor through a vertical cooler filled with a Fridex mixture (Fridex: water = 1:2), whereas
liquid products were captured in glass flasks. After all pyrolysis products were released, the reactor was
removed from the furnace shortly thereafter and cooled. Pyrolysis and gasification were performed in the
laboratory apparatus illustrated in the schematic diagram in Fig. 2. While pyrolysis experiments were
conducted under inert conditions, steam was introduced into the reactor as a gasifying agent. The gasification
of the sample sewage sludge began after the required temperature (800°C or 900°C) was reached. Shortly
afterwards the gasification medium was fed into the reactor by a peristaltic pump at the rate of 1.5. ml/min.
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Steam passed the quartz reactor trough a distribution grate, where the sample was degassed. Overall, the
sample was activated by steam for 90 min and 60 min at the temperatures of 800°C and 900°C, respectively.
During this process, the production of gasses such as methane, hydrogen and carbon oxides was monitored.
Gasification medium
Stream of products
Signal

Fig. 2. A schematic diagram of the pyrolysis/gasification equipment. Legend: IR – continuous infrared gas
analyzer; AH – continuous hydrogen analyzer; GH – gas holder; P – peristaltic pump; Fu – furnace, R – quartz
reactor; TC – programmable temperature controller; F – flask for condensed products; C – cooler; PC – data
storage unit; R – reactor
Analyses of final products
Released gaseous products were analyzed by gas chromatography (GC) (Agilent 6890N) equipped with a
thermal conductivity detector (TCD) to quantify CO, CO2, H2, O2, N2 and H2S, and a flame ionization detector
(FID) to determine lower hydrocarbons. The elemental composition and high heating value of the solid residue
were determined according to ISO standards (687:2010, 562:2010, 1171:2010, 333:1996, 334:2013, 625:1996,
157:1996, 1928:2009).

Results and discussion
Mass balance
The effectiveness of a pyrolysis process can easily be defined by the mass balance. During high-temperature
7
pyrolysis, a high amount of volatile matter (dry ash free) is expected to be released from sewage sludge ,
followed by the production of volatile products separated into gas and liquid fractions after cooling. This has
daf
been demonstrated by the decrease of VM from 84.17 to 15.56 wt. %. Pyrolysis experiments have also
proven that the pyrolysis temperature does not affect the quantity of liquid products, because their
percentages were 33.81 and 35.36 wt. % for 800 °C and 900 °C, respectively.
As expected, the increase in pyrolysis temperature resulted in a higher amount of produced gasses, but also in
the decrease of char yield (Fig. 3). The high percentage of solid yield is caused by the high content of inorganic
3
compounds from sewage production . There were losses ranging from 2.7 to 5.2 wt. %., which were generated,
when aerosol particles were flushed away by steam trough the apparatus.
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Fig. 3. Product yields of sewage sludge as a function of temperature
A comparison between pyrolysis and gasification experiments has revealed a significant difference between
their liquid and gas yields (Fig. 3). The liquid and gas yields from pyrolysis are obviously lower than those from
gasification. The increase in liquid yields after gasification is related to longer residence time and the feed of
steam. On the other hand, as the temperature increased, gasification produced fewer solid and more gas
products. Concerning the volume of released gasses, the results have proven that the total amount of gas
products is higher for gasification than for pyrolysis.
Product yields
Solid residue
The char yields produced by pyrolysis and gasification at different temperatures and residence times are shown
in Figure 3. The results show that the char yields have not been affected by the residence time (30/60/90 min),
because different residence times led to negligible yield variations among samples. However, the increase in
temperature resulted in a significant decrease in biochar yield, indicating the continuous release of volatile
1,4,7,8
.
material as reported before
Table IV
Proximate (wt. %) and ultimate (daf, wt. %) analysis of solid residues from the sewage sludge after pyrolysis.
W

a

d

A

VM

daf

daf

FC

St

d

C

H

So

N

O

S-P-700 1.66

75.09

15.56

84.44

0.99

87.73

2.45

1.94

6.75

1.14

HHV
(MJ/kg)
32.46

LHV
(MJ/kg)
31.95

S-P-800 1.10

76.35

1.45

98.55

1.03

92.72

1.60

1.47

4.21

0.00

33.80

33.45

S-P-900 0.39

77.45

0.00

100.00 0.95

95.48

1.11

0.00

3.41

0.00

32.75

32.51

The ultimate and proximate analyses of the solid residues that were produced by pyrolysis at different
temperatures, are reported in Table IV. The elemental analysis was performed only for the char samples that
were pyrolysed. A comparison of the results before (Table II) and after pyrolysis (Table IV) has shown that the
resulting solid products have the high heating value more than 1.5 times higher than the raw sewage sludge.
The main components of the sewage sludge are nitrogen, sulfur and phosphorus (Table I and Table II). The
sewage sludge is also rich in calcium, phosphorus and undesirable sulfur. The high percentage of phosphorus
9
makes sewage sludge a potential feedstock for soil recovery . Considering the reuse of sewage sludge for
agricultural purposes, it is also necessary to report heavy metal concentrations to avoid any health threats to
humans and plants.
The results also include information on how the feedstock changed after thermal conversion (Table IV). The ash
fraction was almost completely recovered in the residue and its content increased from 75.09 wt. % at 700 °C
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to 77.45 wt. % at 900 °C. For all pyrolyzed samples, the increase in C and the decrease in So and N was
observed. However, less nitrogen and sulfur remained in the residue with increasing temperature, so that only
relatively small amounts of nitrogen and sulfur were found in the solid products.
Gas
Table IV shows the evolution of CH4, H2, CO, CO2 and H2 concentrations over the time span at different
temperatures. It is evident that CO2 and H2 are the main gaseous components with more than 50 % of the total
gas volume for both processes. This is because the sewage sludge contains a high amount of oxygen (29.76 %),
which facilitates the char combustion C + O2 → CO2. When gases from pyrolysis and gasification are compared,
H2 forms more than 50 % of gasification products as a result of the cracking and deformation of aromatic C–H
and C=C bonds in the raw material. In addition, when steam is fed into the reactor, the endothermic reaction
10
CO + H2O → CO + H2 also occurs . For that reason, it is assumed that H2 and CO contents in gasification gas
would develop depending on the amount of the steam supplied to the reactor (Fig.4). For all experiments, CH4
concentrations decreased with rising temperature because of decomposition reactions occurring around 700
°C.

Fig. 4. The generation of the main gaseous components during steam gasification of sewage sludge
Analyzing Table V, it is worth noticing that temperature plays an important role in CO and CO2 production. At
lower temperatures, CO2 concentrations were found to be higher and started to rise with increasing
temperature, while CO showed an inverse relation. The maximum CO values for both processes were obtained
10
at 900 °C. Pyrolysis produced gas rich in H2 and CH4, as mentioned before . Hydrocarbons, as potential energy
source, exhibited a higher value for pyrolysis products in comparison with gasification. The ∑C3-C5 content
corresponds to the higher and lower heating values of gas (Table V). Because of these values, pyrolysis
products can be considered as suitable gas for the heating of a pyrolysis unit, which means lower energy
demands on sewage sludge processing.
Table V
The composition of gasses from the pyrolysis and gasification of the sewage sludge (vol.%) and their energy
properties.

CH4
C2H4
C2H6
∑C3-C5
N2,r
CO
CO2
H2
H2S
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S-P-700
16.18
1.26
2.12
2.61
3.77
12.04
30.40
30.25
1.36

S-P-800
14.13
1.10
1.66
1.95
6.16
17.00
25.44
31.81
0.75

S-P-900
12.92
0.96
1.51
1.83
6.21
21.46
21.51
32.97
0.62

S-W-800
4.08
0.23
0.36
0.46
0.81
17.97
21.82
53.75
0.51

S-W-900
3.53
0.19
0.30
0.37
1.44
22.80
15.69
55.07
0.62
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3

HHV [MJ/m ]
3
LHV [MJ/m ]

17.57
15.92

16.17
14.67

16.04
14.58

11.84
10.54

12.24
10.95

Conclusion
In this work, the sewage sludge was pyrolyzed and gasified in a batch (fixed bed) laboratory reactor at
temperatures 700, 800 and 900°C under inert conditions. With an increase in pyrolysis temperature: 1) sludgederived char yield decreased, 2) gas yield increased and 3) oil yield first increased and then decreased.
Depending on the required products of these processes, the temperature may be controlled and modified.
Pyrolysis and gasification have the potential to produce char (solid pyrolysis residue), which is stable and less
toxic than sewage sludge, gases and liquid products. Further studies on the use of solid residues from the
pyrolysis of sewage sludge will help to identify their adsorbent properties. As mentioned before, another
potential application of the solid residue is based on its content of nutrients, specifically phosphorus and
calcium. However, a significant amount of heat is required for that due to the endothermic character of these
conversions. To make the process economically and energy efficient, the necessary heat can be obtained by the
combustion of primary pyrolysis products. Nevertheless, in the case of sewage sludge, due to high nitrogen and
sulfur content, attention must be paid to the gaseous pollutants released.
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Abstract
This study investigated the possibility of removal of acid dye Procion Sapphire H-EXL from aqueous dye baths by
innovative method – ion exchange using ionic liquids (quaternary ammonium salts). Action of appropriate ionic
liquids causes ion exchange reaction accompanied by precipitation of acid dye. Subsequent action of inorganic
coagulant (ferric or aluminium sulphate) enables simple and very effective removal of sparingly soluble ion pair
produced by reaction of ionic liquid with dissolved acid dye by sedimentation and/or filtration. Efficiency of this
technique is compared with application of adsorption on charcoal, Fenton oxidation and simple coagulation and
flocculation.

Introduction
One of the important technical and economic challenges in textile industry is the efficient use of water1. The
increasing costs of water, energy and wastewater treatment dictate needs for large scale water recycling in the
textile industry. Concentrated waste water streams contaminated with hardly- or non-biodegradable compounds
should be treated at the contamination source1,2. There are many ways to remove organic contaminants
(residues of dyes from exhausted dye baths, etc.). The existing methods such as adsorption on activated carbon,
membrane technology, coagulation/flocculation or Fenton reaction may be used3,4.
The alternative possibility of effective removal of acid dyes from spent dyeing liquor is based on ion exchange
reaction caused by addition of ionic liquid (quaternary ammonium salt, R4N+Cl-) into the spent dyeing liquor. Ion
liquids serve as a liquid anion exchanger. The replacement of chloride anions of ion liquids (R4N+Cl-) by larger
anions (anions of the acid dyes) proceeds smoothly even at room temperature5,6:
R4N+Cl− + dye-SO3−Na+ → dye-SO3−R4N+ + Na+ +Cl−
The interaction of these dyes with suitable quaternary ammonium salts produces slightly soluble ionic salts which
can settle after a long contact time or can be removed more efficiently by the action of common inorganic
flocculants6. This purified water from the dyeing baths can be subsequently reused. So, the recycling of water
can save water sources, water treatment costs, some chemicals and energy3.
This work compares the possibilities for removal of chlorinated reactive acid dye Procion Sapphire H-EXL (Fig. 1,
C.I. Reactive Blue 198, CAS: 124448-55-1, Mr = 1230.8 g/mol) by action of ionic liquids, action of inorganic
flocculants, charcoal and oxidative treatment based on Fenton reaction.
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Figure 1. Chemical structure of Procion Sapphire H-EXL

Experimental
For experiments were used reactive acid dye Procion Sapphire H-EXL, white cotton fabric, powdered charcoal
(CW 20, SilCarbon, PAC), aqueous hydrogen peroxide, sulfuric acid, ferrous sulfate, aluminium sulfate, ferric
sulfate (Sigma Aldrich) and ionic liquids: cetyltrimethylammonium chloride, benzalkonium chloride and Aliquat
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336 (Sigma Aldrich, Fig 2). The experiments were carried out on magnetic stirrer equipped with StarFish
attachment. The AOX (adsorbable organically bound halogens) were analyzed according to the European ISO
9562 standard. For the CODCr (chemical oxygen demand) analyses were used cuvette tests Hach Lange (LCK 1014,
range of COD measurement 100-2000 mg/L). The decolorization efficiency (DE) was determinate by VIS
spectroscopy at absorption maximum of dye. DE was calculated using: DE (%) = [1- (A/A0) x 100]. The same
formula was used for calculation of removal efficiency (RE) of AOX and COD.

Figure 2. Chemical structure of used ionic liquids: cetyltrimethylammonium bromide, benzalkonium chloride and
Aliquat 336 (trioctylmethylammonium chloride)
Dyeing of cotton fabrics
It was diluted 1 g Na2CO3 (pH = 10.35) in 500 mL 1 mmol/L Procion Sapphire H-EXL. The 10.21 g white cotton
fabric was add in this dyeing bath and the reaction mixture was stirred 60 minutes at 80 °C. The exhausted dyeing
bath was separated by filtration, the cotton fabric was repeatedly washed with water and the obtained mixed
together filtrate was fulfilled to exact volume 1 liter using demineralized water. Table I and Fig. 3 depicted color,
COD and AOX parameters of used and diluted dyeing bath and colored cotton fabric.
Table I
The parameters of dye based – absorbance, concentration of dye, COD and AOX after dying process
Concentration
Dyeing conditions
of PS H-EXL in
A625/dilution
AOX (mg/L)
CODCr (mg/L)
pH
dyeing bath
(mmol/L)
10.21 g of cotton +
1 g Na2CO3 + 1 mM
Procion Saphire H0.235/100
0.39
53.6
1140
11.85
EXL at 80oC/60
min.

Figure 3. Photos of colored cotton fabrics and of produced diluted spent dyeing bath
Application of adsorption on charcoal for treatment of spent dyeing bath
It was found that decoloration and COD removal of exhausted dyeing bath is efficient using more than 10 g of
powdered activated carbon (PAC) per 1 liter of exhausted dyeing bath. Removal of COD was not as much efficient
as could be seen in Table II and Figure 4.
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Table II
The efficiencies of AOX, CODCr and dye removal using 60 min. adsorption on powdered charcoal
Charcoal (g) / 100 mL
COD removal
AOX removal
Exhausted dye bath
DE (%)
efficiency (%)
efficiency (%)
(0.39mM PS H-EXL)
0.5
82.9
37.2
1
95.4
53.3
1.5
2

96.4
96.5

50.9
51.2

94.2

Figure 4. The filtrate of spent dyeing bath after treatment with powdered charcoal (from left: 1) 10 g/L, 2) 15 g/L,
3) 20 g/L, 4) 5 g/L of PAC)
Fenton reaction for removal of spent dyeing bath contamination
The Fenton oxidation was carried out after acidification of spent dyeing bath by addition of 2 mL of 16 wt. %
aqueous H2SO4 and subsequent neutralization and filtration after 60 minutes of action. As could be seen in Table
III and Figure 5, the decoloration and COD and AOX removal efficiencies of exhausted dyeing bath oxidative
treatment is significant even using at least 200 mL of 3 wt.% H2O2 (ca. 200 mmol H2O2) and 200 mL of 0.1M
FeSO4 (20 mmol) per liter of exhausted dyeing bath. As could be seen in Figure 5, the complete removal of color
was not accomplished even using mentioned quantities of reagents.
Table III
The efficiencies of AOX, CODCr and dye removal using Fenton reaction
Dosage of 3 % H2O2/ 0,1M
Fe2+ (mL) per 50 mL of
COD removal
DE (%)
exhausted dye bath
efficiency (%)
(0.39mM PS H-EXL)
6/6
98.7
76.9
12 / 12
98.8
82.3
20 / 20
98.8
86.3
30 / 30
40 / 40
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98
98.4

86
88

AOX removal
efficiency (%)
91.3
92.8
97.7
97.7
98.3
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Figure 5. The reaction mixture after treatment by Fenton oxidation (from left: dosage as in Tab III)
Coagulation/Flocculation
The coagulation was carried out by ferric or aluminium sulfate at pH value 6-7. It was found that decoloration of
exhausted dyeing bath by inorganic coagulants themselves is not efficient. Obtained results of treatment are
depicted in Table IV and Figure 6.
Table IV
The dye removal and decreasing of AOX, CODCr caused by action of inorganic flocculants
Dosage of inorganic
coagulant / 50 mL
COD removal
AOX removal
DE (%)
exhausted dye bath
efficiency (%)
efficiency (%)
(0.39mM PS H-EXL)
0.185 mmol of Fe2(SO4)3
13.6
33.9
0
0.185 mmol of Al2(SO4)3
29.1
28
0

Figure 6. The reaction mixture after treatment with coagulants (from left: aluminium and ferric sulfate)
Innovative method – combination of ion exchange using ionic liquids and coagulation or adsorption
The ion exchange was tested using ionic liquids such as cetyltrimethylamonium bromide, benzalkonium chloride
and mixture of Aliquat 336 with 50% benzalkonium chloride. The example of ion exchange shows the Figure 7.
The use of these ion liquids was combined with coagulation and/or adsorption on charcoal. The results show
Table 5 and Figure 8. It was found, that the use of ionic liquids (e.g. cetyltrimethylamonium bromide,
benzalkonium chloride or mixture of benzalkonium chloride with Aliquat 336) by coaction of inorganic coagulants
was very efficiency.
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Figure 7. The ion exchange of cetyltrimethylamonium bromide with Procion Sapphire H-EXL

Figure 8. The reaction mixture after treatment by ion exchange (and appropriate coagulation or sorption) (from
left: cetylMe3NBr, cetylMe3NBr+Al2(SO4)3, BzkoniumCl, BzkoniumCl+Fe2(SO4)3, mixture of Aliquat+BzkoniumCl,
mixture of Aliquat+BzkoniumCl+PAC)
Table V
The dye removal efficiency and decreasing of AOX, CODCr caused by action of ionic liquids
Dosage of ionic liquid /
inorganic coagulant per 50
COD removal
AOX removal
DE (%)
mL of exhausted dye bath
efficiency (%)
efficiency (%)
(0.39mM PS H-EXL)
0.098 mmol cetylMe3NCl
98.9
13.3
95.2
0.098 mmol cetylMe3NCl +
99.4
51.8
97.1
0.185 mmol Al2(SO4)3
0.1 mmol BzkoniumCl
98.1
0
54.2
0.1 mmmol BzkoniumCl +
99.1
30.2
67.3
0.185 mmol Fe2(SO4)3
0.62 g mixture Aliquat 336
98.9
0
35.2
with BzkoniumCl
0.54 g mixture Aliquat 336
99.3
78.2
91.2
with BzkoniumCl + 1 g PAC

Conclusion
In this work we compare traditional and innovative treatment methods for removal of chlorinated reactive acid
dye Procion Sapphire H-EXL from model exhausted dyeing bath. The conventional methods such as adsorption
on charcoal or Fenton reaction are effective for decolorization of exhausted dye bath but it is too expensive due
to the high material consumption of treatment chemicals. It was found that the coagulation/flocculation is not
effective sufficiently for removal of tested dye from model dyeing bath even using high excess of reagents. On
the other hand, cheap and commercially readily available ionic liquids (cetyltrimethylamonium chloride, Aliquat
336 or mixture of benzalkonium chloride with Aliquat 336) after subsequent addition of Al2(SO4)3 (neutralizing
and flocculating agents) were very effective for treatment of model dye bath. The proposed combined technique
is economically reasonable and cheaper than dye removal by application of high quantities of charcoal or
expensive treatment methods such as Fenton reaction.
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Abstract
The work is focused on the regeneration of strongly acidic cationic charge of ion exchange columns used for
cleaning of washing water from production of viscose fibbers in Glanstoff Bohemia s.r.o. The purpose of this work
was to find a suitable washing and regeneration process. Possible replacement of washing and regeneration
solutions to extend the working cycle time. Furthermore the increase in the real capacity of the ion exchange,
charge. For this purpose, the effect of the composition of the regeneration solution on the total capacity of the
Lewatit Monoplus S108 cation was studied. As the regeneration medium, a working sample of sodium sulphate
solution with sodium hydroxide and zinc sulphate and hemicellulose residues, which regenerates cation in a Nacycle was compared with an alternative process using waste sulfuric acid for regeneration as the H-cycle. At the
same time, the determination of the real capacity of the ion exchanger was also assessed by its macro
photography.

Introduction
The aim of the study prepared for the optimization of technology in Glanzstoff Bohemia s.r.o. is to determine the
useful capacity of Lewatit Mono Plus ion exchanger S108 for capturing Zn2+ ions and to verify the possibility of
its regeneration with sulfuric acid in place of the previously used regeneration solution containing sodium sulfate
and a considerable amount of cellulose and hemicellulose (COD = 2150 mg/L, TOC = 903 mg/L). The assignment
has resulted from the need to optimize the ion exchange charge recovery process used to capture zinc ions in
the stream of used washing water, where their concentration exceeded 100 mg/L.

Analyses and Experiments
VZ1 washing water samples, VZ2 solution for regeneration and VZ3 remedial regeneration solution were
subjected to analysis to obtain relevant characteristics. The pH and electrolytic conductivity values were
measured. Quantitative representation of organic matrix was determined by combination of CODCr and TOC
parameters. Total Carbon (TC), Inorganic Carbon (IC) and Total Nitrogen Content (TN) were determined at the
same time as the Total Organic Carbon (TOC) parameter. In addition to the above analyses, samples of VZ1, VZ2
and VZ3 were subjected to ICP-AES analysis to quantify the concentration of zinc, sodium and sulphur. The results
of analyses of VZ1, VZ2 and VZ3 samples are summarized in Table 1.
Table I
Results of input analyses of samples of washing water VZ1, regeneration solution Na2SO4 VZ2 and correction
solution of regeneration solution from sodium hydroxide
Sample
pH
κ
CODCr
TC
TOC
IC
TN
cS
cNa
cZn
VZ1
VZ2
VZ3
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2.17
3.79
12.56

[mS/cm]

[mg/L]

[mg/L]

[mg/L]

[mg/L]

[mg/L]

[mg/L]

[mg/L]

[mg/L]

4.66
97.1
183.3

458
2150
410

117.36
908.20
119.27

114.24
903.31
112.23

6.45
34.0
7.14

3.12
5.10
2.76

450.7
29270
4589

280
36710
26235

109.6
2698
2.098
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Figure 1. Left to right: samples of purified wastewater VZ1, samples of sodium sulphate used to regenerate ion
exchanger VZ2 and sodium hydroxide samples with sodium and zinc sulphate residues used for the corrective
regeneration of acid cation exchanger VZ3
The Lewatit Mono Plus S108 ion exchanger is a strongly acidic cation-based sulfonated styrene-divinylbenzene
copolymer, with sulfonic acid groups converted to the sodium salt. The cation exchanger has a density of 1300
kg/m3. The bulk density ranges from 800 to 850 kg/m3. The cation exchanger is stable in the pH 0-14 range, can
be stored at -20 to +40 ºC and can be used in a temperature range of 0 to +120 ºC. The total manufacturer's
reported capacity is 2.2 molar equivalents per liter. The cation exchanger is highly monodisperse (coefficient of
uniformity 1.05 ± 0.05) at a mean bead size of 0.64 ± 0.05 mm, see Figure 2.

Figure 2. Macrophotography of the strongly acidic cation exchanger Lewatit Mono Plus S108 at 1xmagnification
with a resolution of 4.66 µm/pixel. The scale is 500 μm
Column determination of utility capacity of Lewatit Mono Plus S108 for Zn2+ capture
This stage of the research was carried out using a 30 mm diameter column in which 10 g of the Lewatit Mono
Plus S108 acid cation exchanger forming a 15 mm column was loaded. 3. Although this arrangement is not ideal
and a more appropriate solution would be to choose a fill height to diameter ratio of 5:1 - 10:1, this arrangement
was approached because of the geometrically similar arrangement of the cation exchanger as in real operation.
The height to diameter ratio of the cation exchanger is therefore 1: 2 (the height of the filling in the "cation

342

ICCT 2019 | PROCEEDINGS

WASTE PROCESSING, AIR AND WATER PROTECTION
exchange filters" of Glanzstoff Bohemia Ltd. is 1500 mm, which gives a ratio of 1: 2 with the inner diameter of
the filter shell of 3000 mm).
If the cation exchanger was operated in the H cycle, it was first regenerated with a 3.0 wt% sulfuric acid solution
(0.306 mol/L solution was prepared by mixing 31.25 g (mol) 96% sulfuric acid with 968.75 g demineralized water),
with the recommended amount of acid 1.5 mol H2SO4 per liter of cation exchanger being used by the
manufacturer for regeneration. In the case of the use of Lewatit Mono Plus S108 in the Na + cycle, the cation
exchanger was converted to the sodium form by application of 5% wt. % sodium sulfate at 1.7 mol per liter of
cation exchanger. The flow through the column was about 0.35-0.55 ml over time, corresponding to the specific
loading of the ion exchange charge of S = 145-200 h-1.
The total capacity csum. that indicates the number of functional groups in the ion exchanger that are actively
involved in intensive exchange in relation to the weight or volume of the ion exchange cartridge, equation 1.

Where csum.
cZn2+
V
Vionex

𝑐𝑐

"#$.&' ∙* +,-. /0

0

12,34

is the total capacity
is the concentration of zinc ion
is the volume of the solution
is the volume of ion exchange resin

5

(1)
(eq./L)
(mol/L)
(L)
(L)

The concentration of Zn2+ ions in the ion exchange charge was calculated by the following equation 2:
𝑐𝑐
;8'<
Where 𝐶𝐶GH
;8'<
𝐶𝐶IJK
V
𝑉𝑉6789:

6789: ;8'<&'

(>+,-.
A>+,-.
?@
BCD )0
012,34

(2)

is the concentration of zinc ions entering the ion exchange column
is the concentration of zinc ions exiting the ion exchange column
is the volume of the solution
(L)
is the volume of ionex
(L)

(mol/L)
(mol/L)

The specific load of the ion exchange charge indicates the volume of solution flowing through the mass volume
unit of ion exchanger per unit time (usually 1 hour). This quantity was calculated by the following equation 3:
𝑠𝑠6789: &

0
N ∙ 012,34

Where 𝑠𝑠6789: is the specific ion exchange load
t
is the time of loading the ion exchanger
𝑉𝑉6789: is the volume of ionex

(3)
(h-1)
(h)
(L)

Batch determination of utility capacity of Lewatit Mono Plus S108 for capture of Zn2 +
A) Simultaneously operated regeneration with sodium sulphate solution VZ2
The cation exchanger was regenerated with the recovery solution VZ2, before determining the total capacity.
The recommended amount of 3.42 mol of Na+ per litter of ion exchanger was used. The total capacity of the
strongly acidic cation exchanger was determined as follows:
¥ Converting the cation exchanger into Na+ form, exchanging the cation exchanger with demineralized
water → measuring 2 ml of cation exchanger in Na+ form → solution of sodium sulphate VZ2.
¥ Converting the cation exchanger into Zn2+ form for 24 hours to establish a thermodynamic equilibrium at
the room temperature with washing water VZ1 containing 110 mg/L Zn2+ as ZnSO4. Determination of input
/output difference of Zn2+ ICP-AES. Washing of cation exchanger with demineralized water.
¥
Conversion of cation exchanger into Na+ form → solution of sodium sulphate VZ2 → removal of displaced
Zn2+ ions and determination of its concentration. Washing of cation exchanger with demineralized water.
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B) Sulfuric acid regeneration tested
The cation exchanger was regenerated with 3 wt. % H2SO4 using the recommended amount of 3 mol per litter of
ion exchanger when the cation exchanger was in the H+ cycle, in this case. The total capacity of the strongly acidic
cation exchanger was determined as follows:
¥ Converting the cation exchanger into the H+ form, washing the cation exchanger with demineralized water
→ measuring 2 ml of cation exchanger in H+ form → 3 wt. % H2SO4.
¥ Converting the cation exchanger into Zn2+ form for 24 hours to establish a thermodynamic equilibrium at
room temperature with wash water VZ1 containing 110 mg /L Zn2+ as ZnSO4. Determination of input / output
difference of Zn2 ICP-AES. Washing of cation exchanger with demineralized water.
¥ Converting cation exchanger into H+ form → 3 wt. % H2SO4 → collections of displaced Zn2+ ions and
determination of their concentration. Washing of cation exchanger with demineralized water.

Results
The results of the initial analysis show that the acid-purified (pH = 2.17) used washing water is slightly organically
contaminated (COD = 458 mg/L, TOC = 114.24 mg/L). Contains about 110 mg/L (1.676 mmol) zinc in the form of
270.65 mg/L (1.676 mmol/L) zinc sulfate and 280 mg/L (11.773 mmol/L) sodium, corresponding to 836.2 mg/L
sodium sulfate (5.887 mmol/L). The zinc sulfate model solution was prepared at the same concentration cZn =
110 mg/L as determined in the used washing water VZ1. The solution was prepared by dissolving 967.2 mg (3.364
mmol) of zinc sulfate heptahydrate in 2 L of demineralized water. Subsequently, 2 ml of Lewatite Mono Plus S108
in sodium form (theoretical ion exchange capacity for Zn2+ is 2.2 mmol) was transferred to this solution. The
solution was left under stirring for 24 hours to establish thermodynamic equilibrium at room temperature. The
sample solution was then sampled and the final zinc concentration was determined by ICP-AES followed by the
calculation of the real ion exchange capacity of Lewatite Mono Plus S108 for Zn2+ ions from the difference in
concentrations. Subsequently, 5% wt. sodium sulfate solution and the concentration of Zn2+ ions were
determined again in the collected solution. The experiment was repeated three times. The results are
summarized in Table 8. Analogously, a series of 3 experiments were performed. Instead of the zinc sulfate model
solution, was applied the used washing water sample VZ1, there. And the regeneration solution VZ2 was used
for regeneration.. Table II provides an overview of the results of batch and column tests.
Table II
Summary of results of batch and column experiments determining the useful capacity of Lewatit Mono Plus ion
exchanger S108 in the capture of Zn2+ ions from the washing water VZ1 with the input concentration cZn = 110
mg/L when applying the currently used regeneration solution Na2SO4 VZ2 and newly tested regeneration 3 wt.
% H2SO4
Model solution of zinc sulfate, concentration cZn = 110 mg/L
Batch Experiments
Column experiments
Contemporary
Contemporary regeneration
Tested regeneration
Tested regeneration
regeneration
Lewatit Mono Plus S108
Lewatit Mono Plus
Lewatit Mono Plus S108
Lewatit Mono Plus
with Na2SO4 reg. solution
S108 solution 3hm. %
solution 3hm. % H2SO4
S108
VZ2
H2SO4
1.with
iteration
1.341
1. iteration
1.813
1. iteration
1.327
1. iteration
1.721
Na2SO4 reg.
2. iteration
2. iteration
1.776
2. iteration
1.315
2. iteration
1.796
solution VZ2 1.325
3. iteration
1.307
3. iteration
1.751
3. iteration
1.366
3. iteration
1.754
Average csum.
1.324 Average csum.
1.780
Average
Average csum. 1.757
1.336
St. deviation
St. deviation
0.022
St. deviation
0.014
0.025 St. deviation
0.031
csum.
VZ1 delivered purified wash water - ion exchanger inlet c-Zn = 110 mg/L
Batch Experiments
Column experiments
Contemporary
Contemporary regeneration
Tested regeneration
Tested regeneration
regeneration
Lewatit Mono Plus S108
Lewatit Mono Plus
Lewatit Mono Plus S108
Lewatit Mono Plus
with Na2SO4 reg. solution
S108 solution 3hm. %
solution 3hm. % H2SO4
S108
VZ2
H2SO4
1.with
iteration
1.354
1. iteration
1.787
1. iteration
1.328
1. iteration
1.773
Na2SO4 reg.
2. iteration
2. iteration
1.751
2. iteration
1.250
2. iteration
1.833
solution VZ2 1.308
3. iteration
1.269
3. iteration
1.828
3. iteration
1.303
3. iteration
1.743
Average csum.
1.310
Average csum. 1.789
Average csum.
1.294
Average csum. 1.783
0.035
0.031
0.037
St. deviation
St. deviation
St. deviation
0.032
St. deviation
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Conclusion
Batch and column experiments have clearly demonstrated the possibility of increasing the capacity of the used
acid cation exchanger Lewatit Mono Plus S108 by about 26%. It is possible if the previously used sodium sulfate
regeneration solution VZ2, which is permanently contaminated with zinc sulfate in the amount of 6.7 g/L and
cellulose and hemicellulose residues (COD = 2150 mg/L, TOC = 903 mg/L), is replaced by 3 wt.% sulfuric acid.
According to the ion exchanger´s producer, the amount of regenerative agent can be reduced by switching from
a Na+ cycle to an H+ cycle from 3.4 equivalents Na+/L to 3.0 equivalents of H+/L (1.5 moles of H2SO4 per litter of
cation exchanger).
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Abstract
The main goal of our research was to compare the efficiency of natural and supported attenuation as a
remediation method for the removal of potentially toxic elements from mining waters occurring on the sites,
where sulfide mineralization deposits were present in the past. Samples for this research were taken from sites
with abandoned mineral deposits of sulfide ores. These pose a danger to the environment in the form of
increased concentrations of some potentially toxic elements (especially: As, Sb, Ni, Hg) in waters flowing out of
the abandoned mines. These were the Medzibrod, Poproč, Dúbrava and Pezinok localities, where the main risk
is represented by increased concentrations of As and Sb, and the Merník locality, where increased concentrations
of Hg and Ni were found. As part of our research we have successfully proved that natural attenuation is an
effective remediation method for mining waters contaminated by potentially toxic elements. We also proved,
that supported attenuation (by aeration) significantly increases the amount of precipitates – secondary mineral
phases in the form of Fe oxyhydroxides.

Introduction
Cleaning of mining waters contaminated by various chemical elements is very demanding, both economically
and in terms of time. The source of pollution usually cannot be removed, therefore we can only attempt to
reduce its consequences, which can be long lasting. The remediation of these areas using physico-chemical
methods is usually costly and often involves additional environmental risks. Conventional methods of mine water
purification include coagulation and flocculation, membrane separation, a few electrochemical methods,
chemical extraction, ion exchange and others1, 2. Recently, not only natural and synthetic sorbents, but also
industrial and agricultural wastes are used to remove contaminants from waters. This can be a cost-effective
alternative to commonly used, more expensive methods for removing metals and metalloids from waters3, 4.

Materials and methods
Samples used in our research are represented by mining waters extracted from abandoned mining areas, Pezinok
and Poproč, and naturally emerging secondary mineral phases in the form of Fe oxyhydroxides from localities
Medzibrod, Dúbrava and Merník. Localities Medzibrod, Dúbrava, Poproč, Pezinok, are abandoned mining areas
where Sb ore used to be mined, and locality Merník is an abandoned Hg mining area.
Main goal of our research was to compare the efficiency of natural attenuation and attenuation supported by
aeration. Tis comparison was carried out on the sample from Pezinok. Sample PK-1 is an uninfluenced sample of
mining water. Samples PK-2 and PK-3 were after extraction filtered through filters with pore density of 0,45 µm
and 0,2 µm respectively. Sample PK-4 was left to sediment for 5 days (natural attenuation) and then filtered
through a filter with pore density of 0,45 µm. Samples PK-5 and PK-6 were aerated using an air pump for 1 day
and 5 days respectively, and then filtered through a filter with pore density of 0,45 µm. All samples were
stabilized using 1ml of HNO3 and sent to a laboratory for analysis. Precipitated solids (mainly Fe oxyhydroxides)
were after filtration left to dry at 40 °C and weighed. Sample PK-3 was first filtered through a filter with pore
density of 0,45 µm, and then through a 0,2 µm filter. No solid phase was present after the filtration through the
0,2 µm filter.
Samples from other areas of interest were extracted mainly to determine the properties of the emerging solid
phases – Fe oxyhydroxides. We chose different mining areas with different geneses to compare qualitative
properties of the emerging solids.

Discussion and result analysis
Table I provides a brief summary of samples from Pezinok locality used for comparison between natural and
supported attenuation. All samples were stabilized using 1 ml of HNO3 and then sent for analysis. Samples PK-4,
PK-5 and PK-6 were after sedimentation/aeration filtered through a filter with pore density of 0,45 µm and the
collected solids were then dried and weighed.
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Table I
Summary of samples from Pezinok
PK-1
unfiltered sample
PK-2

filtered through 0,45 µm filter

PK-3

filtered through 0,2 µm filter

PK-4

5-day sedimentation

PK-5

1-day aeration

PK-6

5-day aeration

Quantitative analysis of samples from Pezinok (Table II) shows, that even the short, 1-day aeration (sample PK5) helped increase the amount of emerging solid phases by two-fold, compared to the 5-day sedimented sample
(PK-4). 5-day aeration (sample PK-6) proved to be the most effective, increasing the amount of emerging Fe
oxyhydroxides by almost 3-fold. This is the proof, that the supported attenuation is more effective and efficient,
than natural attenuation.
Table II
Quantitative analysis of emerging Fe oxyhydroxides from samples extracted from locality Pezinok
Amount of precipitate [g]
Sample
5 liters
1 liter
PK-2

0,1111

0,02222

PK-4

0,0919

0,01838

PK-5

0,2102

0,04204

PK-6

0,3286

0,06572

This also corresponds with our other research, which was carried out on the samples of mining waters from the
locality Poproč. Using natural attenuation, we managed to obtain only 0,009 g/l of precipitates. After 3 days of
intense aeration, we collected 0,053 g/l of precipitates, which is a proof, that the supported attenuation was
almost 6-times more effective than the natural attenuation. Difference in effectiveness between the samples
from Pezinok and Poproč may be caused by higher Fe concentrations in the mining waters from the locality
Poproč.
Chemical analysis of samples from Pezinok shown in Table II also supports the fact, that aeration increased the
formation solid phase, because content of Al, Fe and mainly Mn decreased with the level of aeration.
Table III
Chemical analysis of water samples from the locality Pezinok
Al

As

Ca

Fe

Mn

Sb

Si

Zn

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

PK-1

2,17

1,56

174,01

2,67

0,55

0,41

11,28

0,15

PK-2

0,03

1,07

166,90

0,60

0,49

0,39

9,85

0,02

PK-3

0,03

1,04

166,83

0,39

0,50

0,39

9,92

0,04

PK-4

0,04

0,86

165,84

0,00

0,41

0,39

9,28

0,01

PK-5

0,06

1,02

166,84

0,00

0,37

0,41

9,45

0,00

PK-6

0,05

0,89

145,34

0,00

0,06

0,41

9,32

0,00

Sample

Supported attenuation proved to be more effective regarding the quantity of emerging solids. But considering
the removal of potentially toxic elements, supported attenuation was not significantly more effective compared
to natural attenuation. All potentially toxic elements seemed to have bound to the Fe oxyhydroxides that
precipitated from the mining water even without aeration.
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Lower content of potentially toxic elements As, Sb and Zn in samples PK-4, PK-5 and PK-6 also proves, that both,
natural and supported attenuation are effective remediation methods for removing potentially toxic elements
from mining waters originating from deposits with sulfidic mineralization.
Another important part of our research was the research of properties of Fe oxyhydroxides. Samples for this
research were extracted from localities Medzibrod, Dúbrava and Merník. Chemical analyses of these solid phases
are shown in Tables IV and V.
Table IV
Chemical analysis of Fe oxyhydroxides from localities Medzibrod and Dúbrava
Sample
M1
D3

Al

As

Fe

Mn

Sb

Zn

Pb

Hg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

553
537

107484
7399

273677
308013

699
15823

12107
1925

72
50

24
6

0,296
0,043

Table V
Chemical analysis of Fe oxyhydroxides from locality Merník
Ni
As
Sb
Hg
Cr
Sample
mg/kg in dry matter
V1
V2
V3

71
358
138

46,75 0,84
20,17 1,14
114,82 <LOD

0,699
2,214
0,775

199
519
81

Fe
% of dry matter
17,44
22,81
24,73

Interesting about the Fe oxyhydroxides from the locality Merník is the content of Hg (Table V). This is typical for
this locality as it is an abandoned Hg mining area.
Fe oxyhydroxides are main natural sorbents for Sb and can precipitate in the wide range of pH values 5, 6, 7. These
Fe precipitates significantly help to reduce the mobility of dissolved contaminants in water environments8. Fillela
et al.9 point out the importance of Fe oxyhydroxides in reducing the mobility of Sb, especially in acidic soils and
waters.

Figure 1. Sample D3 – particle distribution of Fe oxyhydroxides from locality Dúbrava
Figure 1 shows size distribution of Fe oxyhydroxide particles expressed by cumulative distribution and density
distribution. It can be seen, that all the particles are sized between 150 nm and 4500 nm. Most of the particles
have the size of 550 nm. Figure 2 shows the same kind of particle size analysis on 2 samples from locality Merník
– samples V1 (Figure 2 A) and sample V2 (Figure 2 B).
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Figure 2. Sample V1 (A) and V2 (B) – particle size distribution of Fe oxyhydroxides from locality Merník
Particle size of the Fe oxyhydroxides varies from 200 nm to 1100 nm in sample V1 (Figure 2 A) and from 150 nm
to 3000 nm in sample V2 (Figure 2 B). Most of the particles in both samples have the size between 550 nm and
600 nm. Mineralogical analysis of emerging Fe oxyhydroxides using X-ray diffraction analysis proved, that
samples from Dúbrava and Merník consist mostly of the mineral ferrihydrite.

Conclusion
In our research, we managed to prove, that supported attenuation (by aeration) is more effective and efficient
regarding the quantity of emerging solids – secondary mineral phases of Fe oxyhydroxides, compared to natural
attenuation. These mineral phases – Fe oxyhydroxides are effective sorbents for the removal of potentially toxic
elements (metals and metalloids, especially Sb and As) from mining waters with high contents of Fe. The
supported attenuation did not prove that much more effective than natural attenuation regarding the
effectiveness of the removal of potentially toxic elements.
XRD analysis shows, that emerging solids precipitating from mining waters are mostly represented by
ferrihydrite. But these mineral phases are very poorly crystalline, and their mineralogical determination is
complicated. The emerging mineral phases are often unstable and tend to transform to more stable
goethite10, 11.
Particle size analysis shows, that most of the particles occurring in the naturally emerging mineral phases of Fe
oxyhydroxides have the particle size of 550 nm. Hence the use of filters with pore density of 0,45 µm is sufficient
to rid waters of these solid phases and thus reduce the mobility of potentially toxic elements.
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Abstract
This work deals with the removal of chlorinated acid dyes such as Mordant Blue 9 and Acid Yellow 17 from
model wastewater using granular activated carbon and ionic liquids. In this work, comparison of granular
charcoal adsorption efficiency with subsequent effect of added aqueous mixture of
benzylalkyldimethylammonium chloride (benzalkonium chloride) with methyltrialkylammonium chloride
(Aliquat 336) on mentioned dyes removal efficiencies was studied. It was observed that addition of ionic liquid
to the saturated active carbon enables enhancement of sorption capacity of this adsorbent.

Introduction
The water is most frequently used green solvent applicable for example for the production of anionic (or acid)
azo dyes. Sulfonic acid groups bonded in the structures of anionic dyes make these colorants water soluble. The
main method applied for the isolation of acid dyes from the aqueous reaction mixture is the precipitation of
produced dye by salting out by addition of excess of sodium chloride and subsequent filtration. Obtained
aqueous filtrate is in fact saturated aqueous solution of appropriate dye. Occurrences of chlorinated acid dyes
in aqueous effluents increase chemical oxygen demand (COD) parameter and content of adsorbable organically
bound halogens (AOX), in addition, there are non-biodegradable. The increasing cost of wastewater treatment
requires needs for cheap and effective treatment techniques. Adsorption processes are being widely used for
removal of dyes from waste water streams (1), however, these processes are limited by several factors like pH,
salinity, quantity of contaminants, etc.
We proved that another method for effective removal of acid dyes from aqueous solution is based on ion
exchange reaction caused by addition of hydrophobic quaternary ammonium or phosphonium halogenides
(ionic liquids, R4N+Cl- or R4P+Cl-) into the aqueous solution of acid dye (2-5). Ionic liquids (ILs) are low melting
organic salts composed by large asymmetric organic cations and inorganic or organic anions. ILs exhibit very
low vapour pressure under ambient conditions and thus are effectively non-volatile compounds. Some ionic
liquids are water soluble, whereas the others are lipophilic and sparingly soluble (6).

Figure 1. Chemical structure of Mordant Blue 9 (CAS Number: 3624-68-8)
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Figure 2. Chemical structure of Acid Yellow 17 (CAS Number: 6359-98-4)

Experimental part
Mordant Blue 9 and Acid Yellow 17 dyes and ionic liquids benzalkonium chloride and Aliquat 336 were supplied
by Sigma-Aldrich Co. Granulated active carbon Hydraffin CC 8X30 was obtained from Donauchem Co., Austria.
A stock solution of dye (0.01mol/L) was prepared by dissolving the appropriate amount corresponding to 10
mmol of Mordant Blue 9 or Acid Yellow 17 dyes in 100mL and completing to 1000 mL with distilled water. The
separation efficiencies of dyes removal were analysed using UV-VIS spectroscopy. The removal
efficiency (RE %) of dyes was determined from absorbance measurements according to the concentration
absorbance standard curves at the respective maximum adsorption wavelength of the individual dye solutions
(see Table 1). The prepared dye solutions were diluted to the 1 mM concentration by tenfold dilution with
demineralized water.
Afterwards, RE % was calculated from Eq.1:
RE (%) = (1-A/A0) x 100
(Eq. 1)
,where A and A0 denote the absorbance in the solution after and before precipitation, respectively.
The laboratory glass adsorption column was filled using granular activated carbon (50 grams). Activated carbon
was first rinsed with water to wash out the coal dust. Subsequently, the adsorbent was saturated using 1 mM
aqueous dye solution using flow rate 150 mL per hour till absorption of effluent at absorption maximum
reached A value of used 1 mM dye solution. The amount of dye was dosed in 200 mL of 1 mM solution for each
wash, the wash time was 70-90 minutes. Determination of charcoal removal efficiency (amount of dye
removed from the model aqueous dyes solutions) was determined according to the Lambert-Beer law
measuring absorbance A at absorption maximum of appropriatte dye (see Table 1).
The saturation of the activated carbon adsorption layer was accomplished until absorbance of the eluate at
Amax was greater than 18.34 for Mordant Blue 9 and 19.54 for Acid Yellow 17 (see Table 1).
In the next step, the saturated layer of adsorbent was impregnated with 2.5 g of aqueous ionic liquids mixture
(benzalkonium chloride 50% : Aliquat 336 1: 1) and subsequently the impregnated layer of granulated active
carbon was washed with 100 mL of demi water in the rate 70 mL per hour. The quantity of desorbed dye in
obtained eluate was analysed on a spectrophotometer. , The activated carbon thus prepared was further
saturated with 1 mM dye solution at the flux rate 150 mL/h until saturation. Each 200 mL portion of obtained
eluate was analysed on a spectrophotometer. After saturation of sorption layer, the closed sorption column
was left overnight, and a next impregnation of sorption layer and subsequent removal of dye from 1 mM
aqueous dye solution was studied according to the above described procedure. The impregnation of sorbent
and subsequent separation of dye was performed 3-times in three days. The experiment was repeated three
times in each experiment (see Figures 5 a 6).
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Figure3. Chemical structure of commercially available ionic liquid benzalkonium chloride

Figure 4. Chemical structure of commercially available ionic liquid Aliquat 336:

Table I: Specification of studied dyes
Quantity of dye [g/L] Λmax [nm] Measured absorbance of
10 mM dye solution at
Λmax

Used dye

c [molL-1]

Mordant Blue 9

0.01

10.56

516

183.4

0.01

11.23

400

195.4

dye content 50 %
Mr=502.81 g/mol
Acid Yellow 17
dye content 50 %
Mr=551.29 g/mol

Results and discussion
Measured absorbances of all the analysed samples of eluates dealing with sorption efficiencies of acid dye
Mordant Blue 9 are depicted in Figure 1. As could be seen, using approximately 2 liters of 1 mM solution of
Mordant Blue 9 caused complete saturation of 50 g granulated active carbon layer used as the sorbent (see
Figure 1). After subsequent addition of ionic liquids solution (impregnation of charcoal with mixture of ILs, the
absorbance of subsequent eluent dropped from initial value of 14.31 to less than 8, however, quickly turned to
14±4. Similarly, testing sorption of Acid Yellow 17, the active carbon layer in adsorption column was saturated
after elution of ca. 2 liters of 1 mM aqueous solution (see Figure 2). After subsequent addition of ionic liquids
solution (impregnation of charcoal with mixture of ILs, the absorbance of subsequent eluent dropped from
initial value of 14.31 to less than 8, however, quickly turned to 16±4. However, next addition of aqueous
solution of ionic liquids caused increase of removal efficiency of impregnated sorbent layer.
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Figure 5. The amount of removed dye Mordat Blue 9
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Figure 6. The amount of removed dye Acid Yellow 17

Conclusion
The paper deals with the use of activated carbon to remove halogenated acid dyes increasing the AOX
parameter from model wastewater. Classic activated carbon was used to remove of two halogenated dyes
from model wastewater. It was verified that at least part of sorption activity of saturated sorbent layer should
be reactivated using addition of cheap ionic liquids (benzalkonium chloride, Aliquat 336) to the deactivated
charcoal. Furthermore, this technique was repeated 3-times with similar results. Generally, application of ILs
for separation of organic acids from aqueous solution is probably promising alternative method for costeffective production of specialty organic chemicals.
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