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REDIRECTION OF METABOLIC FLUXES IN CLOSTRIDIUM BEIJERINCKII AS A RESPONSE TO LIGNOCELLULOS
INHIBITORS

NI VEY2 LIS YOS 52d0120t 50

''YAOGSNEAGE 2F / KSYA&aiUiNR FYR ¢SOKy2f238x ¢SOKYyAO(it p=
barbora.branska@vscht.cz

Abstract

Lignocellulose biomass represents a promising renewable source of utilisable saccharides for biotechnology
upon hydrolysis. Any efficient treatment of this recalcitrant material leads inevitably to the production of
chemicals that hinder cell growth or production. Solventogenic clostridia suehga<lostridium beijerinckii

can transform a range of inhibitors and growth in their presence; nevertheless, changes in product ratio to the
disadvantage of solvents are a frequent undesirable phenomenon. Seven common inhibitors (vanillic acid,
4-hydroxybenzoic acid, syringaldehyde, coumaric acid, ferulic acid, furfural, and hydroxymethyl furfural) were
tested and their impacts on growth, acids and solvents production were evaluatedidstridium beijerinckii

NRRL #598. Aconsiderable decrease in solvent production was observed under sublethal inhibitor
concentrations in the presence of syringaldehyde, coumaric acid, and ferulic acid, while it was accompanied by
a significant increase in butyric acid formation only for cultures challenged by coumaric acid. In the case of
ferulic acid and syringaldehyde, rather the ability to fully utilise available glucose was negatively influenced,
suggesting different mechanisms of impact of inhibitors on fluxes through central metabolism.

Key wordsilignocellulose inhibitors, Clostridium beijerinckii, solventogenic clostridia

Introduction

Solvent production employing microbial producers has gained increased attention mainly in connection with
sustainable production of biofuels, while the most profound molecule for this purpose is bio butanol, the
primary metabolite of the fermentation metabolism of solventogenic clostridia. Today, electricity and hydrogen
are rather considered for the replacement of fossil fuels in transportation, while bio butanol remains a focus
mainly as a precursor for synthetic biofuels and as a bio solvent. A grougicodorganisms capable of
production of butanol and other solvents belong to the gerllsstridiumand, owing to their fermentation
profile, they are called solventogenic clostridia. Among the most promising species for industrial production
belong C.acetobutylicum C.beijerinckij C. saccharoperbutylacetonicumnd C. dioliswhich differ slightly in
aspectrum and ratio of produced metabolites and by substrate utilization preferences with the strongest
carbon catabolite repression observed f@r. acetobutylicum This feature is important because of the
increased requirements for sustainable production from renewable sources that are naturally composed of
multiple components. Lignocellulose biomass belongs to the most promising substrate for the biotechnological
production of bulk chemicals; however, its utilisation requires overcoming many issiesntabundant and
readily available material produced as part of plant biomass. It consists of cellulose, hemicellulose, lignin, and
other less represented components. The main bottleneck is its recalcitrance caused by the tight
interconnection of these molecules and thus complicated processing of their separation and consequent
hydrolysis. Many different procedures have been developed to obtain fermentable substrates from
lignocellulose biomasshowever, those sufficiently efficient inevitably produce adevrange of chemicals
hindering microbial growth or production, these are collectively referred to as inhibitors. From a chemical point
of view, they are mainly furans, phenols, organic acids, and inorganic salts. When lignocellulose hydrolysates
are fermented by solventogenic clostridia, these inhibitors can cause a decrease in and a delay in culture
growth and severe intervention to the metabolic pathways of solvent produéti@enerally, the metabolism

of solventogenic clostridia consists of two stagEgst, the acidogenic one, which is characterised by rapid
population growth, production of high titres of acids, acetic and butyric and gases with high content of
hydrogen. The decrease in pH of the fermentation medium together with the accumulation of acids and some
factors that have not yet been revealed lead to the metabolic switch to the second phase, solventogenesis. In
the solventogenesis, the carbon source is predominantly converted to butanol, acetone, ethanol, and
eventually isopropandl At the same time, acids formed in the first stage are reutilised to solvents too.
Unfortunately, until now, the exact mechanism and regulation of the metabolic switch have not been revealed.
The presence of lignocellulose inhibitors in fermentation media often ledpmknged stay in the acidogenic
stage, decreased reutilization ability of acids, or total loss of solvent production, all of them leading to lower
titres of desired solvents One of the reasons for the observed phenomenon might be the altered

ICCT 202]| book of proceedings 9



redistribution of intermediates into branches of the central metabolic pathway due to the changed availability
of reduced cofactors NADH and NADPH. These could be usedeioxification reactiof in which the
inhibitors present in hydrolysates are reduced to a less toxic compound.

In this study, our objective was to reveal whether the presence of sublethal concentrations of the most
common inhibitors will result in different production profile or in general deterioration in growth and
production performance caused by adverse conditions.

Materials and methods

All experiments were performed with the strai@lostridium beijerinckiNRRL #98 obtained from ARS
collection and cultivated in Erlenmeyer flasks in an anaerobic chamber Concept 400 (Ruskin). Cultivation
medium used was P2 (glucose @b, yeast extract f/L, the following solutions were sterilized separately by
filtration and completed prior to cultivation; acetate buffer: KH2PO4 ¢il5 K2HPO4 0.5 g/L, ammonium
acetate 2.2y/L; vitamins: paramino-benzoic acid 0.001 g/L, thiamine 0.001 g/L, biotin 0.009Q1 minerals:
MgS04.7H20 0g/L, MnSO4.7H20 0.@fL, FeSO4.7H20 0.9, NaCl 0.08/L). Inhibitors were diluted in
DMSO and added prior inoculation that was carried out via pipetting the overnight culture prepared from spore
stocks as described previously

Optical density was measured after appropriate dilution imll volume cuvettes using Varian Cary 50 (Agilent)
spectrophotometer and wavelength 600n. Glucose concentration and primary metabolite quantification was
performed as described n

Results and discussion

Seven inhibitors were tested in static cultures in which inhibitors were added to the medium prior to
inoculation and the final profile of the metabolites and the biomass formed were analysed aftero96
fermentation Because clostridia very often showhigh variability in behaviour depending on very small
fluctuations in culture conditior’$, each batch was supplemented with its own control culture without the
addition of an inhibitor Acomparison of these parameters for all inhibitors tested is shown in Figures 1 and
3¢5. Figure 1 shows the overall growth of the culture and indicates that, except for furan derivatives, the
presence of all other inhibitors decreased the optical density (OD) that were finally reached. It should be noted
that, in the case of clostridia, the decrease in OD might be caused by entering the culture to the sporulation
cyclé® which changes the optical properties of the cell suspension and together the absorbance values.
However, the presence of inhibitors rather decreases the sporulationtraterefore in this case we can
assume the OD drop to be proportional to the decreased ability to reapfrtain cell density. The lower
sporulation rate was also observed in our experiments, where it was accompaniedchignge in cell
morphology, which, instead of the short rods observed under control conditions, showed rather
filamentouslike growth after the addition of the inhibitor; see big 2.

Growth

Syringaldenyde (0.3 O L) ————— e |
HMF (1.0 0/L) —————pa——
FUITUTAL (1.0 O/L) ———————s— | |

CoumariC acitl (0.4 O L) ———— e |
Ferulic acid (0.4 0/ L) m————— e 1

Hydroxybenzoic acid (0.2 g/L)—=-|
Vanillic aCid (0.3 (/L) ——————— e |

0 0,5 1 1,5 2 2,5 3
Optical density (OD)
OD inhibitor ®m OD control

Figure 1. Values of optical density reached after 96 h of cultivati@ bgijerinckiNRRL £98 in the presence
or without inhibitors (control). The values are means of three biological replicates and error bars represent
standard deviation.
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Figure 2. Changes in cell morphologyCofbeijerinckiNRRL 598 in the presence (Left) or without inhibitors
(Right). Samples were withdrawn after B6of cultivation and observed using phase contrast microscopy,
Olympus BX51.

Glucose consumption (kige 3) was calculated from the initial and final concentrations of glucose in medium.
The approximate initial concentration was set atg!b. The addition of all inhibitors decreased the amount of
glucose utilised in the batch experiment. The accumulation of acids and solvents calsa®ase in the
viability of the production culture with an early cessation of the fermentation prat@sthibitors present in

the culture medium, or their less toxic forms could contribute to the overall toxicity of the médiith an
additive or synergistic effettresulting in lower glucose utilisation. Due to the fact that the rapid viability assay
at the single cell level is complicated in the case of solventogenic clodtfitlithe direct impact of inhibitors

on their viability was studied very scarcely. Nevertheless, viability, growth, and substrate consumption are
significantly influenced by the instantaneous culture/individual cell state.

Glucose consumption (%)

Syringaldehyde (0.3 (/L — e |
HIVME (1.0 01/L.) e e |
FUIFTUIRAL (1.0 0/ L) e |
Coumaric acid (0.4 g/ L —— |
FErUNic aCiol (0.4 0 L) —————————————————— e s |
HydroxybenzoiC acid (0.2 O/ L ————— s |
Vanillic acid (0.3 (/L) —— e s |

0 10 20 30 40 50 60 70 80 90

Glucose consumption in % of initial amount

® Inhibitor = Control

Figure 3. Glucose consumption in percent calculated from initial values and concentrations alfteof 96
cultivation ofC. beijerinckiNRRL £98 in the presence or without inhibitors (control). The values are means of
three biological replicates and error bars represent standard deviation.

Figs. 4 and 5 show the titres of butyric acid and butanol levels after the fermentation. Other products are not
shown due to chromatographic overlap of retention time of acetone with DMSO used to solubilize solid
inhibitors. Ethanol is formed in negligible concentrations in st@ibeijerinckiiNRRL 598 and acetate is
already present in the optimized culture medium for solventogenic clostridia. Nevertheless, both butyric acid
and butanol represent two metabolic branches: acidogenic and solventogdiieover, solvents are often
formed in afixed ratio. It is apparent that except for culture challenged by coumaric acid, butyric acid
formation was promoted only marginally, whiledacrease in butanol production is clearly demonstrated.

ICCT 202| book of proceedings 11



Comparing this observation with kig 6, where the calculated values for butanol yield are depicted, it can be
concluded that except for coumaric acid and potentially syringaldehyde, no redirection of metabolites was
detected and the decrease in butanol production can be attributed to the disruption of the second
solventogenic phase of fermentation. This is evidenced by lower consumption of glucose but comparable yields

(Ybutanol / glucosé.

Butyric acid formation

Syringaldehyde (0.3 g/L) =
HMF (1.0 g/L) F
Furfural (1.0 g/L) =
Coumaric acid (0.4 g/L) i
Ferulic acid (0.4 g/L) —=
Hydroxybenzoic acid (0.2 g/Ly — ==y
Vanillic acid (0.3 g/L) ]

0 0,2 0,4 0,6 0,8 1 1,2 14 16 1,8

Concentration (g/L)
Inhibitor = Control

Figure 4. Butyric acid concentrations after®®6f cultivation ofC. beijerinckiNRRIB-598 in the presence or
without inhibitors (control). The values are means of three biological replicates and error bars represent

standard deviation.

Butanol production

Syringaldehyde (0.3 g/L) ==
HMF (1.0 g/L) =
Furfural (1.0 g/L) =
Coumaric acid (0.4 g/L) =
Ferulic acid (0.4 g/L) =
Hydroxybenzoic acid (0.2 g/Ly —
Vanillic acid (0.3 g/L) =
0 1 2 3 4 5 6 7

Concentration (g/L)
Inhibitor = Control

Figure 5. Butanol concentrations after 96 h of cultivationCofbeijerinckiNRRL 598 in the presence or
without inhibitors (control). The values are means of three biological replicates and error bars represent
standard deviation.
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Butanol yield

IO

[eleleleb

Y (9/9)
QOO0 OOOoOo
(@
ONROOFRNRAOON

R B YButanol/Glucose_control YButanol/Glucose_inhibitor

Figure 6. Yields of butanol calculated from initial (tOh) and final (t96h) values. Y (g/g) were calculated as the
ratio of butanol produced to glucose consumed.

The production pattern of the culture challenged with coumaric acid revealed significant differences compared
to the other inhibitors. Acid production was more than doubled, and butanol production peas. Such
aphenomenon can be observed when lignocellulose hydrolysates are utilised for butanol production. Another
study suggested that the main reason for the preferential production of acids at the expense of solvents could
be attributed to the action of formic acld that is sometimes present in hydrolysates. However, in our
experiments pure chemicals were used instead of real hydrolysates. Luo et al! 2e@26ribed alecreased

rate of acid reutilization upon the addition of inhibitors to the growing culture, which could also contribute to
the increased butyric acid concentration. lodv butanol concentration was also reached in case of
syringaldehyde addition, but no alteration in acid concentration was observed. It suggests an additional (or
synergistic) effect of acids, solvents, and inhils{ér

Conclusion

Of the seven inhibitors tested, a redirection of metabolic flux to butyric acid was observed only in the case of
coumaric acid forC. beijerinckiNRRL #598. The presence of all inhibitors led to decreased production of
butanol, nevertheless except for coumaric acid and syringaldehyde, the yield remained unchanged in
comparison to the control, suggesting rather a reduction in the overall metabolic activity.
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Abstract

The development and application of bioprepdoat are currently key environmentally focused projects

to minimize the negative impact of human activity on the environment. The registered prégarmtst not be
phytotoxic, must effectively protect the plant from phytopathogens and/or promote its growth. In other words,

it must have biopesticide and/or biostimulant effects. This work focuses on the isolation and study of
chitin-degrading microorganisms that would be the basis (an active ingredient) of a preparation with
biostimulatory and/or biopesticidal effects. The identified isolates had to be tested for potential phytotoxicity
and enzyme production with a focus on chitinases. Eight individual procaryotic isolates with high chitinase
activity were successfully obtainedll isolates were noiphytopathogenicThe enzyme profile ohrthrobacter
stackebrandtiwith the highest biomass growth was the most diverse and rich in proteasteyizesand other
hydrolases. Although the highest chitinase activity was fluorometrically determined in the case of one strain
Pseudomonas gessardii

Introduction

The increase in human population, and therefore the associated increase in demand for food, together with
inappropriate agricultural practices, is contributing to the gradual reductiosaihfertility and degradation
oftheland under cultivatioh The agricultural sector is often threatened by improper and excessive use
of agricultural land, resulting in the creation of nutritional deficiencies in the’.s¥ield maximization (plant
productivity) is often mediated by the use of a range of expensive agrochemicals-afingybial origin, which

are a burden on the environmehtThe aforementioned negative aspects of intensive farming approach can be
mitigated by more environmentally friendly biotechnological practices. The problem of soil nutrient deficiency
can be solved by the application of nbazardous bipreparations which would additionally enhance the
vitality and fertility of economically important plants. Biodegradable, maturally persistent products that
effectively repel potential plant pests have significant potential to replace synthetic, chemical ‘spFags
development and optimization of the production process of biostimulant and biopesticide products based on
chitin-degrading microorganisms is rightly ranked among the main pillars of modern environmentally oriented
approaches irfintensive) agriculture in today's consumer society, and therefore this topic will be the main
focus of this project.

Microbial communities inhabiting (not only) the soil ecosystem have an irreplaceable influence oycling

of basic elements in the biosphéreThey have a huge biodegradation and therefore produgtiotential
thanks to their ability to synthesize a rich enzyme apparatus (chitinases, proteases, lipases...). From the point of
view of the development of a biopreparation intended for plant protection or growth promotion, the study of
microbial producers capable of synthesizing and produdiyglrolytic enzymes, surfactant molecules,
siderophores and other bioactive components is very import#it aforenentionedactive ingredientsvould
constitute the active cellular or necellular component of a potential biopreparatibrinorder to maximize

the increase in biomass or production of biologically active molecules and minimize the cost of the final
product, it is always necessary to design the optimal culture conditions and couwlsenstreamprocesses
Aproduct with antifungal, insecticidal or biostimulant properties must meet strict criteria taggroved and
placed on the market. The microbiaibpreparation(active ingredient of the biostimulant dniopesticide) must

not be pathogenic, phytotoxic or otherwise harmful to the environment or humans. However, the approval
process with subsequent registration of the bieparation (biopesticide, biostimulant) needs to be set within
astandardised legislative framework that is currently being develdp&pecific examples of registered
biopesticides routinely used in the Czech Republic are the biopesticidedt 2 f @8 3SNR dzYt >~ 6Kz2aS$s
ingredient is the mycoparasitic oomyce®ythium oligandrum 2 NJ G KS o0A2adAYdzZ I yi ¢2y,
ingredient is an extract of the algAscophyllum nodosuinThe success of expanding the list of registered
biopreparations will be crucial to meet the evieicreasing demand for livelihoods by anstoppaly growing
human population, but not at the cost of increasing environmental contamination.
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Material and methods

Isolation of microorganism
The source for the isolation of microorganisms was compost. The isolation process was carried out by
enrichment culturing in an Erlenmeyer flask in basal salt medium (BSM) with neutral pH. Culture process was

carriedoutai 1 ¢/ ® ¢KS YSRAdzY Ay Of dZRSR ONHzAKSRSZ 02Af SR &KNJ

asource ofchitin (inducer of chitinase synthesis) and as a carrier of biofidominantly formed by
chitin-degrading microorganisms. Always after 14 days of culture, only the exoskeletons (the biofilm on the
surface was the source of inoculum) were transferred to fresh BSM and cultured again. This process was
repeated. The final step was the release of cells from the exoskeleton surface into fresh BSM using vortex. The
medium ¢ cell suspensiorr was then added onto DEV agar. After colony formation, single, morphologically
distinct colonies were separately inoculated onto fresh agar until only homogeneous colonies grew on the agar.
In this way, individual microbial isolates were isolated and tested in more detail in this Sthdydescribed
procedure is partly based on several studies

The effect of carbon source on isolates growth

Before starting to test individual isolates, it was necessary to determine the most suitable carbon and energy
source in terms of growth. Glucose, glycerol and ethanol (750 mg/l) were chosen for this purpose. The isolates
were cultured in wells of a microtiter plate containing BSM (pH = 7) and the specific carbon and energy source.

The initial OD value was 0.1. The plates with filled wells were placed in a Bioscreen C (Dynex, Czech Republic).

/[ dzt GA@GlIGAZ2Y 61 a OF NNBefoR eaghdziieastirément, the content¥ &f e wells wikre
homogenized by gentle shaking.

Preparation of cell suspension for future analyses

Cell suspensions of all isolates were produced for subsequent analyses. The most suitable carbon and energy
source (based on Bioscreen C results) was used with a concentratiog/lofoR culture of specific isolate.
Cultivation was carried out in an Erlenmeyer flask with BSM at a temperature ©f/ 20 | y PeridoNJ |
3days. The initial OD value was 0.2. Shrimp exoskeletons were also part of the medium. After the end of
cultivation, untreated cell suspensions and supernatants obtained by centrifugation of the original suspension
(10,000rpm, 5min) were studied.

Phytotoxicity tests

All isolates, including their metabolites, had to be tested for their potential phytotoxic effect on plant growth
and fitness For this purpose, a modified method described in the study by Salvatore stasiuseé’. The cell
suspension and supernatant representing the specific isolate were applied (4 ml each) dtetihed seeds

of lettuce (Lactuca sativd.. var.capipatatal.), which are very sensitive to the presence of toxic substances.
Theseeds were first treated with sterile distilled water, and then placed on sterile filter paper placed
at the bottom of a Petri dish. Fresh sterile BSM served as a negative control. After 4 days of cultivation in
the dark, an evaluation was carried out consisting in measuring the length of the shoots (image analysis of the
captured image using ImageJ software) and gravimetric analysis of fresh and dried plant biomass.

Screeningesting of the enzyme profile of isolates

In the case of nohytotoxic isolates, a preliminary screening of their enzyme profile was performed. For this
purpose, specific diagnostic solid agars were used, which contaisedbsérate (Tween 20 or 80, casein,
O2tt2ARItf OKAUGAYZ dz2NBIF0O AYyGSYyRSR F2NJ 6KS RSGSOGAz2Yy
semiquantitative diagnostic kit was used, which is designed to detect the presence of 19 different ekzymes
Productivity was shown only ag™(no production, "+' (low production) and ++' (high production) according

to the visual evaluation of the coloration of the we(l®lease ofcoloured product into the medium from

chromogenic substratdue to the presence of the enzyevhich was compared with thevaluationsheet.

Chitinase activity measurement

In this study, the chitinase activity in the medium after the end of cultivation was tested in detail.
Afluorometric assay was used for this purp&seThe measurement principle consists in the detection of
emitted fluorescent radiation by an enzymatically cleaved product (fluorophaecitation: 360hm, emission:
465nm). Thesubstance 4-metylumbelliferyiN-acetyhi -D-glucosaminid was used as substrate and
metylumbelliferol was the fluorescent product. Based on the measwmitted intensity, it was possible to
OFt Odzf S G(KS Syl &YS (amduitbfdeleasedpraduadieytimel ahd wel 2ofumi k K
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Specifically, the time dependence of chitinase production and chitinase activity at a specific time (afterf 3.5
cultivation) were measured. In the second case, the cell suspension and supernatant of all isolates were
studied. In this way it was possible to detect @sbociated chitinases with free extracellular ones (cell
suspension) and free extracellular chitinases only (supernatant). The measurement was carried out in
amicrotiter plate placed in the reader INFINIFEDO (Tecan, Switzerland).

Results and discussion

Isolation of microorganism

Eight prokaryotic isolates were successfully isolafgéliminarily characterized (morphology and/G) and
identified (16S fRNA analysis)These were specificallleseudomonas brennef2x), Pseudomonas gessardii
(3x), Arthrobacter stackebrandtiiGlutamicibacter uratoxydanand Stenotrophomonas maltophiliaSome of

the isolates were identical in terms of identification. For the time being, all of them will be tested, as even
identically classified microorganisms may have different behavadifferent production of biologically active
metabolites (enzymes...).

The effect ofcarbon source on isolates growth

The resulting values of specific growth rates (including standard deviations) indicated that glucose was the
most suitable source of carbon and energy compared to the other sources (see ITabiethe case of

A. stackebrandtiiand G.uratoxydans glycerol was also \&ery good source in terms of growth. On the other
hand, ethanol was th&east suitable source in most cases.

Tablel.
The resulting average specific growth rates represent the growth of isolates in the presengévefi @arbon
and energy source.

Specific growth rate (H)

Isolate Glucose Glycerol Ethanol

P. brenneri | nomma g dmd s gn dboiT H
P. brenneri Il NO®MHO § Oy mn ;i dsboid n
P. gessardii | nondd g Pmduyn A GO H
P. gessardii Il NOeMHA & Py mn A dbom
P.gessardiilll |n®n dd 5 dDNPHA YA DAPoIM O
A. stackebrandtiin ®mn m g1 dmdPon gn GAPyIM N
G.uratoxydans |[n®nn T § OPNP/pn pma DsHOOM T
S. maltophiia |n®nty & dDNeMn HA DO H

Phytotoxicity tests

Comparison of shoot lengths and fresh and dried plant biomass weights with those of the control (seeds
treated with BSM only) indicated that all isolatesd their supernatantsvere nonphytotoxic (see Figure 1).

This finding is very important in terms of their applicability as the basis of a biopreparation that has no negative
effect onplant growth. No apparent biostimulatory effect on seed germination and plant growth was observed
for any of the isolategwithin this method. However, this property will be studied more thoroughly using more
sophisticated methods.
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Figure 1: Phytotoxicity testing of a cell suspension (O )and a supernatant representing aparticular isolate
against sensitive lettuce seeds:¢fshoot length, B; dried plant biomass weight and €fresh plant biomass
weight

Screening testing of the enzyme profile of isolates

The resulting enzyme profiles of the studied isolates detected by using diagnostic solid agar and by the

semij dz YGAGEF GABS RAFIAy2a0GA0 1A0 ! tILAIglaes prddied esteyaef dzZRSR
phosphatase (acid and alkaline), urease, trypsin or napkghokphohydrolaseS. maltophiliawas the only

isolate found to produce chitinases using diagnostic solid agar containing colloidal chiticety -
glucosaminidase activity was detectedAnbrennerll, P. gessardiill andA. stackebrandtii The enzyme profile

of A. stackebrandtiwas the most diverse.

Tablel.
The enzyme profiles obtained from the evaluation of the diagnastid - 3 NJ ' yR GKS 1 tL %, at
stripe

P. brenneril \ P. brennerill | P. gessardiil \ P. gessardiill \ P. gessardiilll | A. stackebrandtii \ G. uratoxydans \ S. maltophilia
Diagnostic solid agar
Lipase (Tween 80) + + + + + + + +
Lipase |(Tween 20) + + + + + C + +
Protease(Casein) + + + + + + + +
Chitinase(Col. chitin) q < G < 3 C I3 +
Urease(Urea) + + + + + + + +
5AF3y28GA0 AGNRALIS 't L %, at

Alkaline phosphatase ++ ++ ++ ++ ++ ++ ++ ++
Esterase (C 4) + + + + + + + ++
Lipase esterase (C 8) + + + + + + + +
Lipase (C 14) < + I3 [3 + + + C
Leucinarylamidase + + + + + ++ ++ +
Valinarylamidase + + + + + + + +
Cystinarylamidase < q < < < 4 < S
Trypsine + + + + + ++ + +
apha-chymotrypsine < q q < < < S <
Acid phosphatase ++ ++ ++ ++ ++ ++ ++ ++
Naphtol-AS-BI-

++ ++ ++ ++ ++ ++ ++ ++
phosphohydrolase
alpha-galactosidase G < G C [3 + C C
beta-galactosidase q + q Q + ++ I3 q
beta-glucuronidase < < G q q < G q
alpha-glucosidase + + 4 3 + ++ + I3
beta-glucosidase + + I3 [3 + ++ + +
N-acethyl-beta- c . c c N . . c
glucosaminidase
alpha-mannosidase C < [ q q ++ + q
alpha-fucosidase < + G < + ++ G q

Note: '¢" = noproduction, "' = low production, #+' = high production
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Chitinase activity measurement

The kinetics of chitinase production, expressed as the increase in chitinase activity olveof2ulture

in amicrotiter plate, are shown in Figure 2. During 24 h, the highest increase in chitinase activity was observed
for P.gessardiil (fluorometric assay).
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Figure 2: Kinetics of chitinases production within 24 h

Comparison of measured values of chitinase activities after 3.5 hours of cultaneciatiter plate incase of
supernatants and cell suspensions. The highest values were measured in the dasges$ardiil ¢ cell
adza LISy airzy KYxtdatnk K aydRn ma dzLIS MY IR E k¥ &k K b P.oediskrdi, OHa 8 &
P.gessardiil and S.maltophillia, the majority of chitinases belonged to the group of extracellular free
enzymes.
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Figure 3: Values of chitinase activities in culture medium sanmplesl suspension and its supernataniat
aspecific time (3.%)

Conclusion

The resulted data, obtained in this study, will help with the selection of isolates for their potential to be
asuitable basis for a biopreparation with biopesticide and/or biostimulant effect. All key results are
summarised irthe following sections:

- Successful isolation of eight isolates with high chitinase activity

0 Pseudomonas brenner{2x), Pseudomonas gessard{Bx), Arthrobacter stackebrandiii

Glutamicibacter uratoxydarsnd Stenotrophomonas maltophilia

Glucose was the most suitable carbon source foisalbtes.
No phytotoxic effect of the isolates against the model plant was observed.
Arthrobacter stackebrandthad the most diverse enzyme profile.
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- Pseudomonas gessartlishown the highest chitinase activity (fluorometric assay).
o Chitinase activity after 3.5 It cell suspensior0.4450.01x Y2f kf Kk K | YR & dzJSN
=0.3650.02x Y2 f Kk f K K
- Determined chitinase activity depends a lot on used methpdesting on real plant pests will

be necessary.
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ZINC ASH WASTE TRANSFORMATION TO FERTISIZERBLE FORM FPERANTS
C2f GAYy20L6TFTLtpO20t wodsS Ydz6SNI aod

Research Institute of Chemical Technology, VUCHT a.s., Nobelova 34, 836 03 Bratislava, Slovakia

Abstract

Zinc is wetknown microelement, in a short time essentially needed in fertilizers and food. Ziecéssary for
the human immune systerg it works as an activator and stabilizer of many enzymes. Zinc plays the role in
biosynthesis of chlorophyl and protein stabilization. Plants take up zinc?a$oAs. Zinc is mainly needed by

O2Nys= OSNBIft ONRLAZ gAYISNI NLISaSSRTY K2LJAZX L}RLILERI 3N

Waste from car bodyshells is processed by remelting of such parts in Slovakia. This process produces waste zinc
ash. As a part of the task, we solved the possibility of processing this waste into a form suitable for plants. The
composition of waste was analyzed during 2 years from individual campaigns. Individual types of raw materials
entering the process were analyzed for a presence of lead. As a part of laboratory research, zinc ash was
processed into #orm suitable for plants. This product was then added into the fertilizer and the effect on
fertilizer properties was monitored. The production was tested in a small scale girézational production

before the operational trial itself. 3.3 ton of zinc ash were processed into nitrate form. It was necessary to
develop an analytical method to determine the end of the zinc nitrate formation reacti®®01ton of such
fertilizer was produced at the plant. The impact of zinc introduction into the fertilizer on the production
processes at the plant was evaluated. Problems that will need to be solved were identified. The effect of zinc
on the produced fertilizer was monitored and this fertilizer was compared with fertilizer without zinc. Part of
the fertilizer was stored in the big bags. In order to determine the effect of time on the fertilibég, l2ags are

taken out and checked at regular intervals.

Introduction

Zinc is one of the important micronutrients for plants. Zinc is an activator and stalgifineany enzymes and

in many cases has similar function as tig a Cuwhich it can also replace. It also affects the creation of
biologically active substances such as the synthesis of tryptophan. In the case of Zn deficiency, the synthesis of
RNA, proteins and starch decreases and the formation of chlorophyl is imphirdte Central Europe there

are many zinc deficient soils. Plants receive zinc in the for@ntf Zinc has the beneficial impact on the
immune system of the human body. Its decreased content in the soil resultiimea content in plants and

thus also decreased intake by the human body, and therefore it is necessary to supplement it by the nutritional
supplementsZinc is mainly needed by: corn, cereal crops, winter rapeseed, hops, poppy, grapevine...

Waste from car bodyshells is processed by remelting of such parts in Slovakia. During processing of this waste,
150tons per year of zinc ash are currently produced. The plan for the future is to process double amount of car
bodyshells waste, which would produce 300 tons of zinc ash waste per year. Currenttgnd 5 zinc ash

would be enough to produce of 980 tons of fertilizer with a zinc content of 0a2.%, which is by agronomic

the effective recommended dose content in fertilizers. Wad been monitoring the composition of zinc ash

over the course of ears. We received the samples of zinc ash from individual campaigns regularly and we
traced the composition in individual bodyshells types. Based on this, we specified the dose of zinc ash should
be added to the fertilizer and an influence of zinc content inhomogeneity on the final content in the fertilizer.
The content ofCd, Pb, Hg, Amd Crwas monitored to see if, after being incorporated to the fertilizer, they
would not exceed the legally permitted levels for the content of heavy metals according to Regulation of the
European Parliament and the Council 619/1009.In the case of carbon content, the limits fealtpeter
fertilizers are set in terms of explosiveness, and the presence of F and ClI in large quantities can affect the
technology (especially by corrosion). All these elements are within the limits vettfiaient margin to start
thinking about the use of these raw materials in fertilizers.

Table |
Minimal andmaxinmal content ofselected elements in zinc ash monitored o2grears
Zinc Zn C Cd Pb Hg As Cr F Cl
ash wt. % ppm
min 74.5
max 795 1.61 5 4000 2 2 10 1000 600

ICCT 202]| book of proceedings 22



Laboratory research

Zirc in zinc ash is found in the form MO ,which is not the most suitable form for plan#.more suitable form

is sulfate or zinc nitrate, which are water soluble. The project continued with laboratory research on the
transformation ofZnQinto these formsDecomposition of zinc ash by using nitric or sulphure acid:
ZnO + 2 HNObH Y2y b HO Q)

ZnO +EB5QTMH YLy HO 2)

A problem with the presence of free ammoniahich is used in the production of fertilizers and causes the
formation of anon-soluble zinc form

3Zn(N@2+4 NH+ 4 Hh  Bmp(OHJ(NGs)2+ 4 NHNGs 3)

47ZnS@+ 6 NH+ 6 Hh  AmSO(OH} + 3 (NH)2SQ 4)

Laborabry research was oriented to determining the conditions for maximum conversion and, in the case of
the nitrate form, also minimizing the formation of NOx. Under the right conditi®@§99%conversion was
reached without the free acid, or almo&00%conversion with a certain excess of acid. The next step was the
incorporation of these forms into fertilizers with minimal formation of meoluble form. After the
decomposition of the zinc ash by sulfuric/nitric acid, a suspension, which was added to the slurries of individual
fertilizers, was formed. We prepared the fertilizek§N+Zn (Kbtal = 26%; Sotal = 13% and Zwater =0.2%)

and CAN+Zn ¢(htal = 27%; Cadbtal = 6.5%; Mg@otal = 4.1% and Zwater = 0.2%)n a twinscrew
granulator (Figurel). The fertilizers prepared from zinc sulphate suspension had slightly better
physicochemical properties, but due to lower corrosion when using nitric acid, we chose zinc nitrate suspension
for further using.

Figure 1 Twin-screw granulator

We measure theize of the particles, bulk properties of zinc ash and compared the bulk properties with ground
dolomite (Tabldl). Dolomite is commonly used raw material in thiedd, and it is easier for technologist to

imagine what individual data mean for the point of view of storage and transport. The particle size of zinc ash is
upto50>Y GAGK2dzi dzf 6N} a2dzy R 0CA3IdzZNB o0 |yR dzLJ G2 wmn >Y
raw material is fineg it will become dusty during the transport and storage, but it is also very reactive. In the

case of zinc ash, the initial bulk density and tapped density are abtiote3 lower than those of dolomite,

which means that this raw material takes up 3 times more space in the warehouse, one truck takes away one

third of an amount, an since it has such low values of size and is extremely fine, it will be very dusty. Angle of
repose is an important data during storage, means which type of hill the raw material will create (zinc ash will

slide and the hill will be lower, that means, also in the warehouse it will takes up more of space in width in
comparison with dolomite). Dumping angle and angle of slide are important when unloading trucks, but most
AYLERNIFYyG A& GKS FFEOG GKFG GKS aARAY3I Ydzad 06S NI AaS
parameter when transporting raw materials through various overflows, bends... from this point of view, zinc

ash and dolomite behave similarly.
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Figure 2. Zinc ash May 2022 measurement wi Figure3. Zinc ash May 2022 measurement witho

ultrasound ultrasound
Table Il
Bulk properties dolomite and zinc ash
Parameter Unit Dolomite Zinc ash
Initial bulk density kg/m3 1173 360
Tapped density kg/m3 1435 430
Angel of repose C 41.9 33.7
Dumping angle C 54.8 60.6
Angel of slide C 37.7 44.7
Arching 1-7 1-7
Dumping angle Angle of slide Angle of repose
) p )
O oo O OO
Figure 4Dumping angle, angle of side and angle of repose
Arching
\5/\]\_/\_/\;/ i \SO/Lm
0.5 1.5 2.0 2.5 3.0 em

Figure 5Arching

Operational trial

After the endof the laboratory research, we moved on to the preparation of the operational trial. In the first
step, abatch suspension of zinc nitrate was prepared & @® reactor. It was done twice. In the first case, the
suspension was prepared so that all nitric acid redetecess ofzinc ash) and in the second case, on the
contrary, so that aninimum of unreacted nitric acickmains. For determination of the content of nitric acid in
this complex suspension, we developed a methodology by potentiometric titratitin sodium acetate. The
differences between suspensions have been prepared are mainly in the contents of undisdo®egdH ad

free acid content. Compared to the laboratory research, we gainegvar conversion achieved in much longer
time (the laboratory reaction takes minutes, the reaction in the reactor takes an fidarsomparison of these
processeswe found that this was probably caused by the significantly lower mixing intensity of the large
reactor and by different shape of the stirrers. We then measured physical properties in the samples
(unfiltered/filt ered) on the reason of storability and transport. Filtration was considered in cassuéion of

zinc nitrate was used instead of suspension. The viscosity of these solutions was atouRd.sat standard
pumps performancewhich is very good indicatoand at lowshear rates up to 100mPa.swhich is important

for example in the case of pump failure, or in the case of start mixing of the suspension in thBé¢asky and
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crystallization temperate were measured. Regarding the crystallization temperature, it was found that if the
suspension contains the small amount of free acid, the crystallization temperature is &boldawer which is
important during storage.

Table Il
The amount of produced suspension, the content of zinc nitrate, manganese nitrate, insoluble components, pH
and content of free nitric acid

Zn(NQ@)2 ¢ June 202z Zn(NQ)2 ¢ July 2022

Mass (kg) 6250 7000

Zntotal (wt. %) 19.91 18.7

Znwater (wt. %) 18.53 18.2

Zn(NQ)z (wt. %) 53.67 52.72

Mg(NQ)z (wt. %) 0.96 1.09

Insoluble residue in water (wt. % 2.42 2.75

Water (wt. %) 42.95 43.44

Free nitric acid (wt. %) 0 0.04

pH 2.6 0.3

1 Relation of the viscosity to shear rate

R*=0,7796 O 7n(NO3)2 luly unfiltered
R?=0,7633 ©  Zn(NO3)2 July filtered
R?=0,7815 ©  Zn(NO3)2 June unfiltered
R? = 0,8127 ©  Zn(NO3)2 June filtered

Mocninova (Zn{NO3)2 July unfiltered)

@ 01 & Mocninova (Zn(NO32)2 luly filtered)
g g 6 Mocninova (Zn{NO3)2 June unfiltered)
; Q @ Mocninova (Zn{N0O3)2 June filtered)
50,01
o] 0%
0,001
1 10 100
- : Shear rate (s1)
Figure 6. Used viscosimeter and measured viscosities
Table IV
Density and crystallization temperature of prepared suspension and suspension filtrates
Zn(NQ@)z- unfiltered Zn(NQ):¢ filtered Zn(NQ)2¢ Zn(NQ@)2¢
June June unfiltered Juy filtered Juy
Density (kg/m) 1648 1620 1640 1614
Crystallization 8 6 . 2

0 SYLISNI G dzNB
*|t cannot be clearly measured

The prepared suspensions were used for an operational trial with the aim to producetd@®®f ASN
fertilizer with 0.2wt.% Zn by the universal granulation line. A tank ofmi® was filled with suspensions. The
fertilizer ASN without zinc was produced on one day and fertilizer ASN with zinc on the next day. After the end
of the operational trial, the process was evaluated and the occurred problems during the production of the
new product with need to solve summarized:

1 Since this was the first such production, it will be necessary to solve the quality control (chemical
analysis). Here the problem occurred with the poorly chosen calibration curve for this new product
and the results obtained at the time of production differed from the real ones (determined by
repeated measurement).
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1 The addition of zinc suspension disturbs the water balance in the fertilizer and thus the recycling ratio
must be changed in favor of recycling, which resulted in a reduction of production by appxtb6 3
and simultaneously increases the granulometry, which had to be corrected by changing of operating
parameters. It is necessary to repeat the experiment, where the parameters will be adjusted correctly
so that the granulometry will be identical with the fertilizer without zindgager operational time is
needed) and the reduced production will probably remain.

The fertilizer without and with zinc was compared and the effect of zinc addition was evaluated:
1 Zinc had no effect on dust formation and mechanical resistance of fertiliabtg \).

1 There is an indication that the granule hardness of ASN with zinc fertilizer increases with the time

I' 1he fertilizer matures Table V). (the higher value the better)

1 Zinc free ASN fertilizer has a lower caking tendency, even with increasing time it increases. In the case
of zincfertilizer, A {

Sty

08

asSsSy

fertilizers mature Table VI). (lower value is better)
1 Zinc nitrate reacts in fertilizer to (NH4)2Zn(S04)2.6H20 (Figure 8)
M 6bl nOHY%YO{(B)N O H dc | Hh

H oblnou{hn b

Table V

1Y 6 b

hoOH

b ¢

aKI G

Il Hh

OF 1Ay 3

Dust formation andnechanical resistance of ASN fertilizer without/with zinc

i Sy RS yt@e

Dust formation (wt. %)

Mechanical resistance (wt. %)

Within 24 hours Next week Next month Within 24 hours Next week Next month

ASN 7:00 10.11. 0.01 0.03 0.02 0.13 0.02 0.03
ASN 11:000.11. 0.01 0.02 0.02 0.02 0.03 0.04
ASN 6:00 11.11. 0.01 0.01 0.02 0.04 0.02 0.03
ASN 8:00 11.11. 0.01 0.02 0.02 0.03 0.03 0.05
Average 0.01 0.02 0.02 0.06 0.03 0.04
ASN+Zn 12:00 11.1 0.01 0.03 0.03 0.01 0.03 0.04
ASN+Zn 14:00 11.1 0.01 0.02 0.03 0.05 0.02 0.03
ASN+Zn 16:00 11.1 0.02 0.03 0.03 0 0.02 0.02
ASN+Zn 20:00 11.1 0.02 0.02 0.02 0.01 0.03 0.04
ASN+Zn 0:00 12.11 0.01 0.02 0.03 0.02 0.01 0.02
ASN+Zn 4:00 12.11 0.02 0.02 0.02 0.03 0.01 0.02
Average 0.01 0.02 0.03 0.02 0.02 0.03

Table VI

Granule hardness and caking tendency of ASN fertilizer without/with zinc

Granule hardness (N)

Caking tendency (N)

Within 24 hours Next week Next month Within 24 hours Next week Next month

ASN 7:00 10.11. 96.3 92 122 514 68.1 83.2
ASN 11:00 10.11. 128.3 132.7 101.3 48.9 73.6 76.6
ASN 6:00 11.11. 120.1 122.5 99.5 30.6 34.1 45
ASN 8:00 11.11. 110.4 113.6 103.8 43.4 48.3 56.7
Average 113.8 115.2 106.7 43.6 56 65.4
ASN+Zn 12:00 11.1 1115 108.4 92.8 81.9 74.1 69.1
ASN+Zn 14:00 11.1 116.8 110.1 126.4 54.8 90.6 64.5
ASN+Zn 16:00 11.1 116.4 123 138.9 76.9 74 62.9
ASN+Zn 20:00 11.1 109.1 118.7 119.6 78.9 93.1 73.2
ASN+Zn 0:00 12.11 108.7 110.3 116.5 98.1 92 74.8
ASN+Zn 4:00 12.11 97.4 105.3 110.8 90.3 101.1 69.2
Average 110 112.6 1175 80.2 87.5 69

ST (WA (5OH) (A (NS oo Gk (N 1(NGS) 3 (A2 SO4TT—orarsTies
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Koklaite

(NH4)2Ca(S04)2-H20

00-011-0475
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Conclusions

I It was possible to specify successfililg conditions for the preparation of zinc nitrate/sulphate with
maximum conversion and, in the case of nitrate, also minimize the formatidiQafby laboratory
way.
I Bigger amount of suspension for operational trial was prepared and the importance of stirring
intensity and suitable option of stirrer has beestablished
The properties necessary for the introduction of this process into real production were measured.
The ASN fertilizer with zinc was successfully granulated by universal granulation line and the problems
with need to be solved before permanent introduction of this product were identified.
I The impact of zinc on product quality was identified.

f
f

Aprocess to treat the waste generated by the recycling of bodyshells waste in the automotive industry has
been developed.
Continuation of this project

1 Production of the intermediate product Zn(M@by decomposition of ZnO with nitric acid in the
continuous process

1 Granulation 800 tons ASN + Zn in universal granulation Viith the goal to solve all the problems
brought by the addition of zinc nitrate to suspension to the process.

1 Stock tests after 3 and 6 months

Nomenclature

ASN¢ ammonium sulphate with ammonium nitrate,
CAN¢ ammonium nitrate with calcium carbonate
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Abstract

During concrete production, large quantities of carbon are released into the environment. A promising route to

a more sustainable construction industry involves the use of microbially induced calcite precipitation (MICP) in
concrete recycling. Here, we investigated utilizing the ureolytic activity of the alkaliphilic bacterium
Sporosarcina pasteurDSM 33 and other strains isolated from the sand as potential candidates for MICP.

t 26 RSNJ al YLX Sa 2F 2fR ¢+ aiasS 02y ONSsdlionFihwhShaureolytic C0O & SN
bacteria can precipitate Ca@€rystals and support their formation in WCF. Scanning electron microscopy was

used to characterize the crystals according to their properties. Thus, our results suggest thatrbp@ied

2/ C O2YLRaArAGSa O2dAZ R 0S |y STFSOGAGBS gl & 2F NBO'OfAY
footprint.

Introduction

The continuous increase in global temperatures has led to a surge in the frequency and intensity of extreme
weather phenomena such as floods, hurricanes, wildfires, and heat waves. Carbon dioxige (CO
overproduction contributes significantly to this global warming, leading to various climate and societal
impacts. In response to these challenges, the Paris Climate Agreement was establi?@®b, requiring
countries to reduce especially €émissions and achieve carbon neutrality by 2€8I80.
Nowadays, the reduction of carbon footprint is primarily accomplished through the implementation of the
cwcular economy concept This approach revolves around the recycllng and valorization of waste materials,
4dz0OK |a GK2a$8 3ISYySNIGSR Ay G(KS F22R AYRdzaGNER o{GA02N
etal., 202%), in order to recover their value.
The construction sector is raajor contributor to greenhouse gas emissions, primarily through cement
production. Concrete, widelysed construction materials composed of cement, aggregate, and water, poses
challenges in terms of waste generation and high energy demands. Recycling waste concrete, particularly
waste concrete fines (WCF), is essential for achievicigcalar economy. Current recycling methods involve
crushing the concrete and using recycled aggregates in various applications. However, WCF, which accounts for
asignificant volume of crushed concrete, faces challenges in storage and haadinf OS Ny I+ S.4 | f &=
Microbially induced calcite precipitation (MICP) offerpadential solution for the reuse of WCF. The
biomineralization process utilizes microorganisms to precipitate minerals, including calcium carbonate.
Through the application of MICP with ureolytic bacteria, effective binding of WCF particles can be achieved,
resulting in crack healing and improved durability.
In this study, we employed an enrichment method to isolate unknown microbial isolates from sand which were
subsequently identified. All isolates were found to be ureolytically active and involved in the precipitation of
calcium carbonate crystals by utilizing urea and calcium ions. By comparing the isolate with the highest urease
activity to the highly ureolytiSporosarcina pasteuldSM33, we investigated tHgo cementationand binding
capabilities of WCF particles. Three different types of WCFs were chosen to test their dhilfiESP. The
obtained results effectively demonstrated the potential of ureolytic bacteria in promoting sustainable concrete
recycling through MICP and the utilization of WCF.

Methods and materials

Isolation bacteria with ureolytic activity

The isolation of bacteria with ureolytic activity involved this protocol: 32 g of the sand specimengaasidWWCF
(gutter) were initially treated with @olution comprising 1énl of saline and 1énl of biocementation (MICP)
solution, followed by incubation at 28/ ¥ lbi3$. Next, 10nl of MICP solution was added to the samples
every 48hours, maintaining the same incubation conditions. This process was repeated five times, resulting in
five bio cementationsolution additions. After the incubation, tweamples were collected asample of
mineralised material and sample of leachate (the solution that passed through the sand). Each sample was
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inoculated onto alryptic Soy Agar (TSA) supplemented with urea (final concentrationgif'2@nd incubated
at28c /  Fhbng. Visually different bacterial cultures were separated by streaking them onto separate TSA
supplemented with urea. Asrasult, nine bacterial strains were obtained and named: U1, U2, U3, U4da, U4b,
U5, U6, U7, U8 (Ux = Ureolytic + name of an isolate).

Measuremenof urease activity

The evaluation of urease activity involved both qualitative goédntitative analyses.

The qualitative analysis of urease activity was performed by mixing 1 ml of the bacterial suspensior &pD

with 4ml of the bio cementationsolution and incubating at 28 / T Bolis. he crystal formation was
assessed visually.

In the case of quantitative analysis, the determination of urease activity involved the utilization of the
phenokthypochlorite assay. The absorbance of the samples was measureevatetength of 620im. The

urease assay was conducted in the following way: the bacteria were inoculated into large vessels containing
Tryptone Soya Broth (TSB) supplemented with urea (final concentration gfi®0and incubated at 28 / ¥ 2 NJ
72hours. Within this period, urease activity was measured. The urease activity was calculated using the
standard curve obtained by measuring the optical density (OD) of ammonium chloride at different
concentrations at 620m.

DNA isolation and identification of isolated bacteria

DNA isolation was performed with the InstaGene Matrix kit {Bub Laboratories, Inc., USA). The resulting
liquid supernatant containing the extracted DNA was stored tehgperature of-20c / @

The identification of the isolates was based on the sequence of the marker geneR{8% and twesteps PCR.
Thefinal samples were concentrated using the Genomic DNA Clean & Concentrator kit (Zymo Research, USA).
The concentration of the DNA was measured using the Nanodrop One (Thermoscientific, A Shg
concentration of the DNA after the first PCR was too low (the required quantity wg hg >I"), the second

PCR was conducted. Subsequently, the accuracy of both the DNA isolation and PCR reaction was confirmed
through electrophoresis. The resulting genetic material was sent to SeqMe s.r.o0. for Sangers sequencing.

Preparation of the WCF samples and biomineralization process

The WCF samples, obtained apaavder from various concrete facilities, were used in the study. The initial
WCF suspension was prepared the following way: 7 g of WCF was combined with 10 ml of saline and 10 ml of
bacterial suspension (@ = 5). The pH value of the WCF suspension was adjustefirtal @alue of 6.8,0.2.

The final WCF composites involved a specialized apparatus illustrated in Figure 1. This apparatus consisted of
aplastic cup with @ole at the bottom covered with filter paper. Two pipette tips provided air access to
asecond cup, which was placed under the filter; the same function had a hole in the lid. The WCF suspension
was added to this prepared plastic cup, allowing thie cementationsolution (containing Nutrient Broth of

3.2gl%, urea at 20 g and CaGlat 2.8 gl?) to be filtered through the WCF mixture, resulting in CaCO
LINBOALIAGFGAZ2Yyd 1 £f 2/ C al YL Sa ¢SNB AyRHazehentdtiBn 1§ Hy
solution was added every 482 hours for a total of 28 days. Subsequently, the WCF samples were dried for
28days at2& / @

Figure 1. The filter apparatus (with WCF samples)
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Results andliscussion

A total of ninebacterial strains were isolated using the enrichment method with toeataining medium. The
strains were named, U1, U2, U3, U4a, U4b, U5, U6, U7, U8 (Ux = Ureolytic + name of an isolate).

After the qualitative urease activity test, an additional bacterial strain was isolated, so isolate U3 was divided
into U3a and U3b. Each isolate had the specific smell of ammoniac, confirming the existence of an ureolysis
process. Bacteria with ureolytic activity are commonly found in various environments. For example, in the
study of Bibi et al. (2018), ureolytic bacterial strains were isolated from soil, which was collected in different
locations around Doha City, Qatar. The growth of ureolytic bacteria in these samples was initially stimulated
using the enrichment solution containing urea. Ureolytic strains were determined with the indicator culture
medium and then isolated. In total, more than half of the isolated strains had ureolytic activity.

Additionally, our study also confirms the presence of bacteria with urease activity in building mafEnials.
identification of the isolates is shown in Table I.

Table |
Identification of bacterial isolates (dWU8) with urease activity
Sample Identification . Per_cent
identity [%0]
Ul Sporosarcinap. 99.0
uz2 Sporosarcina jiandibanonisAM9210 99.2
U3a Sporosarcinap. 98.3
U3b Sporosarcinap. 99.0
Uda Sporosarcina terraeZ2 96.5
U4b Bacillus subtilisAM12118 99.1
us Siminovitchia acidinfaciens 99.3
U6 Sporosarcina terrabZ2 98.5
u7 Sporosarcina newyorkensis 98.7
us Sporosarcinap. 98.2
- Sporosarcina pasteufdlSM33 99.9

Measurement of urease activity

To validate the potential of the isolated strains of capability of the MICP process, the qualitative test for urease
activity was performed. Following the incubation of the reaction mixture, all samples contained calcite (visibly
and clearly detected), the qualitative test confirmed the positive urease for each isolate. The visual results of
the qualitative test can be observed in Figure 2.

1 2 3
-y —
= - == -
‘ — | -

Figure 2. Results of qualitatitest of urease activity

Following the evaluation of the MICP capabilities of the isolated straigsaatitative urease activity test was
conducted at sspecific time point. The cultivation time chosen for the experiment wakoi2s, allowing the
isolates to complete the exponential phase and enter their stationary phase. The pingmadhlorite method

of measuring urease activity was taken from the research conducted by Kim and Youn (2016). The results
revealed thatSporosarcina pasteurDSM 33 exhibited the highest urease activity (k6R I G0 X F2ff 246 SR
Sporosarcina terra&)6 (0.35« | | (i (BpofosaRina jiandibaonld2 (0.22x { F o ® C2NJ GKS&S &0 NI A
activity was furtherevaluated at different time intervals.

Table Il presents the data, indicating that after 4®urs, Sporosarcina jiandibaonigl2 had the highest

enzymatic activity (0.218 { I G4 0 X T 2SpdroBascBR terradd)6 after 53 hours (0.199 { F GO =X | yR
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Sporosarcina pasteurdSM33 after 3bours (0.27 { G0 ® LYy LINSGA 2dza SphsieRdh Sa 2y
also note that the cultivation time beyond urs is optimal for higher enzymatic activity (Ackahl. 2009,
Omoregieet al. 2017, Zhaet al. 2019).Following the urease activity test, the isolate exhibiting the highest

urease activity $.jiandibaonis U2) was selected for eomparative analysis of its calcium carbonate
precipitation ability with the MICP &.pasteuriiDSM33. According to the results of the previous experiment,
acultivation time of 4ghoursat2& / ¢ & O2yaARSNBR 2LIGAYIf F2NI o2d0K asSt.

Table Il
Bacterial isolates with their urease activity

Urease activity Time of the Urease activity

Sample Identification 7 highest activity

ox] ! [h] ox]ld

Ul Sporosarcinap. 0.12 - -
U2 Sporosarcina jiandibanonisAM9210 0.22 48 0.219
U3a Sporosarcinap. 0.15 - -
U3b Sporosarcinap. 0.15 - -
Uda Sporosarcina terrakz2 0.12 - -
Uab Bacillus subtili|AM12118 0.09 - -
us Siminovitchia acidinfaciens 0.14 - -
U6 Sporosarcina terrakZ2 0.35 53 0.199
U7 Sporosarcina newyorkensis 0.18 - -
us Sporosarcinap. 0.21 - -

- Sporosarcina pasteufdSM33 0.62 30 0.270

Biomineralization of WCF

The experiment with WCF lasted @8ys, which was followed by an additional@8y period of sample drying

at 28c¢ /Owiginal WCF samples are presented in Figure 3. Vistralse samplediad slightly different colour;

the ColumnWCFhad the most crumbly texture, while the GutteWWCFwas less crumbly textured and less
homogenousthe HighwayWCFfell in between the previous samples in regards to all the observed qualities.
The impact of thestructure of granular media (mostly soils) dhe bacterial viabilitywas discussed in faw
papers

Figure 3. Powdery WCF (Gutter, Highway, and Column from left to right).

The effectiveness of MICP greatly influenced by the initial material properties (Nain et al. 2019, Amer Algaifi et
al. 2020, Metwally et al. 2020). One potential solution to address this issue is the utilization of an immaobilising
agent. This agent createsparous structure that provides the space for bacterial cells and necessary
substances.

Figure 4 and 5 illustrate the appearance of the dried samples on the filters at the end of the experiment. At first
sight, the WCF samples mineralised 8y jiandibaonidJ2 and S.pasteurii DSM33 appeared similar. The
presence of calcite crystals on the sample surface indicatesottwirrence of the MICP process. The
mineralized samples of Highw&yCFand Column/VCHooked more like common concrete, while GUtiaCF

was very cracked regardless of the strain.
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Figure 4. The WCF samples mineralised bjjandibaoni®&J2 (Gutter, Highway, and Column from left to right;
top rowt samples with 2x addition of bacteria; bottom rawonly initial addition of bacteria)

Figure 5. The WCF samples mineralise® byasteuribSM 33 (Gutter, Highway, and Column from left to right;
top rowt samples with 2x addition of bacteria; bottom rawonly initial addition of bacteria)

The appearance of the resulting mineralised WCF samples can be observed in Figure 6. All the samples except
Gutter WCFsamples relatively compact. Although the Column samples were solid, they were very brittle as
well. The samples of Highwd&yCFexhibited the highest integrityAnd all of the above, we can conclude that

the initial texture of the WCF should not be too powdery (Coliidfy or too nonhomogeneous (Gutt&VCH.

Figure 6. The mineralised WCF samples (Gutter, Highway, and Column from left to right; topsemaples
mineralised bys.pasteuriiDSM 33; bottom roww mineralised bys.jiandibaonisU?2)

If we compare the MICP abilities of different bacteria, then the samples mineralis&ipagteuriiDSM33

were visually without cracks than the samples treatedshyiandibaoni&)2. The study by Metwally et al. (2020)
reveals the benefits of bacterial concrete. Researchers were comparing the compressive strength of common
concrete cubes and concrete cubes treatedgasteurii The results showed that the compressive strength of

the concrete with the addition of bacteria was higher from 11 to 79%, depending on the ratio of water and
solid matter (Kadapure et al. 2017, Alonso et al. 2018).
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According to SEM photos, in Figure 7 (left) the sterile sample of WCF (Highway) did not contain any significant
traces of the MICP procesBhe smalformation of crystals that can be observed in Figure 7 (in the middle) are
most likely products of the carbonation of concrete. However, crystals of calcium carbonate are clearly visible
in Figure 7 (right), where needle crystals are probably aragonite, while the rest of the crystal formations are
calcite.

e v

£t L3 i ~
Figure 7 SEM photos of the sterilelighway WCF(left); Crystals formed b$. jiandibaoni®J2 (in the middle)
and byS. pasteuribSM33 (right) (magnification 10 000x)

Conclusion

Ten bacterial strains were isolated using the enrichment method withedium containing urea. Isolated
microorganisms were identified based on the sequence of the marker gene (16S rRNA) using Sanger
sequencing. The results of the quantitative urease activity, measured after 72 hours of cultivation, indicated
that the highest enzymatic activity was detected in straBisjiandibaonid)2, S. terraeU6 andS.pasteurii

DSM33. Théio cementationof three different WCF types was performed using str&tjeandibaonisU2 and
S.pasteuriiDSM33. The selected cultivation time of bacteria was at 28 T 3. Boyh strains had enough

MICP activity to mineralise the WCF samples. However, the WCF samples treaggabteurii DSM33
showed higher stability of formed composite samples. The WCF samples with two additions of the bacterial
suspension did not show significant differences from the samples with one addition of the bacterial suspension.
Among the three types of WCF, the most visually stable samples were made of WCF (Highway), which has an
intermediate texture between powdery WQEolumn) and inhomogeneous WQGEutter), but mechanical
properties will be tested ithe next study.

Acknowledgement

This work was created with the financial support of the Czech Science Foundation project grar0 A2
and from the grant of Specific university reseaggrant A2_FPBT_2023_021.

References

1. Stiborova, H., Kronusova, O., Kastanek, P., Brazdova, L., Lovecka, P., Jiru, M., Belkova, Bl,,Poustka,
Stranska, M., Hajslova, J. and DemnerdtaJ. Chem. Technol. Biotechnol., 95, 985 (2020).

2. bSOSNJ+Z 3 |1 2t86S12 t d { 2YNIRewEMIon Gdi BdkeLhm, t ®S 52 Y 2

427 (2023a).

3. bSOSNYIIZT +d tNROS| I t4OTA % NBED | ¢ $a W] 3 StOdY TWWOZF C

+

(2023Db).

Bibi, S., M. Oualha, M. Y. Ashfaq, M. T. Suleiman and N. Zouari: RSC Advanc. 8, 5854 (2018).

Kim, G., & Youn, H.: Microbidlaterials (Baselp, (2016).

Achal, V., A. Mukherjee, P. C. Basu and M. S. Reddy: J. of ind. Microb. & B®t@8kh.(2009).

Omoregie, A. I., G. Khoshdelnezamiha, N. Senian, D. E. L. Ong and P. M. Nissom: Hi®I651(8017).

Zhao, Y., Z. Xiao, J. Lv, W. Shen and R. Xu: Geomi8B12 (2019).

Nain, N., R. Surabhi, N. V. Yathish, V. Krishnamurthy, T. Deepa and S. Tharannum: Constr. and Build. Mat.

202, 904 (2019).

10. Amer Algaifi, H., S. Abu Bakar, A. Rahman Mohd. Sam, M. Ismail, A. Razin Zainal Abidin, S. Shahir and
W. Ali Hamood Altowayti: Constr. and Building Mat. M284, 119258 (2020).

11. Metwally, G., M. Mahdy and A.-Raheem: Civil Eng.6].1443 (2020).

12. Kadapure, S. A., G. S. Kulkarni and K. B. Prakash: Arabian J. Sc.42d &3®(2017).

13. Alonso, M. J. C., C. E. L. Ortiz, S. O. G. Perez, R. Narayanasamy, G. d. J. Fajardo Sard.Meuelndtez
and N. Balagurusamy: Envir. sc. and pollut. res25121451 (2018).

©Ce~NO O A

ICCT 202]| book of proceedings 33



THEWASTE RECYCLING
Kostalek J.Vlachy J.

UCT Prague School of Businesankovcov23, 17 00Q Praguer
josef.kostalek@vscht.cian.vlachy@vscht.cz

Abstract

Waste recycling is nowadays a high priority in all industrialized countries. It is the result of the action of
anumber of factors at once. If we create a new resource from waste, we achieve cost savings and at the same
time help the environment. We reduce the amount of waste that would be placedvilaste dumpor
otherwise disposeaf. Andwe are also creating a substitute with which to replace the input raw material. EU
countries in particular are characterized by high industrial development on the one hand and low sources of
input raw materials on the other. The absence of our own raw materials implies the need to import them from
other countries, which is assated with transport costs, theavid period also brought disruption in the
logistics chains and this was reflected in the failure of their supgied an increase itheir prices, and even

now the situation has not completely returned normal. Thids also due to the overall geopolitical instability.
That is why the EU in particular puthigh emphasis on activities connected with theuse of waste raw
materials as resources for production of all kinds in various sectors. Which, in addition to economic and
ecological positives, will also bringeduction in raw material dependence of EU states on other countries.
This basic idea can be called by different terms such as ‘@ireabnomy"”,'reverse logistics"”, etc.

E.g.,if 1ton of steel scrap is reused, savings are achievetdOkg of iron ore, 63&g of coal, 5%g of
limestone and aeduction in C@emissions of 58%. If 1 ton wfastepaperis reused, 3.5n° of waste dump

space is saved, burning this amount of paper would generatekg506f C@ emissions, 270itres of oil,
26,000litres of water, 4,00&ilo watt hoursof energy and 3treesare saved.

Despite all these arguments, there areamber of reasons why the transformation of waste raw materials
into input raw materials for new production is not atrauch higher level.

The aim of oupaperis to describe this issue in time and data and to popularize the circular economy.

Introduction

The vaste recycling means reusing waste assource that replaces the primary raw material. Most European
countries, including the Czech Republic, hawieweloped industry that consumeslarge amount of raw
materials and energy. At the same time, most European countries have very low raw material resources or
have already extracted them in the past. Another problem is in the strict legislation regarding the extraction
and processing of primary raw materiafs Europe That is why the idea of @rcular economy, where waste

would be used as gesource of raw materials, is very curreffhewaste would not end up iwaste dumpsor
incinerators butwould be used as aew resource. Waste ogcling has $éong history. Foexample,in the 18"

century in Sweden, there was a royal decree and citizens were forbidden to throw away old paper and old
clothes They were obliged to collect these raw materials and hand them over for further prodéciioh900,
residents of the Charlottenburg district of Berlin were required to sort their household waste into ash, food
waste and other waste, and these raw materials were further éised

The prices of primary raw materials are constantly rising, their resources are running out in the world, and they
often have to be imported over long distances. The processing of primary raw materials is often
energyintensive, and energy prices are also rising. Thanks to this, recycling is increasingly being used. Another
important factor is the use of new recycling technologies, and thanks to this, we are able to economically use
even waste that previously had no use. The main recycled raw materials are: glass, paper, plastics, iron and
steel and precious metals. Energy savings compared to the use of primary raw materials are 74% for iron and
steel, 95% for aluminium, 85% for copper, 64% for paper aftl 80 plastics

Secondary raw materials and their recycling

Paper

The average consumption of paper in the world is 55 kg per person per year, in developed countries it is higher,
e.g.,in Germany it is 23Rg per person per year and in the Czech Republick@j2ger person per yearThe
primary raw material for paper production is wood. The primary raw material can be replacedoldith
collectedpaper. In the long term, paper production in the Czech Republic shaatsoaof approximately 75%

wood and only 25%vastepaper while in EU countries it is approximately 54% waste paper and 46%¢wood
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Plastics

Plastics are a very useful material due to their properties and relatively low mateséd;they are used in
awide variety of industries. Plastics are divided itttermoplastics (these occupy the largest share of the total
world production, approximately 80%) and reactive plastics. Thermoplastics are further divided into
polyethylene (32% of total production), polypropylene (20% of total production), polyvinyl chloride (17% of
total production), etct The production of plastics in the worldiiscreasing every yersee Figurd. In 2017,
348million tons of different types of plastics were produced worldwide, consumption of plastics in the Czech
Republic this year was 1.28illion tong. It is true that some plastic componentadhproducts have fong life

and therefore become waste only afted@ger time interval, but some plastic products are only for one use,
e.g.,bottles, packaging, etc. large production of plastics implies a large amount of plastic waste. Therefore,
different forms of recycling are important so that plastic waste does not pile up on the planet. Recycling of
plastics can be: energyasedcg burning and usef the generated heat, chemicglplastics are destroyed into
monomers and used in chemical production, mechanicplastics are crushed and melted and used for the
production of new plastic products. Different types of plastics require different recycling techndldgies
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Figure 1Global plastics productioover time
Sourcehttps://www.statista.com/statistics/282732/globaproductionof-plasticssince1950/ 7

Metals

Metal consumption in industrialized countries averages more than 10 tons per inhabitant, of which 98% is the
share ofthe five most important metals: iron, aluminium, copper, zinc and mangdnésetal recycling is of

great importance because the production of metal from scrap metal is associated with much lower energy
consumption and lower CCemissions. Compared to production from primary raw materials (metal ores),
which are in short supply and must be imported over long distances. The production technology itself is simpler
and cheaper when using scrap metal. Investment costs for operations processing metal waste are
approximately 20% of investment costs for operations processing metal. dres is used in conjunction with

other elements, the carbon content is important, if it is lower than 2.14% it is steel, if it is higher th&bi2.14

is cast iron. World steel production is 1,7@lion tons per year, but steel scrap production is only Bollion

tons per yedt, sothe production of steel from crudé&on, which has tdbe produced by energintensive
processes from iron ore, predominates. In the Czech Republic, steetamtiufon waste is recycled almost
100% 6. The production of noflerrous metals such as aluminium, copper, zinc, lead, etc. is very
energyintensive, and the energy savings when using waste metals compared to the production of these metals
from ores is over 90%. Approximately Smillion tons of ferrous metal waste (steel, cast iron) and 150 to
200thousand tons of noderrous wasté are collected and reycled in the Czech Republic each year. In recent
years, the recycling of rare metals such as: platinum, gallium, indium, germanium, cobalt, etc. has been very
important for Europe, because the sources of their primary raw materials are very limited worldwide. At the
same time, these raw materials are used in the automotive industry and in the production of electrical
appliances. It is therefore important to sort waste and separate electrical appliances of all kinds and use their
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components for recycling. Furthermore, it is important to adjust the design and construction of products in
such away that they allow easy disassembly and the possibility of separating these materials, which will
facilitate their recyclability and use.

Glass

The primary raw material for glass production consists of glass sand, doldimitestone, and other
ingredients. The glass industry produces three types of glass that differ according to their use. Blotkes,

and windowglassesare made from the first type of glass. Other types of glass are used in the production of
vases, kitchen and laboratory glass. The largest volume of separated glass intended for recycling is precisely the
first type of glass, where there are mainly negturnable bottles. This also includes glass from car wrecks and
window glass (the trend in the Czech Republic is to replace old windows with plastic ones). This type of glass is
cleaned of impurities and then recycled byelting and mixing with the primary raw material. The addition of
recycled glass has several advantages: The melting temperature is lower and therefore the energy consumption
is lower. Melted recycled glass releases less gas than the primary raw material. And one kilogram of recycled
glass produces more melt than one kilogram of primary raw material. New glass, which is created by adding old
glass, has the same properties and parameters as glass made only from the primary raw m&igefically,

the energy consumption for the production of one ton of window glass is 9.1 to 10.1 Gigajoules. When 1%
recycled glass is added to the primary raw material, energy consumption is reduced by 0.25% per ton.
Approximately 59%g of C@is produced during the production of one ton of window glass. When 1% of
recycled glass is added to the primary raw material, the amount eisO®duced by 0.42% per ton. The energy
consumption to produce one ton of bottle glass is approximately 5 Gigajoules. When 10% recycled glass is
added to the primary raw material, energy consumption is reduced by 2.5% per ton. During the production of
one ton of bottle glass, 350 to 4&@ of CQis produced. When 35% recycled glass is added to the primary raw
material, the amount of C£s reduced by 18.5% per ton. The amount of waste glass added is different for
different production situations, but it is usually tens pércent,and this implies significant savings in energy

and CQemissions. In 2017, 150,000 tons of glass were recycled in this way in the Czech Republic

The easiest way to recycle glass is with glass bottles that are backed up and customers return them to stores. In
the Czech Republic, these are mainly beer bottles that just need to be washed and can be immediately reused.
Bottle washing creates waste when the labels are washed off the bottles. An interesting fact is that this waste
is usedg.g.,in the Radegast brewery, for the production of comgost

An interesting fact is that the following amount of waste is generated from one discarded passengerlaar: 30
of tires, 760kg of ferrous metals, 3kg of nonferrous metals, 23 kg of plastic, 8§ of glass and other types of
waste. In the Czech Republic alone, more than 150,000 old cars are scrapped eéch year

Coal combustion products (CCPs)

Another example is the bgroducts of energy that are produced in thermal power plants andting plants
when coal is combustedt is mainly about fly aslgypsum and cindefsh is produced during the combirgg

of coal, where it is subsequently captured using filters. This material is used in the production of concrete,
where it is able to partially replace cemé&nWhich is advantageous economically and also ecologically. In the
Czech Republic, the price of fly ash is approximately ten times lower than the price of cement. During the
production of one ton of cement, 0.8 tons of £¥are released into the atmosphere. The quality of fly ash
depends on the type of coalombusted Some quality fly ash can be used for cement produéti@ypsunis
created during the desulfurization process and is widely usetdrproduction of plasterboardit is also used

as asubstitute for natural gypsum, in the production of cement. Loweaality energy gypsum is mixed witly

ash and water to form anass that hardens and is very hard and solid, so it is usedelfebase, for example,

in road construction. Cinder issalid subtance that remains after combustingoal and is used in the
construction industry. Fly ash, gypsum and cindghich are not suitable for further processing, are usethe
reclamation of the landscape, where they backfill places after mined coal.

In 2017, the following were produced in the Czech Republic: 7,322,239 tdiysash, 1,287,574 tons of cinder
and 1,952,843ons ofgypsum. (In addition to these main products, others are creageg., fly ash, which is
created by combustg biomass, etc.). Of this ptaction of coal combustion producgtd,008,162ons were
used for the production of concrete, cement and bricks. 5598 were used for the production of the
mentioned solid suksurface for road construction, 395,25@éns were used forhte production of plasterboard,
gypsum and cement, 5,240,6%dns were used for surface minbackfiling 30,904tons were used for
underground mine backfilling, and 4,739 &b2s were used for landscape reclamatiofly ash is widely used
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abroad as aaw material for the production of concrete panels, mortars, bricks, tiles, etc. It is proven that fly
ash improves some chemical and mechanical parameters of cofcrete

Conclusion

Waste recycling has great economic and environmepddibntial becauseaw materials obtained by recycling
waste are much cheaper than primary raw materials and their acquisition is associated with lower energy
requirements and environmental burden. An important factor is also the increase in the cost of storing waste in
waste dums, as well as legislation restricting watadfillingand abanon dumping waste in waste dumjas

the nearfuture. Every ton of waste that is recycled does not taketaa waste dumpThe share of sorted raw
materials has been constantly increasing in recent years. New procedures, methods and technologies for
recycling waste are emerging. Apart from economic benefits or legislative regulations, many companies use
recycled materials as part of green marketing. Companies try to ensure that their production does not burden
the environment, they use recycled raw materials as production inputs, products and packaging materials are
designed in such way that they can be easilsecycled. Informed customers and business partners prefer
products from manufacturers who develop these environmentally friendly activities. Business partners and
customers carefully monitor whether theompany has aertificate, for exampleEN 1SQ4001, proving that

the company deals with environmental management or whether their products meet the criteria for labelling
as environmentally friendly (Ecolabelling). Such companies gaompetitive advantage over companies that

do not have these certificates. This is a trend for thé! 2értury in developed countries, for exampla
Australia 90% of customers prefer companies that behave socially responsibly, in Western Europ®&ibfs 50
customerd. Nevertheless, there istill a great possibility for increasing the share of recycled waste in the
future.
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Abstract

Hydrogen production is on a rise every year, but the production is majorly via Steam Methane Reforming (SMR)
method (around 96% of the total hydrogen production). Tieishnologyutilises natural gas asfaedstock to

produce hydrogen which is environmentally detrimental producing on an average arokgdo? carbon

dioxide per kilogram of hydrogen produced. The most environmentally conscious form of hydrogen is green
hydrogen, which is produced via electrolysis of water, using renewable energy sources as feedstock. The issue

with green hydrogen is the viability and economic sustainability of the production process. Review of the
economic viability of the green hydrogen contributes to the right investment decisions. Sensitivity analysis
FyasSNER GKS a2KFd LTé¢ aOSyFNA2 o6& OKFy3aAy3d AyLldzi ot
hydrogen and CAPEX investmentcolmparison with steam methane reforming provides the view on
competitiveness of green hydrogen.

Introduction

The rapid increase in population and urbanisation has increased the demand for energy extén3ively
dependence of the world on fossil fuels asaurce of energy can no longer be sustainable given their limited

quantity and environmental crisis associated with their extractiose and emissions of greenhouse gases

Carbon dioxide in the atmosphere which is the leading cause of global warming, accelerating climaté.change

One of the renewablesecondaryenergy sources gaining traction geeen hydrogen. The renewable energy

sources releasdess Carbordioxide in the atmosphere but their upfront/establishment cost is more as

compared to that of norrenewable sources

The amount of investment countries around the World are making towards green hydrogen production and
development of supportive infrastructure, this development can be termed @ssa 6y 2F (G KS 9 NI 2
| @RNR3ISYé¢d ¢KS TFdziidzNB 2 F Sy SNHeE engrgyavhich ¥ reheivable,deadilt A y | 6 f &
available and can be stored for future utilisatfon

Need for Hydrogen

Hydrogenis aversatile alternative energgarrier or secondary energy souregiich can be produced biyoth
renewable and nowenewable clean/green energy sourée$heneed of alternative energy is influenced by
ongoing wars, geo political tension between oil producing countgese volatility,climate change and energy
shortage and securitwithin Europé. Hydrogen economy is inching towards reality, with more and more
countries investing towardenergy independence. Energy independence is the ability oduamtry to be
selfsufficient in supporting itenergy sector rather than be too dependent erport from other countries. The
investment and the governmental incentives involvedyieenhydrogen has led to expansion of domain from
just involvement of scientist andesearchers to politicians and businesseEhe main reason fogreen
hydrogen being in spotlight is decarbonization potential thalhdlds over the energy sectbrThis would be
agreat ally in the fight against climatehange and temperature rise around the globe as stated in Paris
Agreement (2015), wher@around 194 member countries are parties to the accord agreeing to limit the
temperature riseto around 1.5 degree Celsius by 2050he only byproduct ofhydrogen aftercombustion is
water, unlike other fossil fuels ngreenhouse gases are released. Due to theson, it can be used asveble
non-polluting feedstock, &uel and an energy carrier whichan be utilized for storage, having many
applications across industries for example chemitahsport, power generatich The big bet on hydrogeis
being placed on the outlook that it would besastainable replacement for hydrocarbonsas energy vector

for future energy systenfsOne of the major advantages lofdrogenover fossil fuels is that it can be produced
almost everywhere in the world unlike fossil fuglbich are exhaustive in nature and only present in certain
locations around the worft.

Application of Hydrogen

Hydrogen can be used to power turbines, internal combustion engines along with fuel celdl as asupply

in households for kitchen, heatitlg Hydroger® versatilityhelps it to be used with other fuels as mixtures to
enrich their energy and haveveider rangeof flammability to provide higher combustion power to engities
Hydrogenis usedby NASAo power the space shuttl® main engine alongith fuel cells to provide electricity
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onboard thespace shuttlé?. Hydrogen is mostly used in chemical industries to produce ammonia, methanol
synthesis, hydrogenation dbssil hydrocarbondats and oils along with many othér with around49% being
used in ammonia production, 37% in petroleum refinimgethanol production took around 8% hydrogen
production and other miscellaneous uste®k up 6% of the total productidd In transport industryhydrogen

is apromising alternative to fossil fueheavyduty trucks, large passenger vehicles with lelagge and
long-distance coaches with the usa hydrogen and fuel cell technologies can achieve cost parity between
20252030

Production Method of Hydrogen

At present the most developed method is SMR with around 48%ydfogen being produced by this method
followed by Partial Oxidation of crude oil residues witkhare of 30% and then 18% by Coal GasifichtiGo

in nowadays, almost 96% of the hydrogen produced in the world is via hydrocarbons and the remaining 4% is
via Electrolysis of Wat&

The issue with production of hydrogen with hydrocarbons and otimmr-renewable as feedstock is that the
hydrogen produced is of low purity and high amount of pollution due to release of greenhouse‘®gases
Whereas hydrogen produced with renewable resources termed as green hydrogen is seen as more sustainable
and environmentally friendly. The disadvantage of water electrolysis for the production is that the efficiency of
production is low, requires sufficient and reliable supply of green electrical energy and it is not economically
competitive with fossil fuebased method¥.

Hydrogen production can be classified in colours, the colour of Hydrogen produced is given based on
feedstock/primary energy source used to producé it

SMR is avell-established method with loveost hydrogen production co$tand Hydrogen produced via SMR is
termed as Grey Hydrogen. The equation 1 and equation 2 define the reaction, which goes through for
production of Grey Hydrogen. SMR has an efficiency ¢85% while maintaining the purity of Grey Hydrogen
produced in the range ¥B9%.

CH4 + H20 > CO + 3H2 [Equation 1]

CO + H20 > CO2 + H2 [Equation 2]

The Carbon Dioxide produced in equation 2 is separated from Hydrogen via absorption.

Water electrolysi® principle is quite simple, the water molecule is divided into Hydrogen and Oxygen with the
application of direct electric current. The direct current acts like an input energy source for the endothermic
reaction that breaks the electrolyte (raw material) into Hydrogen and Oxygen. Equation 3 define the overall
reaction of hydrogen production via electrolysis.

2H2G > 02 + 2H2 [Equation 3]

Water electrolysis can be classified in various types based on their electrolyte, operating conditions, and ionic
agents, however operating principles are same in all the dasdsgure 1 states the type of Electrolysis used

for Green Hydrogen production.

Efficiency- 70 - 80%

Alkaline Water electrolysis
Purity- 99.7 - 99.8%

Green Solid Oxide Electrolysis
Hydrogen Not commercially ready

Microbial Electrolysis
Not commercially ready

Proton Exchange Membrane
Electrolysis

Efficiency- 75 - 82%
Purity- 99.9-99.99%

Figure 1. Types of Electrolysis for Green Hydrogen Production along with their efficiency and Purity17.

Practicalsetup

The practical part of tharticle is focused on economic gfreen andgrey hydrogenproduction. The setup

based onuseof financial tools like Net Present Value (NPV), Break Even Point (BEP) and Internal rate of Return
(IRR) would be used to implore the financial implication of the investment decisions and draw conclusion based
on interpretation of resulting calculations.
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Figure 2 illustrates the setup of green hydrogen production plant withoaluction capacity of 5,4&t/year with

the assumption that the electrolyser works with 100% efficiency and capacity. The cost of photovoltaic plant is
included in the CAPEX and the discount rate is taken around 8% in accordance with industry standard. Another
assumption is that the working capital is considered certain percentage of the revenue amgintined
positive for modelling purposesThe feedstock for electrolysisis deionized water which is obtained by
purification and deionization adrinking water through reverse osmosikhe prices used for sensitivity analysis

are external prices of electricity incase our internal photovoltaic system fails during functioning and thus the
scenario was createdAlso, theelectricity market is turbulent and depends upon demand and production
aspect in order to find the correct pricinigr electricity. Figure 3, Figure 4 and Figure 5 are the graphical
depiction of sensitivity analysis while changing inputs like electricity prices (scenario 1), selling price of green
hydrogen (scenario 2) and changing CAPEX (scenario 3).

i
! a)oxygen released to | ! b) oxygen compressed, |
the atmesphere i H liquified and sold

]

__________ N 5
PV1 =40 MWp (8 hrs) Water electrolysis = 40 MW Compressor 7 MPa Hydrogen outtake
PV2 =80 MWp (8 hrs) Battery storage (16 hrs)

Figure 2. lllustrative setup of green hydrogen production plant

Sensitivity Analysis:Scenario 1

0.25 0.31
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Figure 3. Sensitivity Analysis Scenario 1
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Sensitivity Analysis:Scenario 2

100000 18.00%
80000 16.00%
60000 14.00%

12.00%
10.00%
8.00%
 6.00%
4.00%

2.00%
-60000 0.00%

40000
20000
0
-20000
-40000

-80000 -2.00%

-100000 -4.00%
4000 5000 6000 7000

SELLING PRICE OF HYDROGEN

NPV IRR

Figure 4. Senstivity Analysis Scenario

Sensitivity Analysis:Scenario 3

120000 45.00%
100000 40.00%
80000 35.00%
60000 30.00%

40000 25.00%

3
20000 20.00%

0 —m T EE—— 15.00%
10.00%
5.00%

(0
50,000.00 150000 1,73,422.70 2,00,000.00
CAPEX

NPV s |RR

Figure 5. Sensitivity Analysis Scenario 3

Discussion andesult analysis

The result is that under base conditions @APEX 17823 000Euros, input price of renewable electricity of
0.247EUR/MWh and the green hydrogen selling price of (®OEUR/onne the NPV is negative
(-15,623,000Euros) and the IRR is less that the discount rate that the market offersooid 6.3%. This leads

us to the result that the investment in production plant is not economicaible at that price of green
hydrogen. The Brea&ven point of the hydrogerprice (BEP)leads us to the result that the economically
feasibleselling price of green hydrogen should igher than5.492EUR/Kg.

The sensitivity analysis gerformed for3 scenarios respectively:

1.The input price of electricity is changed while all the other input conditamesmaintained constant. In the
Figure 3,with the increase irelectricity prices the NPV and IRR decreased and vice versa, but overall, the
impact of electricity prices on NPV and IRR was not that profound. The lowest seleletdcity price of
0.13EUR/KWh could not producepasitive NPV and IRR greatkan the discount rate. (Scenario 1)

2.The input selling price of green hydrogen is changed while all the other eagmditions are maintained
constant. In theFigure 4 with the increase in selling price of hydrogen the NPV and IRR increased and vice
versa. TheNPV remained negative for the prices below the BEP price of EW®ZKg and th&éRR remained
lesser than the industry offered discount rate making the investmentfaasible but once the prices were
above BEP the NPV and IRR bother showed rebidh would be worth investing. (Scenario 2)

3.The CAPEX is varied while all the other input are maintained as the base caslewitltity prices of
0.247EUR/KWh and selling price of hydrogen 0BEURfonne. The change in CAPEX has a big impact on the
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result of NPV and IRR. The lesser @&PEX expenditure higher is the NPV, thrahghinput datawe found

out that with adecrease of CAPEX by 1% NPV increases by around 10%. The CAPEX explagditane
important role in investment decision. The higher the CAPEX expenditigiger is the requirement of the free
cash flowin order to produce NPV which is positive and IRR albodestry standardPlease refer Figurg
(Scenari@).

The CAPEX can also change with the advancement of technology with more R&DAREEX would decrease
with the biggest expenditure of electrolyser cost decreasing. ftoissible in the few years that the cost of
electrolysers would reduce drastically decreagimg CAPEX expenditure.

The SMR methodology is dependent upon the price of natural gas for the production téable and
economically sound. The prices of natural gas are turbulent givergélmgpolitical issues arising across the
world. These can be wars, low production volurdecrease in export by the natural gas producing country or
decrease in demand or oveupply. The cost of production of hydrogen increases with increase in prices of
naturalgas and vice versa. The Uig 6illustrates graphically the cost of hydrogen produced wisttying price

of natural gas. The Rige 6can also be used to compare the selling pricgreen hydrogen (BEP) with that of
the price of hydrogen produced via SMR (gnggrogen). This comparison is important from the point of view
that it shows that greerydrogen prices can be comparable to the prices of grey hydrpgevidedthere is
acertain benchmark of natural gas prices which if breached and the prices start tremgliveyds then green
hydrogen is competitive with the grey hydrogen pricBaised on the calculations green hydrogen becomes
a better option than grey hydrogen once the prices of natural gas reach above and beyoBdURIMWh.

PRODUCTION COST OF HYDROGEN VIA SMR
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Figure 6. Production cost of hydrogen via SMR with marking of selling price (BEP) of green hydrogen

Conclusion

Greenhydrogen is being seen assaviour towards the issue gflobal warming and rightlgo, it produces no
emission while being produced and no emission during its combustionreBoeirces utilized are renewable
and do not burden the planet with overuse.

Green hydrogen can best be described by idiaery cloud has a silver liniagn which itseems hopeful that

it would be the fuel of futurewith the silverlining beingthe governments around the world are acknowledging
the virtues and attributesof green hydrogen and are actively framing policies and incentives towards its
mainstream utilisation. The progress is visible in the sense that whenever the World talks about
CarbonNeutral future,green hydrogen is on top of the list to move towards sustainability authieve the
goal.Like there are pros tgreen hydrogen its biggest cons are that it is stiteahnology whichmeeds to be
widely commercialisednd is dependent on availability of green electrical eneffhat it is still expensive
compared togrey hydrogenwhich makes it is alower to switch. The initial investment is higher and the plant
components like electrolysers are expensive but positive side being that R&D develomreeatseady driving

the cost down.

Greenhydrogen can be a gamechangbut it would need dot of governmentsupport, cheap green electrical
energy availabilittandindustry acceptance.
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CCU SOLUTIONS VS. ADDITIONAL ENERGY REQUIREMENTS
~203,{BdES] L@

L ¢ X ¢ SOIRO/OA Brgha 6
soto@vscht.gsouceki@vscht.cz

Abstract

The issue of global warming and the role that fossil fuel emissions are playing is subject of political and
technical disputes. This work is demonstrating the concept of elimination ee@@sions fronfossil source
emitting CQ. This C®could be converted to methanoln order to convert COto methanol, the green
hydrogen production should be established. This amount of hydrogen could be produced by electrolyser with
significantly highinstalled capacityThe interdependence of balance of production streams (water, hydrogen,
CQ, oxygen for gas turbine operation and methanol) was analysed and balance model has been developed.
This work identifies that green solution are significantly dependent on large amount of green electricity.
Nevertheless, this concept could be used in situations of large access of the electricity from renewable sources
converting C®it into products for final use or accumulating energy into products which are easy to store.

Introduction

The European Green Deal represent¥ By AFS&a il GA2y 2F (GKS 9dz2NBLISIyYy | yA
carbontneutral by 2050. This ambition ought to laEcomplished by supporting innovative environmentally

friendly technologies. The most promising way to decarbonize energy intensive industries such as chemical,
cement and steetaking industry, energy sector andgaK 2t S f 20 2F Y20AtAGe asS3aySy
gl é¢

Energy source such as gas turbine emitting CO2 could be used as source of CO2 for subsequent chemical
production such as methanol.

Case study

Case studys demonstrating the concept of elimination of £&nissions from small gas turbine with capacity

of 0,3MW consuming 3,5 kt of natural gas per year and emitting 9,5 kt afp@Oyear. This amount of GO
could be converted to 6,9 kt methanol per yedm. order to convert COto methanol, the green hydrogen
production should be established. The amount of green hydrogen needed for defined quantity of methanol is
about 1,3kt/y. This amount of hydrogen could be produced by electrolyser with installed capadity\10

Photovoltaic

O
ny A g

Battery
O = Methanol
- etnano
H:O recycle | Electrolyzer | o. MEthaIEOI Ho
_| Tgi production
chamber
Compressor Turbine CO:
Flue gas recycle H.O

Figure 1Simplified concept laput.
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Hydrogen production

Hydrogen hadeen produced from various renewable and Aa@mewable energy resources such as fossil fuels,
especially steam reforming of methane, oil/naphtha reforming, coal gasification, biomass, biological sources,
and water electrolysis.
In order to produce green hydrogen, it is vital that the electricity used in the electrolytical production process
for water decomposition comes from renewable source of energy. For this case study, as the main renewable
source of energy for the green hydrogen production is considered PV plant.
The basic chemical equation of water electrolysis is:

06 P 0 Lp
For purpose of this case study, the hydrogen is utilised for methanol synthesis when oxygen is used for CO
production at gas turbine.
As indicated in the Figui2 production of hydrogen is available at the utilization rate of the electrolyzer equals
100%. The source of electricity is PV with the installed power 40 MWp, which covers 8 hours of electricity
supply. Further 80AWp will be installed to generate renewable electricity, which will be stored in the battery
storage. The stored renewable electricity will provide the electricity supply for the rest of the day iteuds
of insufficient sunshine for generation of solar electricity to secure the 100% utilization rate of the electrolyzer.
¢KS SfSOGNE aiWsmdldced iGN vilibi compressed thlPa and supplied to methanol
LINE RdzOi A2y ®d ¢KS 2E&3Sy LINPRdAzZOSR RdzNA Yy 3 4L80NP RIEOIIGRNE R 4

| Oxygen storage |—>
1 Oxygen outtake

| PV1=10 MWp (8 hrsb——'| Water electrolysis= 10 MW (24 hl{s7-——>| Compressor 7 Mpa|
7 N

v
| PV2=20 MWp (8 hrsb——i} Battery storage (16 hrs) | | Hydrogen storage |

Hydrogen outtake l

Figure2: Hydrogen production scheme

Oxyfuel gas turbine

Oxyfuel gas turbine is considered due to the following reasons:

1. Utilisation of water electrolysis byroductc oxygen

2. t NBERdAzOGA2Y2 2F G LIzZNBE¢ [ h
The concept of using oxyfuel technology is based on using pxygen instead of air in the combustion
process. It means that the inlet to the combustion chamber consists of two mediums (methane and oxygen).
Using this technology help to avoid mixing nitrogen with products of combustion, so there is no need to use
any hightech CQ separation units. Flue gases consist just of carbon dioxide and water steam. To separate
water from carbon dioxide the water steam should be just condersed

Methanol production concept

The methanol econom$; based on greeimethanol synthesis pathways, has been proposed in contrast to the
hydrogen economy, which requires a deep change in energy storage and transportation means.
Methanol is promising and widely synthesized chemicals. History of producing methanol is based on the 1920s
into German, where methanol was used as a cheap motor*fuhe Catalyst used in synthesis was Znf¥Cr
which operated at high pressures of @ MPa and a temperature of 30 pn c¢c/ ® Ly GKS cna
temperature process changed. Nowadays, is the most widely used low pressure propdhiPa) catalysed
by ZnO/CuO, supported on alumina and the temperature is in the range qB20@ 1.
Methanol synthesis is one way of dealing with carbon dioxide produced from fossil fuels. The chemical
processes occurring in the reactor could be summed by equations:
60 ¢OP 6@ O
60 dcO P 64 O OO0
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From the first equation it follows that the one mole of carbon monoxide and two moles of hydrogen must be
used to produce one mole of methanol. And from the second equation fellows that one mole of carbon dioxide
and three moles of hydrogemust be used to produce one mole of methanol and water.

Balance model

In order to decarbonise fossil fuel gas turbine was made balance model. All the important data are summarized
in Table l.Let's assume that photovoltaic power plant with @ower of 10MW will be connected to an
electrolyzer and all the oxygen will be consumed to burn methimnexyfuel gas turbineSo, the produced
amount ofcarbon dioxidewill be 9506 ton per yeaHydrogen produced (1728 ton per year) from electrolyzer
should cover the consumptionf hydrogen in methanol synthesis reacttr store all the carbon dioxidé
methanol. Andhere will be still422 ton per yeaof hydrogen leftAmount of water that is necessary to add to

this process to run electrolysis will be 436 ton per year. Assuming that water from process of burning methane
and water separated from methanol synthesis reactor will be recycled in electrolyzer. Then we can produce
6921tons of green methanol per year.

Table |
Process mass balance
Medium Input Output Difference Unit
Carbon dioxide 9506 9506 0 tlyear
Oxygen 13823 13823 0 tlyear
Water 1742 1306 -436 t/year
Methane 3465 0 -3465 tlyear
Hydrogen 1306 1728 422 tlyear
Methanol 0 6921 6921 tlyear
Conclusion

This work identifies that greesolution are significantly dependent on large amount of green electricity.
Nevertheless, this concept could be used in situations of large access of the electricity from renewable sources
converting CO2 it into products for final use or accumulating energy into products which are easy to store.
Hydrogen can be potentially synthesized by reforming or partial oxidation of different cdodeed materials.
Economic considerations typically suggest which raw materials are more suitable for usetheugh
longterm availability, political considerations, energy consumption and environmental aspects play an
important role in the final decision as welThis option requires much less electrical energy supply compared
G2 /1asS addzRe adA0KSYS® b Sd&NINKS tleSatbdnisatiéhSf fassl Nd&IBes) isS O2 y 2 ¥
becoming the main goal for 2050 due to the danger ofcontrolled global warningMethanol is also expected

to be apotential solution to the partial deployment of fossil soufcased economies. Moreover, it is
arecognized energy carrier that is better than other alternatives in terms of transportation, storage and.reuse
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MINERAL FERTILIZER WITH NATURAL ANHYPROENECTION OF LABORATORY AND PRODUCTION
PRACTICE

~0STlI yOSRBYyWat N2t DI Ydz6SNI aod
WUCHT a.s., Bratislava, Slovakia
Abstract

Controlled nutrition of plants consists isystematicreplacement of mineral substances necessary for the
healthy development of crops in the soil. Industrial fertilizers should help to balance and maintain the
equilibrium of nutrients in the soil, possibly in plants. The elements used in plant nutrition are called biogenic.
Main nutrients, ormacro elementsare considered as essential in the cultivation of agricultural érops

These includesulfur, which is present in all crops and plays an important metabolic role. It is essential for the
formation of proteins, amino acids, vitamins and enzymes. It supports the creation of specific substances with
influence on the taste, smell, aroma and by this also the specific properties of plants and plant pr&dilfcts.

is becoming an increasingly important nutrient due to the combination of Iauéfuremissions, the increasing
prevalence of fertilizers and higher cropping intensity.

The form of sulphates is the most accessible source of sulfur in the soil for plants. Sulphates enter to the
metabolism of plants already in the roots or they are transported to the leaves, where, together with nitrogen,
participate in the formation of proteins. Increasing of winter resistance and drought tolerance are other
positive properties obulfur-containing fertilizers. Leguminous plants, oilseeds, plants from the cakiaagéy,

hops, onions and root crops have the greatest requirementstdfiur®S,

One of sulphates applied to granular fertilizers, that serve asuace ofsulfur, is calcium sulphate. The raw
material for the future fertilizer with a content of 24% N and 6% S is anhydrite, anhydrous calcium
sulphate-ay I G dzNJF £ NI} ¢ YIFGSNALFE FNRBY DSYSNE{t | &§NJI @

Introduction

The crystal modification of calcium sulfate partickess different effects on the properties of the melt during

the preparation of N& fertilizer and on the whole technological process of granulation. The different types of
CaS@crystals obtained behave very differently when added to water or to a hot ammonium nitrate melt. The
contact of calcium sulfate dihydrate and ammonium nitrate ends in unstable granulation, due to a highly
viscous melt, although with laigh-water content. Calcium sulfate dihydrate cannot be used direct for the
production of granular ammonium nitrate containing CaS@ypsum dihydrate is transformed in an
environment of increased temperature into different types bémihydrateg | f LIKI &% & X 2 Ny R S
subsequently into different types of anhydrous calcium suffatdeating the dihydrate in the presence of
highwater @ LJ2 NJ LINB & a dzNBhenibij®@ake dxthieain theypresence of atmospheric pressure,

ai -hemihydraté is formed. In its natural form, it occurs as the mineral bassénite

In addition to calcium sulfate hydrates, there are two types of anhydrous calcium sulfate, the hexagonal
(CaS@ | Yy R 2 NI K 24$B Fovhis A Theg dorm is formed by dehydration of hydrates and is
considered metastable The natural raw material consists of theform of CaS®©

The aim of this work is to verify the possibility of preparing granulated fé&ilizer from ammonium nitrate

with the addition of natural anhydrite and to compare its qualitative properties with granulated ammonium
nitrate and dolomite.

Characteristic of anhydrite

'YKERNAGS A& | yFddzNFE NIg YIFGSNRFIET O2YSa EpdRse (KS D
analysis, the following components were identified in the anhydrite: anhydrous calcium sulfate, CaB{Om

sulfate dihydrate CaSQHO and dolomite CaMg(GJ2 Phases were identified in ground dolomite: dolomite
CaMg(Ce)2, quartz Si@and magnetite F€a.
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Figure 1. Xay diffraction analysis (XRD) of anhydrite (on the left) and dolomite (on the right)

Used anmonium nitratewaswith a concentration of 98%@ heground anhydrite and dolomite were appliéolr
preparationof the fertilizer, where the particle size distribution was measured.

Table |
Particle size distribution of anhydrite and dolomite
Particle size distribution : Anhyd.rlte ; DoIorTute

with ultrasound without ultrasound with ultrasound without ultrasound
Diameter at 10%4m 1.56 1.51 2.27 2.59
Diameter at 50%mm 16.44 16.03 20.18 25.87
Diameter at 90%am 51.29 52.26 63.02 81.05
Mean diameterym 22.026 22.08 27.41 35.26

Fertilizer preparation

Granulated fertilizers ammonium nitrate with dolomite (LAD) containing 27% nitrogen and ammonium nitrate
with anhydrite containing 24% nitrogen, 6% sulfur were prepdsgdscrew granulation othe melt andthe
recycle. The temperature of the melt before granulation was @50® DNJ y dzf | G A2y eByEle (1 KS
was followedafter the addition of dolomite or anhydriteDrying of the granulatevas at atemperature of

105c /  F2NJ (KS aninMes. Itiisimpdstant2td cornpare the physicochemical parameters of the
anhydrite¢ containing fertilizer with the LAD quality that corresponds to the standard product.

Table Il
Chemical analysis of fertilizer
Fertilizer samples

LAD 1.gran. LAD 2.gran LAD 3.gran. NS 1l.gran. NS 2.gran. NS 3.gran.

Chemical analysis

Nrotal, %0 26.69 26.71 26.71 24.08 24.05 23.99
Nammon.% 13.29 13.26 13.34 11.83 11.84 11.88
Sotal, % 0.112 0.108 0.119 5.8 5.77 5.87
Svater soluble, %0 0.106 0.106 0.116 3.69 3.87 3.82
Caotal, % 5.04 4.93 4.85 7.96 7.93 7.96
Cawater soluble %0 1.52 1.79 1.63 5.05 5.03 4.92

Gontents of the watersoluble calcium and sulfurexe determined based on procedures for the determination
of watersoluble components according to EN regulatforia NSq fertilizer with anhydrite, the content of
water ¢ soluble sulfur is 67% in relation to its total content. In the case of the content of wat@iuble
calcium, considering its total content, it is approximately&3%.

Subsequently, measurements of physicochemical parameikttse fertilizer samplesvere made content of
water in the product dustiness, fertilizer abrasioppint strengthand caking.
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Table Il
Qualitative parameters of fertilizer

Fertilizer samples
LAD l1.gran. LAD 2.gran LAD 3.gran. NS l.gran. NS 2.gran. NS 3.gran.

Quality parameter

H0, % 0.20 0.12 0.22 0.32 0.28 0.27
Dustiness, % 0.02 0.03 0.02 0.02 0.02 0.03
Abrasion, % 0.71 0.96 0.73 0.06 0.52 0.53
Point strength N 63.9 73.7 73.2 91.7 91.8 92.3
Caking, N 174.5 141.95 139.5 113.5 144.8 168.2

The water content in the fertilizer with the application of natural anhydrite is higher due to the presence of
calcium sulfate dihydrate in the raw material. A significant improvement in the quality af iNSilizer was
noted in the case of highoint strength dustiness and abrasiomere reduced.The @king of N& fertilizer is
considered or lower than LAD'he effect of increased water content in the product, compared to ammonium
nitrate with dolomite, was not manifested in thguality of thefertilizer with anhydrite.

Thermal cyclization of granulaammonium nitrate with dolomite and with anhydrite

One of the most important factor that affesthe quality of fertilizerswith a high ammonium nitrate content is
the fertilizer's resistance to temperature attacks.

Ammonium nitrate shows by default crystallographic modifications with phase transition temperatuf€y:(
125,2 (), 84,2 (HII), 32,3 (IHV),-18 (I\V),-103 (WVI),-170 (VAVII).

Table IV
Phase transitions of ammonium nitratemperature,and related changes in voluthe
Phase transition

Changes

Liquid-> | L IhL LL M LLL I LzVIb
¢ SYLISNI G dzNB = 169.9 125.2 84.2 32.3 -16.9
Volume change, % 1.92.1 1.31.6 3.4-3.6 0.92.9
kIl 1 wo3 73.7 52.6 15.5 18.4 5.9
Direction of volume chang Decrease Increase Decrease Increase

For testing the fertilizer againgemperature fluctuations during storage, the procedure for thermal stress
cycles for fertilizers with a high nitrogen content according to EN 20032088 appliedThe tests are carried
outl & I G SY LIS NIhé fzhliBer i€ flaced m @ fclased contains thatthe influence of external
moistureis excluded.

100g of fertilizer is pourednto a 250 ml Erlenmeyer flask. The granulometry of the used fertilizer isn@15
and 4mm in a weight ratio of 1:1. We place the banks wéttilizer in a drying oven at a temperature of 80/
for 2 hours, then take them out and let them cool down at a temperature of 291de procedureis repeated
6times. 1cycle lasts 4 hours (2 hours heating, 2 hours cooling). Afenmal cycling tesbf the sample we
measure the granulometry and abrasion.

Table V

Sieve analysis of granular fertilizer before and after LAD fertilizer thermal cycling test

The content Fertilizer samples

of the fraction on the site, % LAD 1.gran. LAD 2.gran. LAD3.gran.
Number of cycles 0 6 0 6 0 6
The bottom 0.00 0.17 0.01 0.15 0.01 0.15
0.560 mm 0.00 0.08 0.00 0.07 0.00 0.27
1 mm 0.00 0.16 0.00 0.20 0.00 0.19
2 mm 2.00 1.22 3.49 2.44 2.42 1.22
3.15mm 48.48 42.95 48.95 47.95 49.24 43.43
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4 mm 48.29 47.84 47.05 46.96 45.81 49.61
Over the sieve 5 mm 1.23 7.58 0.50 2.23 2.51 5.14
Under the siev@ mm 0.00 0.41 0.01 0.42 0.01 0.61
Table VI

Sieve analysis of granulated fertilizer before and after the ®tilizer thermal cycling test

The content Fertilizer samples

of the faction on the site, © NS 1.gran. NS 2.gran. NS 3.gran.
Number of cycles 0 6 0 6 0 6
The bottom 0.00 0.03 0.00 0.05 0.00 0.01
0.56 mm 0.00 0.01 0.00 0.04 0.00 0.01
1 mm 0.00 0.03 0.00 0.10 0.00 0.01
2 mm 1.93 0.26 2.77 0.67 6.07 2.48
3.15 mm 49.74 43.07 49.07 42,71 49.37 46.14
4 mm 47.10 49.51 47.04 50.17 43.92 45.79
Over the sieve 5 mm 1.23 7.09 1.12 6.25 0.63 5.56
Under the siev@ mm 0.00 0.07 0.00 0.19 0.00 0.03

The abrasion resistancand the granulometry of the fertilizex are tested after thermal cyclingtest. They
describe how the fertilizer will behave during further handlihgw resistant the fertilizer will heWhen the
fertilizer is handled not only dust particles are peeled off, thist why the percentage content of th&hares
under the0.560mm sieve and under the hm sieveare indicated.

Table VI

The results of abrasion of LAD and NS fertilizer after thermal cyelngcontent of theshares under sieve

0.560mm and 1 mm

Abrasion of fertilizer, %

Fertilizer samples

LAD 1.gran. LAD 2.gran LAD3.gran.

NS 1.gran. NS 2.gran NS 3.gran

Under the sievé.560 mm 4.721 2.388 1.535 0.488 1.762 0.722
Under the sievd mm 4,916 2.562 1.616 0.530 1.809 0.780
0.70 OFraction under the sieve < 2 mm 5,00
EH20 content in the fertilizer
0,60
% @ Abrasion under the sieve 0,560 mm 5,00
_ 0.50 A Abrasion under the sieve 1 mm
T
£ 4,00 =
£ — 2
o~ 0,40 ®
v =]
£ 300 <
£ =
S 0,30 e o
5 T
(=}
£ 2,00
B 0,20 o [4)
1,00
0,10 Q
o ﬁ o |—I—|
0,00 . = 0,00
\po 182 o280 g™ w18 o 282 ns 38

Figure 2. Content of the fraction under the 2 mm sieve after sieve analysisttaenal cycling testabrasion
of the fertilizer under the Inm and 0.560 mm sieves, water content in the product
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Discussion and result analysis

The increased water content in NSfertilizer is caused by the presence of calcium sulfate hemihydrate
CaS@0.5HO0 in the product. It was formed by dehydration of CaS®2HO in an ammonium nitrate
environment at a temperature of 150 / &

Calcium sulfate is included in the production of fertilizers with a high conteatrmhoniumnitrate among the
additives that have a stabilizing effect against explosivenBssy are often used to increase the strength of

the particles and improve resistance to the phase transitioaromonium nitraté?®,

This was confirmed in the case of NSertilizer granulation, where the application of natural anhydrite
increased the point strength of the granules by approx. 30%. The fertilizer has excellent resistance to thermal
attacksand abrasion.n general there was a significant improvement in quality parameters compared to
ammonium nitrate with dolomite.

Conclusion

The contribution describes the application properties of anhydrite as part of granulargN&tilizers. As
asource of sulfur and calcium, anhydrite was often applied in the agricultural area in the formcaflet
superphosphateNeverthelessthe fact that anhydrite is considered a relatively stable material, it leaches into
the soil in Biveeks andhe release rate depends on the particle dize

It is possible to prepare a higjuality fertilizer containing nitrogen, calcium and sulftom natural anhydrite.
Compared to classic granular ammonium nitrate, despite the higher water content, the fertilizer has
comparable or evehetter-quality parameters. A more significant differencefavour of NS¢ fertilizer is in the
results of measurement of abrasion. The fertilizer is more abragsistant, which was also evident after the
thermal cycling test.

Acknowledgement

This publication was created thanks to the support of the Operational Program Integrated Infrastructure for the

LINE2SOiG Ly2@F0iNGBYyS Ky2ei ot & FEOSNYyIFGNGYye@YA LINNNRRY

postupoch, code ITMS:313011BWL7fieanced from the resources of the European Regional Development
Fund

References

WNISNI Wz | SIySNItdY YOGl tAGE (dzKéeOK LINAYeéatf20eée 0K Ky

1
2. Fertilizer International, Number 497, July / August 2020
3. CSOSy12 Wozr [208]1 hoy xeOAgl | Kyz22SyAaAs LiRuyeoK
4. Vanmarcke L., Verhaegen P., Elderson R., Stevens R.: Process for produéémtliaers Intl. Patent Appl.
Publ. WO 2001098233A1
5. Kuthadi S. K.: Laboratory Scale Study of Calcium Sulfate Hydration Forms, Western Kentucky University,
2015

6. Clifton J. R.: Thermal Analysis of Calcium Sulfate Dihydrate and Suppoard,b Forms of Calcium
{dzf FIF0S | SYAK@RNI GS FNBY Hp G2 pnn c¢c/ 3 LyadAaiddziS 72
7. Ballirano P., Melis E.: The thermal behavioug-62S04, Phys Chem Minerals, 2009
8. EN 2003/2003
9. Kiiski H.: Properties of Ammonium Nitrate based fertilisers, University of Hejdtirdand, Helsinki 2009

10. Laurent B., Kemira S.A., Belgium: Straight Ammonium Nitrate GrBmillleFertilizer Stabilization:
Theoretical Possibilities, IFA Technical Conference, Chennai, India, 2022

11. Lobb W. R., Rothbaum H. P.: The use of anhydrite as a fertiliser, New Zealand Journal of Agricultural
Research, Volume 12, 1969

ICCT 202]| book of proceedings 53



MATERIALS
ENGINEERING

ICCT 202]| book of proceedings

o4



BIOACCUMULATION OF ZINC FROM OZONATED TIRE GRANULATE BY TERRESTRIAL ORGANISMS
Y2058 UREHAGSE 52 OB MRISNY & w b

Department of Materials Engineering and Chemistry, Faculty of Civil Engineering, Czech Technical University in
Prague, Prague, Czech Republi§ O K y4,AL&D D0 Prague 6

’Department of Urban Water Management, Faculty of Civil Engineering, Czech Technical University in Prague,
Prague, Czech RepubficS O K y,A8D10Q Prague 6

klara.kobeticova@fsv.cvut.cz

Abstract

Waste tires from traffic can be used for many purposes, including insulation materials in building engineering.
Aninteresting possibility seems to be their application as granules. Ozonation can be one of the ways to better
break down tires and get granules from them. However, various organic or inorganic substances can be
released from them during their production or use. It can lead to a risk for both environment and humans. Zinc
belongs to important potential toxic elements. For that reason, the toxicity and bioaccumulation of zinc from
ozonated tire granules were studied on earthworfsenia fetida28 daysbioassay) and on mustard plant
speciesSinapis albd4 daybioassay). The results indicated no mortality for earthworms. The toxicity for plants
was though observed; it was manifested in the form of root inhibition. Bioaccumulation of zinc was confirmed
for both organisms. The measured amounts of zinc were higher in earthworms than in plants. The use of
rainwaterin the plant test was found to decrease the toxicity and bioaccumulation, as compared with distilled
water.

Introduction

Waste human products represent an important emission of pollutants into the environment, thefdifd

tires (ELTs) from traffic being a characteristic example in that respect. Such waste tires are produced in the
amount of many tones during a yéand there is necessary to get rid of them in an ecological way or to use
them as dilling of recycled materials. They can be used for example at the production of asphalfl afaS NJ A y
cement composites, or for insulation materials by using rubber crumb produced by tire crisghing

Polycyclic aromatic hydrocarbons, amines and inorganic elements are the most danger substances that can be
often found in them during their life cydeFor this reason, there is necessary to verify that no dangerous
substances are released when they are reused in practical applications. While the analysis of PAHs is very
demanding due to their volatility and the presence of many structurally very similar substances or their
N/O/Sheterocycles (their analysis requires various combinations of expensive chromatographic methods), the
analysis of elementary zinc is usually very simple using ICP bf-38XS

There is also suitable to use various biological methods as additional supplement of chemical analysis.
Biological assays include ecotoxicological tests and bioaccumulation tests. The ecotoxicity tests indicate if the
samples or their eluates or tested compounds can be dangerous for environment, especially for
microorganisms, plants or animé&ls Ecotoxicity of zinc was confirmed for many aquatic and terrestrial
organisms. There are more than four thousand papers in the Web of Science on that topic. Zinc effects were
recognized from several ng to mg in dependence on tested species and cultivated rédium

One of the most used organisms are earthworms, thanks to their high importance in soil ecosystems. The used
plants include mainly some grasses and cultivated crops and fodder species. One of such plant group are
cruciferous plantsBrasicacag, which have been proven to be able to accumulate zinc Gardthus also be

used for remediatiotP:’.

The bioaccumulation of zinc has not been studied frequently in the past and its uptake from ELTs has been
analyzed very rarely25 All studies used also moistening by distilled water in the case of contact tests or as
asolution for some substances or preparation of eluates. However, nobody has been tried tailsater

instead of distilled water in such types of studies. Scientific papers interestedoxicdty of rubber tire
products have been also very raté.

In this paper, the ecotoxicity and bioaccumulation of ELTs in a form of small ozonated granules prepared for
further use in building industry were studied on earthworms (Eisenia fetida) and terrestrial plants (Sinapis
alba). These two organisms belong to the most often used model organisms in terrestrial ecotoxicology and
they such combine adequate approaches for testing of tires granules for terrestrial application. The mortality of
adults was analysed after 2Bys of exposure and prolongation of plant roots aftedays of exposure.
Accumulation of zinc in both organisms was analysed after finishing the testing periods.

ICCT 202]| book of proceedings 55


mailto:klara.kobeticova@fsv.cvut.cz

Simulation and experiment

Materials

Rubber crumbs originating from ELTs were used as tested materials. The rubber jpamickes having
qdjamqte[ up to 10 mm were st,UQied. The granules are shown on the Figure 1. The ,cherAnic,:aI analyses of the
0Sal0SR ANI ydzf | G§Sa F NBproesssdddtdnatiSnRs dasgribeinjt SG +F f @

Figure 1Ozonated tiregranulates sample.

Biological assays

Test with earthworms

Adult earthworms of specie€isenia fetidag S NS LJIZNOKF aSR FNBY %22 . NFyNl [
earthworms was performed according to the appropriate OECD guidébné some modifications were done.

The LUFA 2.2 soil Il (Speyer Ltd., Germany) was used as a control substrgtef 109 control or tested

substrate was put into square plastic test vessels. The substrates were adjusted to 50% humidity by distilled
water orrainwater. The next day, 10 adult earthworms were added into each test vessel. The earthworms were
fedbyad LISOA I f F22R 2 2 N¥aricera week. THreeiieflizaies W prépredfor control and

for tested samples. The experiment lasted 28 days and after this period, the adult earthworms were removed

from control or the tested substrate. They were rinsed in distilled water from the substrate and gently dry with

apaper tissue. They were weighed (all earthworms from one test container together), then placed into
aplastic bag and frozenag nc/ F2NJ OKSYAOIf lylftedarao

Test with plant species (mustard)

Seeds of specieSinapis albawere purchased fromArososiva, Ltd., Prague. Inhibition of roots was the

measured endpoint after 96 hours of exposure [29]. The test was performed as an aquatic test with filter paper
moistened by distilled water arainwateras control media or by the eluate (5 ml of aquatic solution) from tire

granulates as test medium. Ten pgerminated seeds were inserted on the filtrate papers in each Petri dish

(10cm in a diameter). Petri dishes were then closed by lids, wrapped in foil and placed in the thermostat at

(20 HO c¢c/ AY REFENJ @ ! FGSNI FAYAAKAY3I G(GKS GSadz GKS LIty
was measured by a rule (in mm). They were then weighed (all plants from one test dish together), then placed

in aplastic bag and frozenagy nc/ F2NJ OKSYAOIt |yl fearaod

Preparation of leachates

Two types of leachates were prepared for chemical analysis:
Leachate of rubber articles (the eluate was also used in the biological test with plants)
Leachate of control soil (the bioassay wéthrthworms).

100 g of rubber particles or control soil was used to prepdrefleachate. The prepared mixtures were stirred
for 24hours on a heado-heel shaker Reax 20/4. After 24 hours, the extracts were filtered through paper filter
(Whatman, grade 6) and used for the chemical analysis or for the ecotoxicitySeatbatest). All types of
leachates were prepared for adjustment by distilled waterainwater.

The rainwater was of natural origin, it was collected a week before the start of the experimentarila
plastic canister in the courtyard of the Faculty of Civil Engineering. It was kepefngarator before use in
tests and before &hemical analysis. Pure distilled water and the rainwater were analyzed as backgrounds.

Chemical analyses of zinc

Biological samples (earthworms, plants) were vacuum freeze dried in Christ Ajpteand digested in mixture

of nitric acid and peroxide (v/v 5:1). High pressure digestion was performed in microwave station Milestone
Ethos TouctControl. After digestion samples were diluted to the volumenil0The eluates from tirewere
stabilized by nitric acid (0.1 ml of acid into 100 ml of sample) and kept refrigertedthe analysis of Zn,
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atomic absorption spectrometry with flame atomization (AAS ICE 3500Z Thermo Scientific) was used.
Calibration standard was prepared from Certified Reference Materials CPAChem, Ltd.

Statistical analyses

Ecotoxicological data were expressed as inhibition of measured endpoint of 100% eluate or 100% solid mixture

in a comparison with the control value according to the equation

) b
where
L X AYKAOAGAZ2YS
/X YSI & dzfor contird® mediling, dzS
b X YSIadaNI ot S @I f dzS

The selected ecotoxicological data were evaluated using thewmeanalysis of variance (ANOVA), by means

F2NJ YSRAdzy O2y il AyAy3

1)

4 ANB

of the GraphPad InStat software (InStat version 3, San Diego, CA, USA). The-cantgaeison TukegKramer
test was performed at 0.05ignificance level.

Results and discussion

LJk

Ozonated tire granulates were not toxic for earthworms, no mortality or 1% inhibition of surviving was found.

On the other hand, inhibition of plant roots was observe81% for granulates moistened by distilled water

and 17% for granulates moistened bginwater (Figure 1). The ecotoxicity of tigranulates moistened by
distilled water (T@W) in plant test was statistically significant in comparison with the other samples. Our

results cannot be adequately compared with data from the other published studies because ozonated
granulate has been firstly studied just in the present study. Nevertheless, previously published data indicate

that earthwormE. fetidaexposed tazinc grew slower than control worms, matured later and produced fewer

or no cocoon¥. 100% mortality of earthworms was also found for spedisenia fetidabut only 31%

inhibition of root prolongation of species. albaif tires were not destructed by ozone process.

In another study the authors found thaged crumb rubber and new crumb rubber appeared to pose
similartoxicrisks to earthworm®. The &cumulation of zinc especially from rubber was also described for
plants3%, but not forS. alba There arubber ashwasused as a source of Zn having the ability to increase yield

of rice and at the same time decrease Cd accumulation from soil. This fact is important in the comparison of

granulates moistened by rain and distilled water in the present stirBinwaterprobably contains various
elements that could affected bioavailability of zincSoalbaleading to lower toxicity (Figure 1Asimilar toxic

effect of zinc was confirmed also in a study’ofthere the author tested aquatic solutions of zinc. In any case,

there is necessary to say that the toxicity of rubber can be affected by many factors, especially by rubber

chemical composition, its ageing when volatile compounds can be released from them to air and by specific
conditions of used bioassays or model organisms. The discrepancies in toxicity between rain and distilled water

are more evident if the pure eluate is used (the plant bioassay) instead of the solid test with earthworms where
alower effectivity ofrainwatercomposition can be expected.

I I
c-DwW C-RW

® Number of survived earthworms (%)

TG-DW TG-RW

Root prolongation (mm)

Figure2. Ecotoxicity of tire granulates for earthwornis fetidaand seeds oE. sativa GDW = control medium
moistened by distilled water, -BW = control medium moistened bywinwater, TGDW = tire granulates
moistened by distilled water, FRW = tire granulates moistened by rain water.
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The AAS analysis of solid and liquid samples confirmed the presence of zinc in all samples with the exception of
distilled water and food for earthworms (see Talble It is generally known thatainwater can contain many

organic and inorganic substances from tbevironment, but it is impossible to detect the presence of all
theoretical chemicals found there. For this reason, only zinc was detected not only in rainwater, but in all
tested matrices. If we know the levels of elements in biota, we can estimate the zinc concentration based on
the weight of used organisms (see Talland Tabldllo ® ¢ KS S NIKg2N¥YaQ RIFGF akKz2g
contained relatively high amounts of zinc before the use in the present experiment (Dakievertheless,

they were able to accumulate also the zinc from the tire granulates (THBldt is evident that earthworms
contained at least zinc in control LUFA soil moistened by distilled water. The zinc concentration in such
earthworms was negligible. The other biota samples had two orders of magnitude higher zinc concentration
than this baseline control. The control LUFA soil moistenedhimpvater had numerically lower zinc level than

tire granulate withrainwater, and tire granulate with distilled water contained the highest amount of zinc.
Nevertheless, the toxicity of samples was not found and so we can conclude that such zinc concentration,
together with the other leached chemicals from tire granulates, was not the limiting factor for surviving of
earthworms in the present study.

Tablel.

AAS analysis of Zn in background sampldsstilled water, naturarainwater and the eluates of control LUFA
2.2soil and tire sample, earthworms purchased from a firm before use in an experiferdhased food for
earthworms, 5 g of soil, earthworms, granules or food was added to 50 ml volume of solution.

Distilled water Rainwater Eluate from Eluate from Earthworms Food for
LUFA 2.2 soil waste tires (after purchase)  earthworms
(mglL)
<0.001 0.063 0.032 19.452 0.528 < 0.001
(mg/kg)
- - 0.320 194.5D 87.405 < 0.001
Tablell.
Mean weight of earthwormsH. fetidg after 28 days of exposure.
Replicate Controlg Distilled  Controlg Rainwater Granulates + Granulates +
water (9) Rainwater Distilled water
@) @) 9)
1 4.80 5.15 3.90 4.25
2 4.88 476 3,73 4.01
3 4.96 5.59 4.40 4.02
Mean weight of 4.9 5.17 4.01 4.13

ten earthworms
(g)test vessel

SD 0.08 0.42 0.35 0.14
Mean weight of 0.41 0.52 0.40 0.41
one earthworm
Tablelll.
Zinc mean values of earthwornis. (fetidg measured by AAS.
Replicate Controlg Distilled  Controlg Rainwater Granulates + Granulates + Distilled
water (mg/kg) (mg/kg) Rainwater{mg/kg) water (mg/kg)
1 96.176 334.046 469.965 370.294
2 84.989 240.224 423.752 574.721
3 88.716 263.000 307. 432 428.977
Mean values 89.960 279.090 400.383 457.997
SD 5.696 48.937 83.749 105.258
Zn mean valut 2.555 191.685 312.978 370.592
minus Zn
concentration il
worms before st
of the test (mg
Zn¢ mean level in 0.001 0.099 0.126 0.153

earthworm(mg'
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Roots of specie$. albawere weighed (see Tabl®/.) and these were used for the determination of zinc
concentration in plants (Tabl&.). It is evident that numerically the lowest residues were found in the rank
order: control¢ distilled water < controk, rainwater < tire granulates; rainwater < tire granulates; distilled

water (Tablev.v o6dzi GKS @I fdzS& 6SNBE NBfIl GAGSt& AAYATINI AY
(Tablelll.). Orderof-magnitude similar zinc values in mustard roots were observed in the ¥twhere the

zinc residues in roots were in a range from 64 to &®8kg in different soil samples. The data confirmed that

this mustard species was generally able to intake similar zinc levels from soil as from tire granulates. The
authors of® described thatS. albaplants accumulated less Mn a Zn in the presence of sulfur. It indicated
antagonistic effects of individual substances leading probably to lower competition of various substances in tire
eluates or directly imainwater(see Figure 1 and Tabig.

TablelV.
Mean weight of plants§. albd + their standard deviations (SDs) after 72 hours of exposurplab@s were
used for each the dish.

Replicate Controlg Distilled Controlg Granulates + Granulates +
water Rainwater Rainwater Distilled water
(9) (@) (9) (9)

1 0.963 0.975 0.945 0.995

2 0.960 0.957 0.922 0.968

3 0.979 0.944 0.925 1.013

Mean values/dish 0.967 0.959 0.931 0.992

SD 0.010 0.016 0.013 0.023

Mean weight of 0.097 0.096 0.093 0.099

one plant

TableV.

Zinc mearvalues in plantsS. alba + their standard deviations (SDs) measured by AAS. 10 plants were used for
each the dish.

Replicate Control¢ Distilled Controlg Granulates + Granulates +
water Rainwater Rainwater Distilled water
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
1 49.677 85.831 137.142 237.899
2 102.033 151.187 121.343 267.416
3 99.843 76.603 109.186 240.683
Mean values 83.851 104.540 122.557 248.666
SD 29.616 40.660 14.018 16.298
Zn-mean level in 0.008 0.010 0.011 0.025

one plant (mg)

Conclusions

Ecotoxicity and bioaccumulation of zinc from ozonated tire granulate was analyzed in the solid test with
earthworm species. fetidaand in the aquatic test with plant speci&napis albaThe tire granulates did not

have any effect on the surviving of earthworms. Zinc was accumulated by both organisms; the higher zinc
residues were found in earthworms. The useahwaterin the aquatic solution in the plant test decreased the
toxicity and bioaccumulation in a comparison with distilled water.
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Abstract

In the area of adhesive intended for lohe&aring wooden elements, the priority is currently to use adhesive
with the lowest possible impact on the environment, which at the same time do not contain formaldehyde.
One option is to use polyurethane glue. However, adhesives are generally materials for which ecotoxicity or
biodegradation has been practically very poorly studied, and their environmental assessment is usually based
only on theoretical calculations of the toxicity of the individual substances in the adhesive. The aim of this work
was therefore to test the ecotoxicity/biodegradation of the selected glue after its hardening (Lignofix D4,
STACHEMA CZ) on green al@zeshodesmus subspicajuend yeastsJaccharomyces cerevigagoxicity was
evaluated in aquatic tests on the prepared leachate from the glue and the water containing the tested glue.
The results indicated any toxicity of eluates for yeasts and algae but toxicity of solution containing own glue for
algae (31%). Biodegradaton and biocolonisation of hardened isocyanate glue is so probably possible by
microorganisms according to the results of the present study.

Introduction

There is a large number of adhesives available on the market, which differ from each other not only in terms of
use, but also in composition. The basic division is into natural (vegetable and animal) and artificial glues.
Aspecial group consists of ofm®mponent, isocyanatbased adhesives. These adhesives are produced by
polyaddition of a polyol with an excess of isocyanate. These adhesives harden due to air Fukvbily the
composition of adhesives for their useful properties are mostly described by the manufacturesufficgent

extent, their toxicity is usually described on the basis of the toxicity of the individual components that make up
the adhesive. This actually evaluates the liquid glue in the packet of the given composition. After its application
and hardening, however, the toxic effects of solid adhesives are unknown and have not yet been described by
manufacturers.

For this reason, one of the isocyanate adhesives available on the market was selected and tested in two
ecotoxicity tests in this study. The first test is a test with freshwater algae to investigate the effect of glue on
the amount of biomass in a-day experiment. The second model organism was the yeast Saccharomyces
cerevisae, in which the influence of the adhesive on viability was evaluated after 24 hours of exposure. Both
organisms were exposed to glue leachate as well as exposure to glue mixture with distilled water directly.

The aim of this study was to determine the toxicity of the glue for both organisms, to compare their sensitivity
and also to compare the toxic effect of the leachate and the mixture of glue in water. The results were
discussed with the toxicity of the individual components from the safety data $bééte given adhesive.

Adhesives are also used for gluing of building elements, the isocyanate one is often used for gluidt®wood
However, wood is one of the materials that can be subject to biological degradafioFor this reason, in
addition to ecotoxicity, the effect on potential biodegradation was also discussed, as both model organisms
(algae, yeasts) represent groups of organisms that can participate in the colonisation of wooden building
structures together with other organisms (bacteria, fungi, moulds, lichens).

Experiment

Chemicals

Glue called Lignofix D4was purchased from theSTACHEMA CZ, Czech Republic). It composes of
diphenylmethan2,4; isocyanate; and its isomers andomologg. Buffer and 3-[4,5-dimethylthiazol
2-yl]-2,5-difenyltetrazolium bromiddg5 g/L) were purchased from the company Merck Life Science, Ltd. (Czech
Republic).

Preparation of leachates

Hardened and cut glueas used to prepar¢he leachate(in a ratio 1:10 for the sample: the distilled water)
The prepared mixture asstirred on a heado-heel shaker Reax 20fér 24hours. Afterthat, the extract vas
filtered through paper filter (Whatman, grade 6) and used for the chemical analysis or for the ecotoxiaty test
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Figure 1. Cured glue

Organisms

Yeasts (strairSaccharomyces cerevijagere donated by the Research Institute of Brewing and Malting
(Prague, Czech Republidhe algal specieBesmodesmus subspicatugas purchased from theBotanical
LyadAaddziS 2F '+ /w o6¢nSo2zx /1 SOK wSLizt AO0d

Figure 2. Yeasts of spec®accharomyces cerevis@e the left) andgreenalgal specie©esmodesmus
subspicatugin the right)

Bioassay with algae

The appropriate amount of algal biomass corresponding to the concentration 10,000 cells/ml was added to
each test flask with the whole volume 23 of solutiorf. The concentration of algal cels was calculated on the

base of microscopical observation under a light videomicroscope DSM. Five replicates of control (nutrient
medium with algal inoculum), of eluate (the eluate with incolum) and distilled water with glue (with inoculum)
were prepared. The flasks were stored in an incubator with light regime 12:12 (light:darkkiat 5 fon ¢ /
96 hours. The measured endpoint was algal biomass. The algal biomass was recorded as absorbance values
spectrometrically atvavelength750 nm and its inhibition was expressed in %s.

Bioassay with yeasts

The MTT (34,5dimethylthiazot2-yl]-2,5-diphenyltetrazolium bromide) viability assaywas performed
according to the tested procedurfsand was modifiedor the purposes of the present studg. 0.5 mL volume

of yeasts (10,000 cells/m# 0.15 mL of phosphate buffer + 0.25 mL of sample (eloatistilled water with

own glug or buffer (control) were mixed in one glass tutiuplicates were performed for the controthe
eluate andthe suspension. The samples were incubated in the thermoSmt (5 H c/ 0 Miyourd KS R NJ
3-[4,5-dimethylthiazot2-yl]-2,5-difenyltetrazolium bromide (TTB) was added as a substrate (0.1 mL/tube) and
the samples were incubated fame hour in the dark. 2 mL volume of ethanol was then added into each
tube. The blue product formazan was extractedter the next 24h. The formazan is product of
microorganismal metabolism. Deadicroorganisms are not able to produce it and its production is thus an
indicator of microorganismal fitness and viability. The levels of formazan were neehsur
spectrophotometrically at 486m (Jenway 6300 spectrophotometer)

Measuring of acidity and conductivity
Multimeter PC70DHS (ltaly) was used for measuring of pH values and conductivity of samples.

Measuring of inorganic elements

The quantity of leached elemesin the water was done using inductively coupled plasma optical emission
spectrometer Agilent 5110 SVDV (ICOBS). The device was equipped with a SeaSpray glass concentric
nebulizer and Autosampler SPS 4 (Agilent Technologies, USA). The general settings of the device were as
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follows: radio frequency power 1.2 kW; sample uptake delay 18 s; rinse time 18 s; peristaltic pump rate 80 rpm.

Pure argon was used for the measurement (99.996%, Linde Gas, Prague) and the measurement conditions
were as follows: replicates 3; stabilization time 15 s; replicate read time 10 s; peristaltic pump rate 12 rpm;

LX F&aYE 3L & 7t ySomzt Al BNKFdz2 %t MIONE [ i NEAFWe inStfurBedt was [ | YA Y
calibrated before the measurement using TUNE calibration solutions supplied by ANALYTIKA (Prague, Czech
Republic) for the following elements: B, Ba, Cd, Co, Cr, CCaF&i, Mg, Kig, Mn, NiAl, Pb, SiU, Zn. The
quantification limits were determined as 10 times the relative standard deviation. ICP Expert Software v. 7.4
(Agilent Technologies, USA) was used for the evaluation.

Statistical analyses
Ecotoxicological data were expressed as inhibition of measured endpoint of 100% eluate or 100% solid mixture
in a comparison with the control value according to the equation

) P (1)
Where
L X A){KAOAUAQ){Z . L
!/ X YSIédzNJ OES}@I-fng F 2 NJ {)gyﬂN\Ef_ YSRAdzY 2
NX YSIadaNIotS @It dzSgluee il ledddker dzY O2y (i Ay Ay 3

Discussion and result analysis

The results of the algal test indicate that the eluate caused stimulation of algal growth in comparison to
control. On the other hand, the glue sample in distilled water caused 31% inhibition for algae I(Y.abfe

yeasts were not sensitive to presence of glue in solution as well the own eluate. They showed stimulation in
growth and viability in comparison to control (Tablg. It seems that yeasts were less sensitive to glue than
algae. This could be also caused probably shorter time of experiment (ohlgu2d). It is possible that longer
presence of glue pieces in water lead to a higher involving of possible toxic organic substances into the
solution. The other reason of higher algal sensitivity could be a fact that alggeharesynthesizing organisms

and need light to live. Thus, the presence of pieces of glue in the water probably led to light shielding, which
was reflected in a lowealgalbiomass increase compared to the control and leachate. The reduced abundance
values in the sample with glue could also be obtained due to the fact that part of the algae settled directly on
the glue. Tis was observed and confirmed fpeass, where pieces of glue were also stained purple after the
addition ofthe MTT reagent (see Figurg 3

The pH value wergot significantlydifferent at the end othe experiment(Tablelll.), conductivity of all studied
solutions were very low (Tabld.). Chemical analysis (ICP) did not confirm presence of analysed elefBents

Ba, Cd, Co, Cr, Cu, Fe, Ca, Si, Mg, K, Hg, Mn, Ni, Al, Pbn SielBolution. They levels were under limit
adetection. Only zinc residues were analysed in the samples, the most level was found in the sample
containing glue and we can suppose that zinc was leached from glue in ialbdeI(l.).

I dzii K 2 NJand Efaé ddscribedEGo value for zinc and speci&®esmodesmus subspicatas 2.26mgl/L.

The same authors also describe that this species was able to remove around 40% of zinc from cultivated
medium‘. These conclusions are similar to the inhibition of algal growth in te ixture with glue where zinc levels
were increased on 2.15 mg/L and the reduction of zinc in the eluate at the end of the test (comparé. Table
and Tabldll.). However, ecotoxicity of cured glue has never been described and so we are not able to compare
our results with data from the literature. The tested glue compost of isocyanates and their homologs or
isomers and we can also suppose that some isocyanate units can be involve into the solution. In the present
study, we did not analyzed cyanate residues in samples because it is very complacted thanks to polymer
character ofthe tested sample. Toxicity of isocyanates to some organisms has been tested only in oA# study
The authors tested toxicity of isocyanates on nematode Caenorhabditis elegans in various assays and found
lethality, reproduction

These additives caused lethality of nematodes lowest L&luel (i Lkl&vebs, various degrees of inhibitions

in body volumes and longevity, changes in DNA, oxidative stress, inhibition in locomotor and food
intake/excretionbehaviourand neurotoxicity.

Biodegradation of glue in polymer form is not possible to excluded in general, mainly if glues will be exposed
for long times to the water environment. Some isocyanate units can be then involved into a water and caused
some negativeeffects,but this aspect was not studied in the present research. It would be good tagive
attention to this in further research
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Table |
The absorbance values and evaluated inhibition (%) in the algal bioassay

Replicate Absorbance

Control Eluate Sample
1 0.162 0.366 0.106
2 0.110 0.322 0.095
3 0.185 0.262 0.125
4 0.132 0.375 0.107
5 0.182 0.382 0.098
mean 0.154 0.341 0.106
Standard deviation (SD) 0.033 0.050 0.012
Inhibition G -1.214 0.311
Inhibition (%) G -121 31
Tablell.
The absorbance values and evaluated inhibition (%) in the yeast bioassay
Replicate Absorbance

Control Eluate Sample
1 0.168 0.429 0.318
2 0.290 0.464 0.210
mean 0.229 0.447 0.264
Standard deviation (SD) 0.086 0.025 0.076
Inhibition G -0.950 -0.153
Inhibition (%) C -95 -15

Figure 3 Photo of glue covered by yeasts confirmed by MTT assay (glue covered by live cells were coloured in
violet, because the yeasts produced violet formazan).

Tablelll.
Theproperties (pH values, conductivity, zinc residues) of studied samples (demi water, the pure eluate of glue,
the mixture of glue and demi water).

Property

Demi water Pure Eluate Eluate(96 hours) Samplg(96 hours)
pH value 7.02 7.10 6.96 6.80
Conductivity $8/m)g SD 7.7150.1 5.8550.2 4.3450.2 871y nowm
Zinc (mg/L)SD = 0.23 0.00 0.06 0.03 2.15
Conclusion

A Eluates of glue caused positive effect on algal growth in comparison to water with presented solid
sample (own glue) wher®xicity around 31% was observed.
A Eluates and suspension of glue caused positive effect on ye#str viability.
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A There is evident that selection of test design (eluate versus presence of solid sample) could have
significant effect on the results ardterpretation of toxicity.

A Durations of assays (24 hodesting yeast assay versus 96 helasting algal assay) caused different
toxicity (stimulation versus 31% inhibition), probably thankslitation of higher levels of zinc in water
containg glue during testing and mechanical shielding with glue.

A The biodegradation of the test glue is possible thanks to the absence of toxicity. In addition, the glue
samples were coloured to violet after addition of the reactant. This is an evidence of yeast attachment
to the surface of pieces of cured glue in solution and their aliving directly on the glue.
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Abstract

Development of alkakilica reaction (ASR) in concretes and mortars is, among othqysssible cause

of concrete construction failure. However, there are admixtures which can significantly mitigate ASR.
Admixtures with such ability are generally pozzolans, moreover, energydulucts (CCPs) give very good
results. This work aims to study the effect of the addition of fly ash (FA) and bottom ash (BA) as well as
investigate the influence d€CPs patrticle size on ASR development. The ASR was studied using an accelerated
dilatometric test according to ASTM 1260, complemented by an assessment of mechanical properties after
immersion of tested samples into 1 M NaOH solution for 28 days. Experiments were performed on hardened
samples containing 10 wt.% CCPs in 3 different grinding finenesses and with the addition of glass (size fraction
2¢4 mm). Experiments performed on hardened samples with FA and BA indicate their positive effect on ASR
elimination. The results showed that higher grinding finenesses of the admixtures resulted in minimal changes
in the expansion reactions.

Introduction

Thealkalisilica reaction (ASR) is a common cause of concrete constructions faituiseinduced by concrete
exposition to an alkafich and humid environment. The exposed concrete, however, must contain reactive
forms of silicon oxide in certain amounts, which are usually introduced as concrete aggregate. The ASR was first
described in the 1940s by Thomas E. Stanton as a result of extensive research on the causes of frequent
building collapses. Moreover, he described the occurrence of reactive silica in opal and volcahfc glass

The general mechanism is based on silicate dissolution in highly alkaline solutions, which are in concrete often
present. By action of OHons, the silicates are broken down into hygroscopic mass knownsidiceagel. As

water absorption in the silicagel occurs, the volume of the gel progressively grows. This makes the concrete
inner strain to increase and, in the end, it may result in severe damage to the concrete body

By the nature and common application of concrete constructions, it seems impossible to completely avoid ASR.
However, there are still possibilities how to reduce its destructive infpatte first reasonable precaution is to
select the aggregate with a minimal amount of reactive silica in any form. Furthermore, it was found that using
aggregate containing small particle size fractions or the addition of specific admixtures is an effective approach
in terms of mitigation of the ASR. The first type of admixtures are those containing miscellaneous lithium and
aluminium compounds. Lithium acts as a substitute for alkali ions in hygroscopic gel, which makes it
dramatically less expansive, thus reducing the internal stre&fiminium, on the other hand, prevents
damages caused Bxpansive silica gel with a different strategy. Aluminicomtaining powders induce the
development ofporosity, which creates plenty of space where silicagel can expand without further internal
stress increase. The downside of the first type of admixtures is their price. The second type of admixtures are
more known as pozzolans, but ABRigating effects were observed also at energypdrgducts (CCPs). The
energy byproducts are generally products from the combustion of solid fuels in thermal power plants.
Composition and thus the effect differs with the combustion technique and used fuel. Ordinarily, CCPs from
thermal power plants are distinguished as fly ash (FA) and bottom ashé(Bfgchanism of action consists of

ion mobility, water permeability and calcium availability reduction. Generally speaking, the higher the pozzolan
activity is, the more effective is the material in ASR reduétiéf’

Materials and methods

The prepared prisms were composed of five input materals SYSy i /9a nHIp w FNBY 2
OSYSyiz Tt@2R az2i Nl o6/ 9ad>YYIENBYAI a8yRTYFWEOGRAEHNA Oén
.20G2Y FrakK 6.10 FTNRY 021 f L2 6 SN LI | y i c4c¢mmOfiomiaA OS | yF
TGK- Technika, sklo dzY Ss/r]. (GS). All input materials were characterized fogyXfluorescence (Tablé),l

Xray diffraction (Tablél.), and granulometry (Table JlIIFly ash and Bottom ash were mechanjcatated by

grinding to three different fineness at different time intervals. Based on the degree of grinding (fineness) the
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sets of prisms were named FA (0), FA (1), FA (1V), BA (0), BA (l) andcB®) (8/inground raw material, (1) is

ground material fofr7 min and (V) is ground for 45 min.

Xray fluorescence (XRF), which determines the chemical composition of the sample was performed on an

Xray spectrometer ARL 9400 XP (Thermo ARL, Switzerlanay. diffraction (XRD) determines the phase
O2YLRaAGA2Yy 2F GKS &l YL Sd ¢KS- YSHA&GNBYSYR sRISAI RS WA
(PANanalytical, Netherlands). Samples for XRD were measured bygusmmitative analysis, but also by

quantitative Rietveld analysis. The semuiantitative analysis does not consider the amorphous binder phase,

while the quantitative Rietveld analysis also determines the amorphous binder phase using internal standard

ZnO (10%). The results were evaluated using HighScore Plus 4.0 software. The particle size distribution (PSD)
was measured on a laser particle size analyser Bettersizer ST (Dandong Bettersize Instruments Ltd., China).

Table I.

Chemical composition of input materials, XRF [%)]

Material NaO MgO KO CaO SiIQ AkOs FeGs TiO SQG Others
CEM 0.36 1.34 0.89 64.99 1862 4.77 3.49 0.29 4.66 0.59
AG 1.86 0.95 2.86 1.33 7777 1172 2.34 0.68 0.03 0.46
FA 0.58 1.21 1.81 2.04 49.73 33.20 9.25 1.17 0.51 0.50
BA 0.56 1.13 1.66 1.96 4790 3252 9.95 1.23 2.44 0.65
GS 1555 4.04 0.35 9.52 69.08 1.06 0.08 0.03 0.24 0.05
Table 1.

Phase composition of input materials, XRD [%)]

Material GS GS GAF GA CaS@ oy2Ol  Amorph.
CEM 56 19 11 2 2 10

Materials  SIQ Albite Muscovite Ortoklase Mullite FeOs Anorthite  Amorph.

AG 80 10 5 5 - - - -
FA 10 - - - 26 1 1 62
BA 10 - - - 19 1 - 70
Table IlI.

PSDof input materialsdk Y 6

Material D10 D50 D90

CEM 2.52 14.11 44.19

FA (0) 484  45.03 148.40

FA (1) 1.77 14.06 59.80

FA (1V) 1.44 10.16  45.52

BA (0) 13.75 125.60 320.40

BA (1) 3.17 3791 123.10

BA (IV) 1.68 12.65 48.05

The prepared prisms contained 1 part by weight of binder (cement), Za#s by weight of aggregate
(sand/glass), and water to binder ratio of 0.47. A total afe®s of prisms were prepared according to the
standard ASTM 128%) the composition of mixtures is described in the table (Tablg Ror all sets of prisms,
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the 2¢4 mm fraction aggregate (AG) was replaced by 10 wt.% glass (G&) mh2 fraction. The reference set

of prisms contained cement, aggregate, glass and water in the abosmtioned water to binder ratio

mentioned above (REF). For the experiment, three sets of prisms with fly ash (FA) and bottom ash (BA) were
prepared. Albf the above mentioned CCPs replaced 10% of the cement in the prisms.

Dry homogenization was carried out after the raw materials were weighed according to Table IV. After one

minute of homogenization, water was added and the mixture was stirred twice fee®6nds. In the middle

of the time intervals (after the first 90 seconds), the mixture was removed and stirred manually. After stirring,

the mixture was placed into molds of sizes 25x25x28% according to ASTM 1260. The forms with the
YAEGdZNBE 6SNB LI FOSR Ay | Y2raad Ol 6AySidenowidingagd H ¢/ 0
they were placed into containers with water at laboratory temperature so that they were completely
submerged and had as little contact with themselves and the bottom of the container as possible. The

O2y Gl AYSNER ¢6AGK (GKS LINRAaYa 6SNBE LIl OSR Ay IhousINBEKSI 4GS
GFANRGE T SNRP OFftdzSa ¢SNBE YSIadsNBR AGK | RAfFG2YSESN
according to the ASTM 1260 expansion test were performed on a dilatometric device moeDISEAATEST

S.p.A, Italy).

Table IV.

Compositiorof mixturesREF, FA and Bé

Material CEM AG GS CCPs Water
REF 375.5 759.4 84.4 0 176.3
FA (0) 375.5 759.4 84.4 37.5 176.3
FA (1) 375.5 759.4 84.4 375 176.3
FA (1V) 375.5 759.4 84.4 375 176.3
BA (0) 375.5 759.4 84.4 37.5 176.3
BA (1) 375.5 759.4 84.4 37.5 176.3
BA (IV) 375.5 759.4 84.4 375 176.3

After measuring zero values the prisms were placed as quickly as possible in containers with Na@bl/I

a2t dziA2y | GO2yyni FpA YHS NGB/ @B AGIKKS G KS LINAAaYa ¢SNB fusthérOSR ot O
measurement was taken 24 hours after the zero measurements to record a value for the lengths of the prisms

after the first day of the test. For the following days, the next values were always recorded at the same time

with amaximum deviation of 15 minutes.

la GKS alyLi Sa IINB KSIGSR G2 yn ¢/ X GKSANI GSYLISNI G dzN
(20p2c/ 0 FYyR &2 R2S&a GKS tSy3aidK 2F (KS LINRAavYyad C2N 02y,
within 15 seconds after removing the prisms from the warm solution. For each prism, three length expansions

were recorded each day. The first value was always taken from the marked starting posienrgra value

ga 20GFAYySR o0& GdNYyAy3a (GKS o02Re& d¢nc G2 GKS tST4G |y
Between each measurement of the prisms, the length of the LEtal standard was measured and used to reset

the dilatometer.

The measurement result is the relative length expansion of the prisms calculated by the relation:

0 —h 1)

where:

L«is the length of the prism read from the display of thghxmeasurement,

Lois the value of the zero measurement

G« = 250 mm, which represents the length of the prism determined by the ASTM 1260.

The riskiness of the measured relative length expansions is described by standard®,TRhE3& expansion

below 0.1% is characterized as low risk, expansion in the range ¢d.2% as medium risk and expansion
above 0.2% as high risk due to the development of ASR reaction. These limits are highlighted in the following
graphs.
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After 28 days of length measurement, the prisms were tested for compressive and tensile bending strength.

Results and discussion

The results of the expansions of the fly ash prisms according to the ASTM 1260 test are shown ih. Figure
Thecurves show a constant increase in expansion at 28 days. Aftéounteenth day of the test, all prism sets

FA(0), FA (I), and FA (IV) showed expansions in the 01128% range which is in the medium risk limit
according to TP 137. After twengight days, FA (I) achieved the highest expansion value of 0.258@) FA
andFA(lV) achieved the lower expansion value of 0.242% and 0.247%. All values are above the 0.2% limit.
However, compared to the reference sample (REF), there is a decrease in relative expansion by approximately
0.05%. Based on the results, it can be stated that fly ash has an inhibiting effect on ASR reaction. The effect
of different grinding¥ A y S yorSthiezexpansion of the prisms due to ASR was not observed.

0,35 —e—REF ----——-FA (0) FA (1) FA (IV)

0,15

0,1

Linear expansion [%0]

0,05

Days
Figure 1Relative elongation of the samples FA over a period of 28 days

Theresults of the ASTM 1260 expansion tests for the bottom ash prisms are recorded inZ-ifjur@n be seen

that within the first 8 days, the curves show a constant increase in expansion and this expansion is similar for
all prisms (BA (0§ 0.047%, BA (g 0.042% and BA (1\)0.045%). After 8 days, the expansion of the(BA

prism is constantly lower in comparison with another two sets of prism. After 14 days the expansions are above
0.1% and constantly grow until 28 days. After 28 days, BA (l) achieved the lowest expansion value of 0.201%,
BA (0) achieved the higher expansion value of 0.225% and BA (IV) achievedhist ixpansion value of
0.237%. Alalues are above the 0.2% limit, samples BA (1) is on the border of this limit. In comparison with the
reference sample (REF) there is a decrease of more than 0.05% for BA (0) and BA (IV). For the ¢Brtipke BA
decrease is 0.1%. Based on the results, it can be stated that bottom ash has an inhibiting effect on the
ASReaction. The effect of different grindin§ A y' S yoi$ grish@ due to ASR was observed for samplé)BA
compared to samples BA (0) and BA (IV).
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Figure 2Relative elongation of the samples BA over a period of 28 days

From Figure 3 and Figure 4, the compressive strengths and tensile bending strengths of the sets of prisms with
fly ash and bottom ash can be observed.

From compressive strengths for FA and BA of the prisms with the addition of different fineness materials, it can
be seen that the compressive strength increases for sample ground for 7 min in comparison to each other.
Compared to the reference sample (REF), the strengths for FA (I) are lower and for BA (I) are the same. In
general, the compressive strengths of BA prisms, regardless of different grifding S yaSedhigh@rthan the
strengths of FA prisms.

Prisms mechanically tested for tensile bending strengths get similar values compared with the referent
sample(REF). The best results of mechanical properties were achieved for the samples with additions (FA and
BA) ground for 7 minutes.

From Figure 3 and Figure 4 it can be noticed for both evaluated strengths BA prismhighemwvalues than

FAin comparison with each other.

andTensile bendingstrength
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60,0 55,1 57.5 56,3
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30,0
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8,5 9,3
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AN i 7 //
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00 I B 5 I,

m REF B FA (0) FA (1) BFA (IV)

Figure 3Compressive strength and tensile bending strength of hardened binder after 28§ days
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Figure 4Compressive strength and tensile bending strength of hardened binder after 2& d#ys

Conclusion

It was found that the utilization of CCPs into concrete mixtures (10% CCPs cement replacement) is the efficient
solution for the alkalsilica reaction mitigation.

The fining of CCPs seems to have no significant effect on the development and mitigation of the ASR. Due to
dilatometric tests, no effect of fineness on length changes was observed for fly ash, whereas length changes
over time were observed for different fineness for bottom ash.

Mechanical properties are affected by CPPs particle size. The best results of mechanical properties
(compressive and tensile strengths) were obtained for the samples with CPPs grounaifartds. However,

this effect ismost likely not associated with ASR but is due to other phyiesnical processes.

Acknowledgment

¢CKAA @2N)] 6 a &adzJli2 NI SR T NERnfovativeprwcessihgtesmologiesdop ! RO Yy OSF
strategic utilization and storing of coal combustion products (CCPs),cZ4B.

References
1. [ dz]l a @K 2-@ Tsilica fedctioh &f aggregates in real concrete and mortar specimens, no. 18, pp.
7986, 2009.
2. ~1 Dt N COPT ¢SOKy2t23AS | y2NAIFIYyAOl&é0K L22AG LLI +~/
3. Pertold, Z. a. kol.; AlkalickmjS Y A teakéelv 2 S & feublice amz Oy 2j% defninace, Mater.
atechnol., vol. 2, 2014.
4. Mo, X.; Yu, C.; Xu, Z.; Laergn effectiveness and mechanism of LiOH in inhibiting a#idida reaction,
Cem. Concr. Res., vol. 33, no. 1, pp.¢1158, 2003, doi10.1016/S0008846(02)00934L.
5. Farny, J.; Kosmatka, S. H; Concrete Diagnosis and Control cAgtk@gate Reactions in Concrete, Concr.
Technol., pp. 423, 1997.
6. wod I & YR /& td haGSNIFIZI abSg A ysilisaddadtien (ASK)iGn2 G KS
O2yONB(iSz¢ /SYDP /2yOND wSaodry @g2fd mnnI LI mancnnaz V
7. {® / KIFIGOGSNBASE Ga¢KS NRtS 2F /I ohl O0Onw Ay (KS8licao NBI { R2
NBIFOQUA2yZé [/ SYdD [/ 2y ONES Mas 29793 doidlP.1006/0G6MB46(7)W02B  LILIP My [
8. ASTM C126@1, Standard Test Method for Potential Alkali Reactivity of Aggregates (Matakethod).
ASTM International, West Conshohocken, PA, 2021.
9. a® R2LINI ge&z 9RAIG2NICc+@3 @ g6 1S NRKOAIBBNYA Yetodu nasd Ir @6 + OK

p2 1 SYYNOHKY A1 F ONZ HnamcsI LId Hc®

ICCT 202]| book of proceedings 71



THE NEED FOR COMPREHENSIVE STANDARDS FOR MORE PROPER TESTING OF BIPOLAR PLATES MATERI/
AND THEIR COMPARISON
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Abstract

PEMFCs are a promising source of electricity for transport that could befpaitially replace fossil fuel
enginesOne of the main parts in fuel cells are bipolar plates, which serve as current collectors, gas distributor,
the body of the fuel cell & Therefore, there are big demands on BPPs and their properties. In this work there

are tested two substrates AISI 316L and Titanium Grade 2 (7), two single layer coatings 316L+Au and 316L+CrNi,
one surface treatment TiGs&nriched and one nickel based alloy Hastelloy C. All materials are tested according

to DOE test at recommended conditionShe objective of this work is to show that representative test
conditions are necessary for BPP testing. It is also necessary to develop more comprehensive standards with
long term testing under appropriate conditions and desired objectives to be followed by most authors to
achieve comparable results.

Introduction

Transportation using internal combustion engines is one of the sources of a pollution and bad environmental
conditions. Therefore, there is a big demand to decrease the use of fossil fuels and invent or incorporate an
alternative solution. Such alternative is an electromobility using batteries or produce the electricity in the
vehicle via fuel cell. One of the most promising seems a Proton Exchange Membrane Fuel Cell (PEMFC). PEMFC
offers advantages, such as low noise, quick commissioning, low operating temperatare /(80c / 0 X KA 3K
efficiency and low emissions. The most limiting factor for bigger commercial use is the initial cost of the PEMFC.
The main sources of high cost are the Membrane Electrode Assembly (MEA), and the Bipolar Plates (BPP). BBPs
serves several very important roles in the fuel cell, collect current, distribute gasses, dissipate heat, hold the
stack together and help with water outflow. Hence, BPPs should have good electrical and thermal conductivity,
mechanical properties, hydrophobicity and high corrosion resistefice

Global standards for bipolar plates and desired properties are missing. There are only targets given by EU or
U.S. Department of Energy (DOE). DOE targets are listed with the measurements methods and conditions,
which should be followed. In the corrosion point of view the most important the corrosion limit are: anode
corrosion M ¥ * noQp¥ssivation peak) at potentiodynamic scan, cathode corrogion (v cmi)!at
potentiostatica Oy YR LY GSNFFOALFE /2% 041 O0G wSaAxadlryOS oL/ w fwM™
Comprehensive standards would help researches to compare materials better and avoid unnecessary mistakes
and testing under nommepresentative conditions. PEMFC operates at elevated temperaturgl(8: / X
therefore corrosion tests should be performed at same or at least similar temperature, arouicd/ 80
Comparing materials tested at ambient conditions might lead to overestimation. The opposite trend is in
aggressiveness of the testing solutions. In situ testing shows that the corrosive ions, mostly leached from
membrane, are HGO HS@, SQ, F etc., and pH of the solutions varies from 3 to 7. However, testing at

1M H:SQ is very common, such solution have pH around 0. In situ testing also shows decoupling of potentials
between bipolar plate and Pt electrode, due to high ionic resistive discontinuous water films in GDL.
Adiscontinuous aqueous environment is desirable, too much water could flood the distributing channels and
cause problemsvith gas distribution. Potential range required for testing is limited by the decoupling, where

on anode the potential would be around 0 V/SHE and on cathode max around 1 V/SHE. Therefore, testing up to

2 V/ISHE, together with too aggressive solutions might lead great underestimation athe properties and
behaviour in real PEMECS

Graphite is the main material for bipolar plates for stationary use, unfortunately it lacks mainly the mechanical
properties to serve also iransportation. Candidates for replacing graphite are conductive polymers
(composites) or metallic materials. Stainless steel and titanium plates are the most favoured ones and even
practically used with coatin§sBoth metals have adequate corrosion resistance in PEdF{Zonment, very

close to DOE targets, thanks to forming of passive layer on the surface. The passive layer protects the material,
but significantly reduce conductivity, thus the ICR increase. Those two parameters go against each other and
are the most important from corrosion point of viélvMetal cations originating from corrosion could poison

the membrane andogether withan increase in ICR could lead to a decrease in performdinegefore, wide
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range of coatings, surface treatments and their combinations are tested to achieve better and better results.
Coating are usually carbides (CrC, NbC), nitrides (TiN, CrN), amorphous carbon and precious metals (Au, Pt)
deposited by numerous methods. Surface treatments try to enrich the surface in some element, Cr in case of
316L or Pd in case of TiGr 7. The goal is to produce defect free layer with desired prbpérties

Experiment

Material

There were several materials chosen for this work, most used stainless steel AISI 316L without coating and
coated with CrNi and Au. The gold coated steel serves in most cases as a reference. There was also
arepresentative of nickel materials in form of Hastelloy C and two titanium alloys, Titanium grade 2 (TiGr2) and
Titanium grade 7 (TiGr7). Samples were either machined from a rod in the form of circles or cut from a sheet as
squares. All coating were deposited on the final shaped and adequately prepared substrates. The TiGr7 was
surface treated in hot sulphuric acid, details are writteh in

Electrochemical measurements

All electrochemical measurements were done in theel&trode connection. Reference electrode was
silver/silver chloride electrode (ACLE), counter electrode was platinum wire and the working electrode was the
tested material. The tests were performed in cell with sample pressed in from a side-witf sealing the cell

and setting the measuring area to 1 €ms a testing solution was chosen diluted sulphuric acid 1 rhfwath

1 ppm of Fadded from a solution of NaF. Measurements were performed at elevated temperature/80 dza A y 3
awater thermostat. For each measurement the solution was prepared fresh and only used once.

There were two types of sequence measurements, where anodic consisted of measuring open circuit potential
(OCP) for hour, followed by potetiodynamic scan (PD) with potentials ranging frdi®mV/ACLE to
+600mV/ACLE with scan rate of 0.1 ig¥in deaerated solution. Cathodic sequence consisted of measuring
OCP for 1 hour followed by potentiostatic scan (PS) at +600 mV/ACLE for 24 hours, in aerated solution, all
according to DOE. All measurements were performed on the Zahner Zehnium workstation and data were
evaluated using Thales Analysis.

Interfacial contact resistance

ICR was measured on ground samples in case of AISI 316L, TiGr2 and Hastelloy C. Surface treated TiGr7 and all
coated samples were only rinsed with water, ethanol and dried with air. ICR was measured before PS and
immediately after. Test setup is shown Rigurel, where the samples is placed between two sheets of GDL
(Sigracet 28 BC) and pressed by two copper cylinders using universal testing machine FPZ 100/1. The
compacting force ranged fromc@00 Ncni?. The overall resistance R was recorded by &DSI DC
Miliohm-Meter connected to the cylinders. The measuring area is 0.8 kad to be slightly smaller than area
exposed at PS. The final value IGR is then calculated at 140chi? using equating 1 and converted to

mm eén?. Where Ricrrepresents the required ICR of the samy@®L interface, . is the measured resistance

of the whole setup including sample andriRuis measured without the sample. Each measurement uses new
GDLs without previous compressiorelluvas measured at the start of measurements, two times at least.

PEMFC test

AISI 316L, AISI316L+Au, TiGr7 and F&Griched were tested in PEMFC. Rectangular samples witR &ctive

area were prepared for this test. Fuel cell consisted of the catalyst coated membrane (CCM) prepared using
Nafion 212 membrane, coated with catalyst HISPEC 4000 using ustrasonic spray and ionomer Nafion D521 with
Pt loading of 0.3 nmigm?. Sigracet 28BC served as GDL and carbon felt Mersen 3mm replaced the role of the
gas distribution channels. Tested materials served as the current collectors.

The fuel cell was operated for several days at Gcin®& at ambient temperature, which increased by the heat
produced during operation. Hydrogen and oxygen were supplied in double excess to stoichiometry without
humidification. The fuel cell was characterized by EIS at different voltages (0.9; 0.8; 0.7; 0.6 and 0.5 V) and load
curves in the range from OCP to 0.25 V with Sigh¥can rate at workstation Autolab PGSTAT302N with

20 Abooster.
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Figurel Schematic arrangement of ICR measurement
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Results and Discussion

Potentiodynamiccurves, measured according to DOE standards, offers fast and quite easily achievable
comparison of materials at the beginning of a research. All PD curves are shdviguie2. There is no
materials which meet all the DOE targets schemed for this test. All materials exceed the current limit of
1 xAicn? at the end of the polarization. Hastelloy C shows the passivation peak and with 316L+CrNi achieve
the highest current density. Passivation peak is visible also in the case of 316L+Au, where it is response from
the substrate due to some damage or defects in the Au coating. AISI 316L itself is corrosion resistant in the
simulated PEMFC environment, but there is a risk of crevice corrosion underrthg. ditanium Grade Bas

the most negative & of all materials and exceeds the DOE limit atuzieh 0.1 V/ACLE, but then it is more or

less constant and reaches current density of #ARnT2, similar to most of the tested materials. TiGEnriched

exhibits the highest current density at cathodic region and also the most positivebgth thanks to enriched
surface in Pd. As for the potentiostatic test, all the materials meet the DOE target for the test. All corrosion
properties are sum up ifiablel. together with ICR values. Only the gold coated 316L meet the DOE target for
ICR. The ICR measurement is in dry conditions unlike the PD test, therefore, there is no response of the
substrate, even though there is a path to the substrate present. 316L+ CrNi exceeds the limit at the beginning
due to passivation in natural atmosphere and could not been grinded for obvious reasons, contrary to other
materials. In the case of TiGEhr there is no negative impact of the fast enrichment before PS on the ICR
value. AISI 316L and 316L+CrNi reach similar results after PS due to similasitompf passive layer, even
though 316L is slightly worse because of iron oxides in the layer. Gold does not corrode or passivate in the
PEMFC environment so the conductivity is retained even after PS. ICR of Hastelloy increases also after PS but
less than expected and reaches the value of 1201m® YCR of TiGr2 increases significantly and reaches the
KAIKSaild @It dzS 2an the bther hard &iithed WiGr7 kds ©Wer ICR after PS, proving that the
enrichment in Pd helps to keep the surfavere conductive.
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Tablel.
ICR values and corrosion properties of tested materials
Material ICR before ICR after PS Ecorr J(PD) J(PS)
Ymi OY Ymi ®©Y mV/ACLE «x! 120" «x! 120"
316L 2 454 45 1.1 0.16
316L+Au <1 <1 130 1.3 0.11
316L+CrNi 300 380 65 2.9 0.28
TiGr2 3 1157 -10 1.2 0.41
TiGr#Enr 2 330 172 1.2 0.05
Hastelloy C 4 120 40 2.5 0.10

Samples of 316L+CrNi and Hastelloy C were excluded from PEMFC simulation test, due to worst performance at
PD testing. There was also change in case of TiGr2, which was replaced by untreated TiGr7, which has the same
chemical composition except containing 0.15% Hdure3 shows results from PEMFC test after one day, just

for very easy comparison. Stainless steel 316L performs very poorly, followed by untreated TiGr7. Both
materials passivate and their conductivity decrease, leading to loss of performance of the PEMFC. Therefore,
both are intended to be coated or surface treated in the commercial use. E@i¢hed performs better,

thanks to increased Pd content in the surface. It is getting closer to the best performing Au coated 316L, which
served as the reference.

Although, no material met all the DOE targets, some performed quite well, even in the PEMFC simulation test.
The need of more complex testing is taken into account together with testing in PEMFC at high temperature.
There is also demand for the standardization of the testing methods and conditions, which might help to
compare materials in more representative way. DOE tests are good but not entirely sufficient for complex
comparison. It lacks longer exposition tests and their objectives should be expliiedieasurements should
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also see some changes or at least more detailed description as it measures one of the most important
parameter for PEMFC functionality and performance during the lifetime.

e 316

s 316L AU
TiGr7
TiGr7-Enriched

0 0.5 1 15 2 2.5

i/ A-cm?

Figure3 Comparison of load curves of tested materials in PEMFC after 1 day

Conclusion

In potentiodynamicscan the 316L, 316L+Au, TiGr2 and FE17performed quite well and exceeded the limit

by a little bit. ICR testing remains very important for evaluating BPPs materials. There are significant changes
even after shortime potentiostatic polarization and no materials except gold reached values lower than
10mm1 & Mowever, PS is done at aqueous and ICR at completely dry conditions. The real PEMFC works under
much more complicated conditions with high humidity and discontinuous aqueous phase for example. Despite
quite high values of ICR (330wit @Y I Yy R W0 t 59 the2s@imple of TiGFEnr pe@ormed quite well in

the PEMFC test and got closer to the performance of gold coated stainless steel.

Among tested materials, there was no final candidate for PEMFC, however that was not the goal of this work.
The objective was to show that representative conditions such as temperature, environment and others are
meaningful and might help in future, together with complex and global standards, to avoid unnecessary
mistakes, misjudging and overall better comparison of materials for bipolar plates of Proton Exchange
Membrane Fuel Cells.

Acknowledgement
This work was supported from the grant of Specific university reseapant N. A1 FCHT_2023 009.
References

1. Tawfik, H., Y. Hung, and D. Mahajan, Metal bipolar plates for PEM fuelAeltview. J. Power Sources,
2007. 163(2): p. 75567.

2. Asri, N.F., Husaini, T., Sulong, A.B., Malan, E.H. and Daud, W.R.W. Coating of stainless steel and titanium
bipolar plates for anticorrosion in PEMFC: A review. International Journal of Hydrogen Energy, 2017.
42(14): p. 913§9148.

3. Bohackova, T., J. Ludvik, and M. Kouril, Metallic Material Selection and Prospective Surface Treatments for
ProtonExchange Membrane Fuel Cell Bipolar Platédeview. Materials (Basel), 2021. 14(10).

4. Daud, W. R. W., Rosli, R. E., Majlan, E. H., Hamid, S. A. A,,Mohamed, R. and Husaini, T. et al., PEM fuel cell
system control: A review. Renewable Energy, 2017. 113: m6330

5. DOE limits. 2020; Available from: https://www.energy.gov/eere/fuelcellsttlehnicaltargets
polymerelectrolytemembranefuel-celkcomponents.

ICCT 202]| book of proceedings 76



o

Hinds, G., On the choice of applied potential in ex situ testing of bipolar plate materials. 2023.

7. Hinds, G. and E. Brightman, Towards more representative test methods for corrosion resistance of PEMFC
metallic bipolar plates. International Journal of Hydrogen Energy, 2015. 40(6): ;2785

8. Prestat, M., Corrosion of structural components of proton exchange membrane water electrolyzer anodes:

A review. Journal of Power Sources, 2023. 556.

9. Wang, Y. and D.O. Northwood, Effects of O2 and H2 on the corrosion of SS316L metallic bipolar plate
materials in simulated anode and cathode environments of PEM fuel cells. Electrochimica Acta, 2007.
52(24): p. 67986798.

10.aDZ YSy>X [®X ClLadGz [dX [dzyRofFRIZ ! &3 9NR]1&&2yI to vy
PEM fuel cell bipolar plates and power terminals. Journal of Power Sources, 2023. 555.

11. Gabreab, E.M., Hinds, G., Fearn, S., Hodgson, D., Millichamp, J., Shearing, P.R. and Brett, D.J.L. An
electrochemical treatment to improve corrosion and contact resistance of stainless steel bipolar plates
used in polymer electrolyte fuel cells. Journal of Power Sources, 2014. 245: n10064

12. Alo, O.A., Otunniyi, I. O., Pienaar, HCvZ and lyuke, S. E. Materials for Bipolar Plates in Polymer Electrolyte

Membrane Fuel Cell: Performance Criteria and Current Benchmarks. Procedia Manufacturing, 2017. 7:

p.395¢401.

ICCT 202]| book of proceedings 77



THE EFFECT OFANDC&! 5595 ¢h . LhD[! { {NVITRAESTO{ ! [ ¢{ hC
hll 92Dtt YNR dzG 1 208t YOS tty20t Yo

Department of Glass and Ceramics, University of Chemistry and Technology Préglek v AL&BRS8, p =
Prague 6
Karolina.Opavova@vscht.cz

Abstract

This study investigates thia vitro behaviour of bioactive glasses modified with*Amd C@* ions to impart
antibacterial properties. Bioactive glasses are widely used in medical applications due to their biocompatibility
and ability to form a hydroxyapatite layer, facilitating bonding with bone tissue. The modification wit/94l

of Ag and Cu ions was chosen to address the risk of infection near implants and the increasing bacterial
resistance to antibioticsln vitro testing was conducted according to international standards, examining
the apatite-forming ability of the modified glasses in simulated body fluid over 14 days. pH levels and
the concentration of $i, C&*, and (P@* ions were monitored through spectrometry, while the formation

of new layers was observed using microscopy amdyXdiffraction. The results indicate that the introduction

of metallic ions not only influenced the interaction rate but also affected the composition of the newly formed
layers.

Introduction

Nowadays, bioactive glasses are one of the most desirable materials in the field of tissue engineering used as
an implant device to repair diseased or damaged bones (e.g. bone filling, dental cesoaffitid3. Thanks

to their biodegradability, osteoconductivity and high biocompatibility, during their interaction with
physiological fluidsirf vivdin vitro), they can induce the formation of hydroxyapatite on their surface, allowing

the implant to bond tightly with the surrounding bone tisSdeBioglass 45S5 is the most widely used type

of. A23ftlaat 6KAOK o6& FANRIG RSGSt2LISR AYy MPTHD ¢KS
silicate glasses with a variable content of sodium, calcium and phosphorus ions. These elements (Na, Ca, P) are

ay l GdzNJ £ LI NI 2F GKS KdzYly o62Reé® LG A& | aadzySR GKIF G

of body fluids, &iQ-CaO/ROs gel layer is formed, on which hydroxyapatite subsequently precipitates.
Thecomposition ofthis layer closely resembles the bone hydroxyapatite matrix and allows osteoblast
differentiation and theformation of new boné*.

SiO A = Bone Bonding

3 B = Non-bonding (reactivity too low)
C = Non-bonding (reactivity too high)
D= Non-bonding (non glass forming)
S = Soft tissue bonding

AM Glass Ceramic E = Bioglass® composition

6% P,O.

Figure 1. Diagram showing the effect of Bioglass composition on the ability to bond, with human bone

Monitoring the bioactive behaviour is a crucial part of the comprehensive testing that all biomaterials have to
undergo before they can be used in medical practice. The initial testing is carriéa vitro in simulated body

fluid (SBF) that is designed to mimic the composition of the inorganic part of human blood plasma and is
conducted according to ISO standard (ISO 23317:2014). These tests provide a first insight into how the material
interacts with the environment of living organi§nin vitro tests can take place under static (ISO 23317:2014),
staticdynamic or dynamic conditions, which best corresponds to the processes taking place in the human body
and precede thén vivotests on animal®,

Current clinical practice is facing the problem of increasing bacterial resistance to common antibiotics
in the hospital environment. Infections and inflammation present a possible risk in every surgery and can lead
to implant failure and subsequent reoperation. It is necessary to find alternative methods to provide
anantibacterial effect. Given the fact that infection around implants is dangerous for the patient and can

ICCT 202]| book of proceedings 78

£


mailto:Karolina.Opavova@vscht.cz

negatively affect the healing process, new methods are being developed to grant the materials themselves
sufficient antibacterial properties. One of the methods is the incorporation of metal ions such as silver or
copper. However, it is necessary to monitor their concentration due to the possibility of cytotoxicity
of the material. Ahuge advantage of these methods enhancing the antibacterial properties of the implant is
that the surrounding tissue has enough time to regenerate, the acceptance of the implant is improved, and

thel Y2dzy i 2F FyGAoA2GA0a GKIG NBLINBaASyd | *KSI ge 0 dz2NRSyYy

Experiment

Preparation of the samples

Three types of glasses based on Bioglass 45S5 (Figure 2].Jalldoglass (BG), bioglass withwl.% of Ag
(BGAg), bioglass with wt.% of Cu (B&u) were prepared by melting 4280 C for 3 hours. Subsequently,

they were tempered at 500C for 1 hour and cooled at BC/min until the next day. The glasses were cut

into cubes and adjusted with SiC grinding papers with grit sizes P120 and P600 to a uniform shape. Then,
the samples were cleaned in ethanol in an ultrasonic bath twice for 10 minutes and dried at laboratory
temperature.

- ¥

Figure 2. Prepared BG (white),BG (orange), and BGu (blue)

Tablel.

[wt.%)] SiG NaO CaO P20s Ag Cu
Bioglass 45S5 45.0 24.5 245 6.0 - -
Bioglass + 1 wt.% Ag 45.0 24.5 245 6.0 1.0 -
Bioglass + 1 wt.% Cu 45.0 24.5 24.5 6.0 - 1.0

Testing of bioactivity

The bioactive ability was tested in SBF under statiwitro test, according to the international standard
(1IS023317:2014), for 14 days and compared against the-mowlified bioglass samplésBoththe materials

and the solutions were sampled at pagranged timesg 1%, 39, 7", 10", and 14" day. After the interaction,

the samples were aidried, and their surfaces were observed and characterized by an optical and scanning
electron microscope and XRD method to determine the chemical and mineralogical composition of newly
formed phases. The pH levels and the concentration of silicon, phosphate, and calcium ions in the solutions
were determined using AAS and WS spectrometry. The concentration of released silver and copper ions was
measured by the IGBES method.

Antibacterial tests

Antibacterial tests were performed againgscherichia coto confirm the antibacterial effect of the metallic

ions incorporated into bioglass. The glass samples were submerged into a testing suspension (physiological
solution (9 @' NaCl) with a concentration of bacteria “.6eliinl?) at laboratory temperature for 4nd
24hours.! FGSNJ GKS SyR 2F GKS AyidSNI Ol A 29Ead mnnanPeti tlish 2 F
with agarandincubated at 36 Cin a biological thermostat for 24 hours. Aftesrds the Petri dishes were
photographed, and the colonies of surviving bacteria were counted ukegomputer programNISElements

AR3.10 The entire process ran in a sterile environment of Fhmw.

Discussion and result analysis

The interaction of bioglass samples with SBF

The changes in pH (Figure 3) are the primary indicator of the interaction of bioactive glasses with the solution.
The most significant change in pH occurred for the sampld@®&om the 3' day of the experiment. Overall,

the pHlevels had a similar trend increasing until the % day and then descending for all three types

of bioglass samples.
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Figure 3. Changes in pH during thedby exposition of bioglass samples in SBF

Figures 46 show the concentration of silicon, calcium, and phosphate ions in the solution during the entire
experiment. An increase in the concentration of these ions in the solution indicates the dissolution of the glass
material, and a decrease in concentration suggests the depletion of ions from the solution and the precipitation
of new phases.

The greatest dissolution of the silica network occurred in the case of the samples containing si¥ey) (BGis

is also confirmed by the analysis of the calcium ions. On the other hand, the bioglass with copiaar) (BG
behaves very similarly to the original bioglass (BG). Both glasses dissolved up t& ttey ut then

the dissolution stopped.

s 60
T 50

ia; 40

3 30 BG

0O 20 —e—BG-Ag
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0
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Figure 4. The concentration of'Sluring the 14 day interaction
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Figure 5. The concentration of Tduring the 14 day interaction
From Figures 5 and 6, it is clear thaf'Gans were released from the glass samples and phosphate ions were

pumped out at the same time on the first day of interaction. We can explain it by the initial fast reaction
of samples with SBF. The concentration of calcium ions in the solutions was basically the same in BG and
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BGCu. Fom the third day of interactionpoth phosphateand calciumions were gradually pumped out
from the solution for all samples. It indicatesgaadual formation of new layers, the presence of which was
subsequently confirmed by observing the samples using a scanning electron microscope.
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35
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time [day]
Figure 6. The concentration d?Q)* during the 14 day interaction

Figure 7 showing the concentration of silver and copper ions in leachates indicates that in the case
of the samples B&\g, there was a lower amount of metallic ions released into the solution than in the case
of samples B&u. The concentration of €uons remained almost constant from thé?2lay of interaction.
Onthe other hand, the concentration of Agns slowly increased during the entire experiment.

>
N 0,7

_ 06
#ar 0,5
>3' 04
) 0.3 =@ Ag
O 0,2 =@ CU

0,1

0,0

-1 4 9 14

time [day]

Figure 7. The concentration of Ag and Cu during the 14 day interaction

1. Formation of corrosion and precipitated layers on the surface of bioglass samples

Monitoring of the formation and chemical composition of new phases was observed and analysed-BpSEM
Figure 8ac shows crossectional images of bioactive glasses after 14 dayis oftro bioactivity test. These
images show the morphology of the samples and different layers can be c#em native glass (area 1),
SiQ-rich layers (corroded layers) (area 2), some interlayers (area 3) and new precipitafeth@as (area 4),
which were identified by XRD as hydroxyapatite. In the case of bioglasses with the addition of metallic ions,
the outer layer was not formed only by hydroxyapatite but it was also combined with AgeAdBGr Cu
(BGCu).

BEC  20kv WOD10mm  SS50 - 29Pa  x200 100pm | <—
Bioglass 14 days in SBF Cu R 0000 01 Apr 2021

<)

20k

Figure 8. Crossectional images f4day of experiment by SEM a) BG, b}A&f;c) B&u
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Figure 9@c shows a visual representation of the thickness of newly precipitated layers on the surface
of the samples. The rate of formation of new layers is different for bioactive glasses with and without
incorporated metallic ions. The hydroxyapatite layer formed faster orABGnd B&u than on BG. For all
three types of samples, between the l@nd 14" day of interaction, the solution was probably depleted, or
0KS tF8SNJ LSSt SR 2FFx ¢gKAOK OF dza SR

100 100
a) 15 b)
80 80
© 15 31 ©
> 60 > 60
x x
3 40 S a0
0 0

lday 3day 7day 10day 14 day

m SiO2 mSi02-Ca-Pm HAp - AgCl

100
80
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2 '
0

oxyYe £
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lday 3day 7day 10day 14 day

m SiO2 mSiO2-Ca-PmHAp - Cu

lday 3day 7day 10day 14 day

m SiO2 m SiO02-Ca-Pm HAp

Figure 9. precipitated layers a) Biogl#gg b) Bioglas€u, c¢) Bioglass

2. Antibacterial ability of the modified bioglass samples

The bioactive glasses were modified with metallic ions' kgl Cd") to grant them antibacterial properties.
Tablell. shows that the antibacterial effect againgt coliis partial (58% and 30%) after 4 hours in the case
of BGAg and B&Cu only. For Bioglass without metallic ions, the effect is very low after 4 he@#s)( which
was expected. After 24 hours, all glass samples showed fulh@B&hd B&Cu) or almost full (BG) antibacterial

effect, which was surprising in the case of randified bioglass samples (BG).

Tablell.
Antibacterial effect after 4 and 24 hours agai&sticherichia coli

4 hours 24 hours

Bioglass 8.8 % 97.7 %
Bioglass;Ag  58.2%  100.0 %
Bioglas;Cu  30.4% 100.0 %

Conclusion

Theresults showed that the introduction of metallic ions affected not only the rate of dissolution but their
presence in bioactive glasses had a significant impact on the mechanism of precipitation and composition
ofthe newly precipitated layers. The results obtained by analysing the leachates correspond nicely
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withthea | YL S&Q Y2 NLIK 2 2 EBS. RaiadiSibidd $Rroveiiithe astilSaaterial properties
of bioglass within ours.
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Abstract

There are various variations on the problem of steel reinforcement bond strength in concrete. Along with
geometrical considerations, corrosion performance of steels with varying chemical compositions in interaction
with variable chemical compositions of concrete are crucial. One approach is to cover steel surfaces with
organosilane compounds, which increases the reinforcement resistance to corrosion in both acidic and alkaline
conditions but, on the other hand, may weaken the reinforcement bond strength on concrete. The issue is
resolved by intentionally forming a thiwalled, highly adhering corundum layer that is highly porous and
impregnated with 23glycidyloxypropyltriethoxysilane. This procedure also includes testing the adhesion
properties between the ceramic and the metal and the cement prior to conducting a corrosion test in
achloride environment.

Introduction

A major issue that severely reduces the service life of reinforced concrete structures, which are primarily
designed for construction underwater or beneath the sea, is corrosion of typical concrete reinforcing bars. The
cost of rehabilitation efforts places a heavy load on many states and construction firms béddétste are
several options for amtorrosion protection, such as cathodic protection with the attachment @Ca
protective current source or with the use of a sacrificial anddewever, this antcorrosion treatment is quite

costly and cannot be utilized everywhe¥é.For the prolonged service life, the application of corrosion
inhibitors is equally unreliableThe construction industry can enhance the service life of reinforced concrete
structures by coating the surface of traditional reinforcement. Egoased coatings have particularly
established themselves from this perspectfveUsing organosilane to cover traditional reinforcement is yet
another cuttingedge method of surface protectichA novel method of indirect corrosion prevention for
concrete reinforcement may include the use of organosilane solutions to reduce the porosity of ordinary
concrete (OPC). Reactive suspensions of organosilanes can make traditional concrete more resistant to
penetration of chloride anions as well as carbonation, lengthening the serice life of reinforced concrete
structures that are typically used for underwater or dewel structures. The potential for an immediate
reaction between organosilanes and the hydrated form of ordinary portland cement (wikhc@mpound),

which is conceivable given their unique reactivity, is quite intrig@ifige state or future of materials that have

not yet been utilized in the building process, i.e., their storage and premature mechanical manipulation, which
have detrimental effects primarily on the mechanical and chemical resistance of protective layers, are not,
however, taken into consideration by any of these variations. This issue can be resolved by applying
a high-strength ceramic coating to a steel surface that guarantees mechanical or abrasion resistance while also
preserving low mechanically robust organosilane -&otirosion coatings.

Experiment

The least expensive commercial corundum AH240 of F 240 mesh (see.Baldld-Igure 1) was used for the

ceramic coating of conventional carbon steel type 10 216 (chemical composition, see.YaBlasting with

acorundum abrasive to a value ok B.2cp ®c kY gl & dzaSR G2 AyAGAlLff& NBdA
Tablell.).

Table |
Basic specifications of steel 10 216 and corundum AH240 were used for further experiments

~Composition of substrate steel 16 (wt.%) Composition of alumina powder AH240 (wt.%)
Fe 99.332 0.6 20z 85.77A1 0.10

Si 0.042 0.01 MgO 0.56 0.02

P 0.050 0.02 2 5.325i00.07
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S 0.029 0.005 203 1,22Fe 0.03
Cr 0.073 0.01 0.65Ca00.02
Mn 0.410 0.04 2 5.5Ti0 0.07

CirOs 0.02 0.004

Table Il
{ dzZNF I OS NRdAKySaa 2F YSGlFt &dzNFI OS 06 &hickhéss (CSNEN#S@Oc 0 | Y R
4288)

Surface roughness of metal substrate (steeP16) Surface roughness of corundum (AH240) coating
R Ry R Ra Ry R

5.609 8.884 31.833 7.029 6587326

5.282 6.802 39.437 6.096 9239895

Histogram and Undersize
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Figured. Granulometry A0z AH240

After blasting with corundum abrasive, an XRF study of the steel surface revealed the presence of up to 8%
securely embedded corundum crystals that could not be removed even by an ultrasonic batch treatment. The

2 { t-H 500 hybrid plasma torch with water stabilization was subsequently used to plasma spray additional

O2 NHzy Rdzy O2F GAy3a 2F (KAOlyS&aasSa muHn xY YR Hon xY 0
generates 150 kW of electricity at 500 A of direct current. The plasma arc, which is burning between the
revolving anode with external cooling and the tungsten cathode, travels behind the exit nozzle and through
astabilization channel with a water vortex. Its temperature is around 25 000 K, and its flow rate may reach

7 m/s. The resultant plasma has an enthalpy of around 300 MJ/kg. A heated stream made of plasma is blasted

out of the nozzle, melting and dragging the powder that has been injected from outside the device. The plasma

spray characteristics were made more porous in order to more effectively penetrate ceramics utilizing the
aforementioned organosilane compound GPTES. A value of 500 A was specified for the DC current source. The
spraying distance of the WS torch from the coated rod was SD = 450 mm, and the distance at which
powdered corundum was fed into the plasma jet was FD = 75 mmst2gred samples were clamped in

achuck head and rotated by a robotic arm equipped with a WiSBrch that scrolled up and down vertically.

¢tKS NRPRa 6SNB OKAffSR dzaAy3d O2YLINBaaSR | Mhdediich. I (G SYLJ
Figures 3 and Figure 4 depict the coating microstructure.
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Figureb. lllustration of plasma coating with2za{ t-1 Figure6. Photograph of the surface structure of the
H 500 torch corundum coating on 10 216 steel

4 1010 wk Bar —
0 . m @ — 0 i

Figure?. Crosssectional structure of AH240 coating on 10 216 steel

Abrasion and tear tests werngsed to determine the mechanical strength of the corundum coatings and how
well the coating adhered to the substrate. The technique depicted in Figwasused to measure mechanical
strength, or abrasive resistance to mechanical force.

Abrasive g Carmmic coating

s
Fa oy

Lows

* {10 kg

," '| Speeds measurement
\ ' ] geinding ek lnge
s P
[ conlac |

I+

Figure8. Measurement of the abrasive resistance of cylindrical corundum coatings Witk a O1 yS&4a 2F Hon
Length of abrasion path up to the time of electric breakdown:
CAL) 6AGK OdziGAYy Hh1BcRIS M YY XXo0o M H
CAL) 6AGK OdziGAy FHh8BERIS p YY XXo0o TN

Mercury porosimetry (AutoPore IV 9500 Micromeritics) was used to determine the structural features of the
coatings. The study was conducted in the vicinity of macropores and mesopores at pressures between 0.01 and

400 MPa, or for pore radius between about“l0y R v pFigwene).
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Porosimetric analysis of corundum coatings on steel

Sample coating

120 pm 230 pm
Total Intrusion Volume (mL/g) 0.0031 0.0028
Total Pore Area (m?/g) 0.002 0.002
Median Pore Radius - Volume (um) 44.2008 35.6824
Median Pore Radius — Area (pm) 0.2556 0.1879
Average Pore Radius - 2V/A (um) 3.0266 3.4738
Bulk Density at 0.1000 MPa (g/mL) 7.0863 7.3763
Apparent (skeletal) Density at 398.1847 MPa (g/mL) 7.1138 7.4089
Porosity (%) 0.3876 0.4411
Stem Volume Used (%) 2 2

Figure9. Porosimetric analysis of corundum coating on steel 10 216

The samples were weighed once the porosimetnieasurement was complete, and all the mercury was then

SEGNI OGSR Ay | @t Odzdzy 2@Sy | ocnc/ 06GKS
overall incursion volume, the results allowed for a control calculation of the volume of open pores. The mean

value of the open pore volume was 1.18 rhper 1 cn? of the corundumcoated surface of the metallic steel

substrate, which is supposed to have zero porosity, for coatings with a thickness of 230 m. This made it possible
to impregnate the coating with -8lycidyloxypropyhriethoxysilane (GPTES)
1.025mm?/cm? (respectively 1.03 mg/cfn).The strength of the anchoring of the silane thus depends on the

62Af Ay 3

in a concentration of

formation of achemical connection with the substrate, not only because of its wettability and surface tension

but also because it protects an exposed metal surface from corrosion in open holes (cracks) (see Figure 7).

Open porozity

Corundum plasma spray coating

Superficial silanols
a) isolated
b) vicinal

c) geminal

Corundum plasma spray coating

Substrate Fe (steel)

FigurelO. Idealized scheme of anchoring silane in open pores of corundum coating on substrate steel

The tensile (adhesion propertiestrength of the coatings before and after impregnation with silane was

YSI & dzNBR ht mc v RSOAOS | OO2NRAY 3

2{b

9D

L{h

HnndpT &S8S$§
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1) Tensile element of the device COMTEST OP1/2 (11kN
for the measuring tear strength (adhesion)

2) ¢SyaAirtsS StSYSyid adaNFI OS |
R.3.227, R4.0250, R22.361

3) Glue Loctite EA 9464Epoxy Adhesive
or cement CEM42.5R

4) Sample 5a, 5b, 5c surface roughnes®RR. (xm)

5a. Steel 10 216 substrate with surface roughr(@ss)
R. 5.445, R7.843, R 35.635;Pull of strength 5.08 MPa
5b. Steel with corundum coating with sufrace roughnags)(
R: 7.913, R 9.837, R 44.635; Pull of strength 15.08 MPa
5c¢. Steel with corundum coating impregnated by GPTES silane
Pull of strength 2.06 MPa

Figure 8. Variant of AH240 corundum coatings on steel 10 216 adhesion measurement

Conclusions

The tensile strength (adhesion properties) of the silane on the steel surface, or on its predominantly oxidized
surface, but principally on the corundum porous walls, quantifies the restriction of the ingress of the corrosive

medium to the structural steel surface by the porous structure of the corundum coating. Between the organic

coating (topcoat) and the steel substrate, organosilane coatings act as adhesion bridges. Here, it is possible to
suppose that oxygen bridges are providing vicinal bindinghethermal stability of the samples must be

confirmed because the application of various organic coatings is linked to the application of a higher
temperature (thermosetting heat properties). Cataphoretic varnishes are guaranteed to be stable up to

all SYLISNI (dzNB 2 F wmp nc /Inofder il ploiide Gséful idfbriatidn LifieladheSiorisirehgthd

of this kind, which is determined by the substrate wettability with silane multiplied by its chemical link with
AY2NEBIyAO 2EARSAEZ g1 & 20aSNWBSR  dzy RSNJ KSI i a i NBa:
3-glycidyloxypropytriethoxysilane impregnated corundum coatings with a value of 1.03 Si nigfdenived

from the XRF analysis of the Si content) did not change the weight within the measurement error. The weight

2T GKS FTRa2NPSR aAirtlyS o683y (G2 3INYRdzZftfte RSONBI a
3glycidyloxypropyli NA SG K2 Ee dXf FyBIAunwe Ay Ul dzy GAf |+ GSYLISNI G dzN
definitive formation of the amorphous Si@odification took place, which helped to firm up and permanently

fill pores with another corrosiomesistant material.
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Abstract

There are various methods for determining porosity of inorgéimiclers,but they differ mainly in the extent of
determining pore size and connectivity. In this work, a set of samples containing varying content of cement and
hydraulic clinkeffree binder prepared from FBC ash was prepared. After that, the measurement of porosity
was performed using several different methods, among which belong image analysis, mercury intrusion
porosimetryand air pressure method,e., determination of the size of air pores in fresh unhardened binder.
The choice ofthe method led to different porosity results, which were assessed. It was therefore possible to
observe how the results are affected by the measurement ranges of the individual methods. Furthermore, the
dependence of the porosity on the water to binder ratio was evaluated.

Introduction

Nowadays, because of the environmental requirements and thee@@issions reduction, there is a tendency

to partially replace cement by more environmentally friendly admixtures such as fly. dshorder forsuch
materials to be used in practice, it is necessary to test them and ensure their appropriate physical and chemical
properties. One such property is the porosityl@rdened mixtures containinthese materialswhich is closely
related to strength, frost resistance and resistance in a corrosive environment.

In the past, a number aftandardized or notstandardized methods were developed and tested for measuring
the porosity of inorganic binders. When choosing a method, it is important to remember which specific
parameters need to be obtained or for which types of concrete the measurement will be performed.
Furthermore, it is advisable to deal with the range of measurement methods or their appropriate
combinatior?“. In this work, three subsequently described methods were chosen.

The air content pressure method specified in the standard EN 12Z3b6sting fresh concrete Part 7: Air
contentT Pressure methods is used for measuring the porosity of fresh nforfdris method is suitable for
aquick indicative determination of the total porosity of concrete directly on construction sites. The advantage
of this method is measurement simplicity and price. The disadvantage is often the reproducibility of the results
and the absence of other information about, for example, the size or distribution of the pores, since the output
of the measurement is only oAgsult values.

Among the most commonly used methods for examining the porosity of hardened mortars or concretes in
practice isimage analysislg), which is governed by the standard EN 480Admixtures for concrete, mortar

and groutl Test methods Part 11: Determination of air void characteristics in hardened conérdtee 1A
method determines not only the overall porosity, but also the pore size distribution or, for example, the
spacing factor. The IA measurement has high reproducibility and can be used to determine poresizétbfa

0.15 mmi cm units. The main disadvantage is the small area when scanning the sample.

A differentpossible norstandard method of measuring porosityrigercury intrusion porosimetryMIP), which
measures the distribution of pores in a wide range of 1.5h@.1 mm. The question arises whether this
method is really suitable for measuring the porosity of concrete, where tiesidarge number of pores above

the upper detection limit of this method. The disadvantage of MIP is mainly the toxicity of Hg, expensive
instrumentation and the emergence of the-salled inkbottle effect’®.

Materials and methods

Material characterization

In this experiment, mixed slurries were prepared from two input materials. First material was sulfocalcic binder
Sorfix (SFX}°from Czech Republic, which mainly contains ground FBC ash. Second used material was Portland
OSYSyid nuodp w o0/9a0v 2S5Sa12Y2Nl galé OBebésitdharac@ssioSy G LI |y
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these materials, including particle size distribution (PSBay fluorescencéXRF) andcray diffraction (XRD)
are shown in the following TableglV.

Table I.
PStFNB lj dzSy Oe ljdz2t yiAf Sa wxY8
Material | D10 | D50 | D90
SFX 1.60 | 18.65| 140.36
CEM 2.52| 14.11| 44.19

Table II.

XRF;, oxide composition [wt.%], (LOI = loss on ignition)
Material | SiQ | AbO; | CaO| SQ | FeOs | TIG | MgO | Others | LOI
SFX 316|249 | 20.2| 8.4 |43 23 107 |11 6.5
CEM 18.0|46 |63.7|45 |34 00 |13 |11 3.4

Table Ill.
XRDx quantitative SFX phase composition [wt.%], Rietveld method (error Rw <5%)
Material | Amorph. Anhydrite | Quartz | Lime | Portlandite | Calcite| Anatase| Magnetite | Others
phase
SFX 58.0 15.5 8.5 6.0 |55 1.5 1.5 1.0 2.5
Table IV.

XRDx quantitative CEM phase composition [wt.%], Rietveld method (error Rw <5%)

Material | Amorph. | Hatrurite | Larnite | Brownmillerite | Calcium aluminum | Gypsum| Others
phase oxide
CEM 10.0 55.5 17.0 11.0 2.5 2.0 2.0

Preparation of mixtures

In total, 5mixtures labelled CSK X0CSK 70 containing different ratio of CEM and SFX were prepared. All
mixtures contained a constant amount of plasticizer based on polycarboxylates, a constant amount of aeration
additive and a varying amount of water to binder ratig)(in order to maintain the same workability of the
mixtures. The detailed composition of the mixtures is shown in Table IV.

During the preparation of the slurries, the dry ingredients were first weighed on laboratory scale EVZNZO00

(Kern, Czech Republic). Subsequently, the components were dry homogenized for 1 minute in a standardized
ELE mixer. After thatvater containing superplasticizer was added. Aeration additive was added for the last
minute of mixing. The total mixing time wascllB minutes.

Table IV.
Sample preparation
CEM SFX w Superplasticizer Aeration additive
Mixture | [%] [%6] [96] [%0]
CSK 10| 90 10 0.20| 2 0.025
CSK 20| 80 20 0.20| 2 0.025
CSK 30| 70 30 0.22] 2 0.025
CSK 50| 50 50 0.23|2 0.025
CSK 70| 30 70 0.25]| 2 0.025

Powder materialcharacterizationmethods instrumentation
PSD

The laser particle size analyzer Bettersizer ST (Dandong Bettersize Instruments Ltd., China) placed in laboratory
Y 2 Ndzy R . S yQzdch Republisvas NSé®tebdetermine particle size distribution.
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XRF

To measure the elemental composition viaay fluorescence, sequential wadispersive Xay spectrometer

ARL 9400 XKThermo ARL, Switzerland) with the WinXRF software was used. Spectral intensities were
measured in vacuum and results were processed using the Uniquant 4 software.

XRD
PaAy 3 GKE8t SNIlo t26RSNI RAFFNI OG 2 YS( SNIBeritan pdrajotusing i A OF £ X
geometry and CUK NI} RALF GA2y oI @St Sy3adK o< T wmmeypdiffagtion)wds | T n.

measured. Thanks to HighScore Plus 4.0 software with Rietveld method, qualitative and quantitativesanalys
were evaluated. Internal standard 10 wt.% ZnO was used to deterthemamount of amorphous content of
the materials.

Porosity measurement methods instrumentation

Air contentg pressure method

Thefreshair contentg pressure method based on the EN 12358tandard was used to measure the aeration

of fresh slurries immediately after mixing. The measurement was carried out using a device Air entrainment
meter (Testing Bluhm & Feuerherdt GmbH, Germany) with a volume of 1 liter. The slurry compaction time
before measurement was chosen to be 2 minutes.

1A

Image analysis was performed according to EN-#B@tandard. Firstly, cylindrical samples witdiameter of

10 cm were prepared from all themixtures. These were subsequently compacted for 2 minutes and stored in
awater-d I G dzNF 6 SR SY@ANRBYYSy(d I { culing éaBinetl 8BS NAMiBoBEBN KYFemu m ¢ /
Czech Republic) for 28 days. Secondly, the samples were unmolded and cut according to the requirements of
the EN 486aL1 standard. A confocal laser microscope LEXT OLS5000 (Olympus, Japan) was used for the actual
measurement of porosity with a 10x objective magnification. The evaluation was carried out according to the
standard in the NKElements Advanced Research 3.10 program (Nikon, Japan).

MIP

Mercury intrusion porosimetry of open pores was measured ord@3 cured samples by AutoPore IV 9500
(Micromeritics, Georgia USA) witthe porosity evaluation in the range of 101.3RBa ¢ 400MPa with
acorresponding range of pore size radius of 6 £40.5 x 1@ m. The measurement took place in two phases,

with the highpressure analysis measuring the pores in the range of 1.5cron > Y | Y Rpredsiré f 2 ¢
Fylrfeara YSIadNAy3d (KP1mANBEE Ay GKS Nry3IS 2F o >Y

Results and discussion

Since porosity was measured by three different methods,ftllewing Figure 1shows a comparison of their
resultsincludingstandard deviations.

20
18 T

I

8 = I
6
4
2
0

CSK 10 CSK 20 CSK 30 CSK 50 CSK 70
W Air content - Pressure method mIA MIP

Porosity[%]

Figure 1. Comparison of total porosigsults
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Firsly, results of measuring Aicontent were on average in the range of §809% and no correlation with
wwas foundthere. Ar content ¢ pressure method generally sheva higher degree of variation. This issue
probably arises from the fact that the measurement takes place on fresh slurries, where the mixing time, the
time of filling the measuring container, the sealing method and even the length of time of the pressure
measurement have a great influence. Ley and his féat@alt with this issue, for examplas theyminimized

the error by using two identically calibrated devices at the same time for the same fresh cement mixture.
Secondlythe optical analysisesultswere in the range of 3¢5.9%.No @rrelation withw was found on the
contrary, even samples CSK 10 and CSK 20 with the leveegtibitedthe highest porosity as a result of |An
explanation for this can be given using tfedlowing detailed MIP resultgFigures 2, 3)vhich show that these

two samples contained a highaumberof smaller pores that are not detectable with the I1A microscope.

Finally, the results df1IP measurements show some degree of variation. Here, the reason is mainly influenced
by which part of the sample (center or edge) was selected for measurement. As these were fragments of
hardened bodies, different parts of the bodies could be measured each fithe. average of the MIP
measurement results was in the range of 83.6% and a direct correlation with was again not found. Only

in case ofsample CSK 70 possible increase in porosity associated with increasiay be observedThis
corresponds to the results of Cook and Hd¥ewho confirmed that a lowew leads to lower porosity values
However,this information is not completely unambiguous in the case of this work, since the samples were
prepared from different mixtures of two binders with different granulometry. The MIP process is illustrated in
more detail in the following Figuse, 3.

Regarding the comparison of methods, the results show that each method measures in a different range and
the results cannot be compared with each oth@hese results ar® 2y a A a i Sy G 6 A (FRwhdD NB 3 2 N2 ¢
among other things, compared the porosity of mullite foam by IA and MIP. The techniques have been shown to
contribute different information, but their combination provides a consistent picture of the microstructural
properties when suitably modified. Similar conclusions are also contained inforks

In general, it can be said that the largest porosity values were recorded for MIP, which has the largest
measurement range of thaforementioned methods. With the Air contemtpressure method, the results from

the point of view of concrete mparationare rather indicative, therefore its greater advantage is the simplicity

of execution. The IA results proved to be the most consistent.
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Figure 2. MIP resultscumulative curves
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Figure3. MIP results; distribution curves

For more detailed information regardingahMIP pore distribution of individual slurriethe Figures 2, @ith

cumulative and distribution curveare provided. It is evident from thedistribution curvesthat the highest

ydzYo SNJ 2F LI2NBa YSIadaNBR o6& alLt F2NJIFff atdNNASE gl &
Furthermore, i can be seen from the cumulative curves that the highest intrusion volume was recorded for the

CSK 70 sampleyhich contained thebiggestamount of SFX binder and also had the highestThe CSK 70

curve shows a change in shape compared to the other samples, which is related to the pore radius, as can be
seen for the increased intrusion volume of Hg in the regionc@f ® n a1 m kK Y® ¢ KS ¢Co#izBIMave T2 NJ /
a similar shape character, while CSK 30 and CSK 50 have practically identical results. CSK 10 and CSK 20 are
almost similar, although CSK 20 has a slightly higher total intrusion volume and thus porosity for the same
w=0.20as CSK 10

Conclusions

The following results were measured by three porosity measurement methaids;ontent 6.@6.9%, MIP

porosity 8.317.6%, IA porosity 3¢5.9%. The highest number of pores measured by MIP for all slurries was
0St26 G(KS LBRNB aAalsS 2F noam xYd ¢ K washB Rohfinied Rn A y ONB |
increasingv was observed with an increasing proportion of SFX binder while maintaining the same consistency

of the mixtures. No correlation was found between the porosity measurement methods used.
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RESISTOMETRIC METHOD FOR CORROSION MONITORING
ReiserM> Y2 dznjAft a®
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Abstract

The main objective of this work was to provide information on corrosion monitoring techmjaasistometric
method. Most metallic materials are exposed to atmospheric conditions, where their corrosion occurs.
Corrosion monitoring techniques are used to gather information about corrosion processes which leads to
preventing or at least minimizing damages caused by corrosion processes. A principle of resistometric method
and development of this technique will be discussed. The development of resistometric method consisted of
surface treatments of the sensors. Real metallic materials appear in different states of surface such as:
polished coated, corroded, etc. Therefore, there is an effort to prepare sensors with a surface relatively like
asurface of real metallic object. The corrosion response of surface treated sensors was observed.

Introduction

Corrosion monitoring techniques allows us to prevent or at least minimize damages caused by corrosion
processes. Resistometric method presents one of the techniques of corrosion monitoring. The main principle of
this method consists in measuring the electrical resistance of the resistometric sensor. Resistometric sensors is
shown on the Figure 1, on the nonconductive substrate is metallic track, which is divided into two part
INBFSNBYOS YR YSIFadaNBYSyiod wSTFSNBYyOS LI NI Aa O20SNBR
corrode and a thickness of the reference part remain constant. On the other hand, the measurement part of
the sensor communicates with an environment and may corrode, thus the thickness of the measurement part
is reducing while it corrodes. The monitoring consists of measuring the electrical resistance of these two parts
of sensor, knowing the initial resistances of those parts allows us to calculate corrosion loss in thickness. The
electrical resistance depends on the thickness of conductor, therefore when the sensor corrodes, the thickness
is reduced and electrical resistance increases. The role of reference is in compensation of temperature
changes, because temperature affects electrical resistance. A formula used to calculate the corrosion loss is:

o, . Y Y i
YQ QOp Y_GY—
f

where ho represents initial thicknes$er represents resistance of reference part aRekasstands for resistance

of measurement part, index 0 means initial vall@e sensor measures the corrosion rate of itself, not of the
metallic object it is placed on, which is quite clear regarding the principle, regarding that the sensor must be
from a same material as a monitored object. Sensors may be produced from any metal or alloy. The advantage
of resistometric sensors is that it provides réiate datab23

Masked reference N
portion of track ~ A O

Metal track

Non-conductive
—_—— >
substrate \/ \/

Figurell Schematic picture of resistometric sensor

A surface state of sensor plays an important role, it is well known that differently treated surfaces of same
metal corrode with different rate. For example, a corroded surface expresses higher corrosion rates in
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comparison with polished surface. So, a surface of a sensor should be similauttage of anonitored

object. In this case the resistometric method would provide reliable data. The presence of corrosion products
dzadzZ t t & R2SayOd FFFSOG GKS NBaradrA@dAGer o0SOFdzaS GKS
comparison with metals and thus, we can assume that current flows through the metal track and not through

the corrosion products®.

Experiment

{Syaz2NRa LINBLI NI GAZ2Y

Steel resistometricsensors (C1008 steel) were used to monitor corrosion rates for comparison of different
surface states; clean surface, corroded surface and protected surface. The thickness of used sensor was
50>Y® ¢KS aSyaz2NhR ¢SNBE O@ygtkaib$ Fowiré able? The referéngedparnSvdg ! / 5
covered by the epoxy resin (UHU plus schnellfest). A sensor that represented clean surface was just etched in
solution of HCI (1:1 by volume), to get rid of corrosion products, for 30 s and then rinsed byvdtmiand

dried with ethanol. A sensor representing corroded surface was prepared by exposure of the sensor over the
SQ vapours for 1 hour, vapours were formed due to the reaction betweeBQdand NaSQ. Asensor
representing protected surface was treated by commercial sealing agent (PG Seal Fe), which sealed the surface
of steel.

Exposure

Prepared surface treated sensors were put into a climate chamber (Binder KBF 240). Conditions of exposure

are shown on the Figurei SYLISNI (G dzNBE NI y3IS glcd o FRo SIKE NBtd/iAIGBR K
was between 30% and 85%.
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time (d)
Figurel2. Conditions during exposurechanges intemperature and relative humidity

Discussion and result analysis

The goal was to describe the changes in corrosion rate of different surfaces exposed in climate chamber under
changing conditions (Figure 2). The data from steel resistometric sensors with different surface treatments are
plotted on the Figure 3. The types of surfaces were: cleaned surface, corroded surface and protected (sealed)
surface. The corrosion rate during the first two days of the exposure of all sensors was almost zero. At
approximately 48 h, the relative humidity increased from 50% to 85% and this led to increase of the corrosion

rate of precorroded and cleaned sensor. The corrosion rate of the sensor representing protected surface
remained negligible during whole exposure, it means that the protective sealant was sufficient to the
O2yRAGAZ2YaAa aSi Ayid2 OfAYOSNI OKFYOoSNIIYR (GKS aSyaz2N] RA
This is not surprising result that the surface which have been already damaged (precorroded) showed higher
O2NNRaA2Y NIGS G(GKFYy OftSIy &dNFIOS 62N §08y LINEGSOGSR
constant during the whole exposure and was changing as the conditions in climate chamber were changing.

The response of the sensor on the change of conditions was immediate.

The corrosion rate of cleaned sensor increased slightly when a relative humidity in the chamber reached 85%, it

is markable on the Figure 3 that the corrosion rate was changing in time as condition in the climate chamber
changed.
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Figurel3. Corrosion loss of resistometric sensors with different surface treatmerltrnivate chamber

The corrosion rate of cleaned and protected sensor remained veryaftev two weeks of exposure, two

complete exposure cycles. Images of resistometric sensors are shown on the Figure 4. The surface of each
aSyaz2N) O2NNBaLRyRSR (2 OFfOdZ I 6SR O2NNRaAZ2Yy f2a4daSad
loss and the surface appearance remained unchanged. Appearance of the precorroded sensor remained almost

same too, only the thickness of corrosion products increased. The thin layer of corrosion products appeared on

the surface of the cleaned sensor, as can be seen on the image below.

i L \M
Figure 4. Images of used rezistometric sensors after the exposure test. From left: precorroded sensor,
sensor, protected sensor (sealed)

On the other hand, the laboratory prepared precorroded surface corroded faster than sensors with naturally
formed corrosion products (prepared by 1 year long outside exposurdgr same condition. But anyway the
corosion rate of precorroded surface, both naturally and artificially, is higher than the corrosion rate of the
cleaned surface. This fact motivates us to find better conditions for preparation of artificialy corrosion
products, which would act similairly to naturaly formed corrosion products in atmposhere.

Conclusion

Rezistometric sensors with different surfaces corroded with different corrosion rates. Alreaebomposled

sensor showed the highest corrosion rate and the sensor with protected surface (sealed) showed the lowest
corrosion rate, which was almost zero. The sensor with surface cleaned from any impurities showed higher
corrosion rate only during the time when relative humidity was above 50%. The results from exposure in

climate chamber confirm the idea, that for the right corrosion monitoring it is necessary to prepare surface of

sensors which is similair to a surface of monitored objects. This work is part of a project focused on
development of resistometric sensors. From these results arose other motivation for future research, such as
preparation of other types of surfaces which corroectly substitutes real surface or effort to describe limits of

the resistometric method.
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KEY TRENDS AND STRATEGIES IN THE OIL AND PETROCHEMICAL INDUSTRY

H. Kittel

University ofChemistry and Technology, Prague, Czech Republic

Abstract

The number and capacity of oil refineries in Europe is steadily declining, and refinery equipment is aging. In the
last 20 years no new steam cracker unit has been constructed. Thisastimast to the Middle East and Asia,
where large investments are commissioned. Most oil refineries in Europe are integrated with petrochemicals,
and cooperation in this direction will increase. Past efforts to save energy for economic reasons are now being
transformed into nobler decarbonization activities to face the climate change as a fundamental imperative.
Some oil refineries are being transformed into biorefineries as part of a transition towards a circular economy.
Feedstocks and utilities shift towards recycled plastics and scrap tires, agricultural residues, and municipal
waste. Stateof-the-art catalysts, new types of equipment, new environmentally friendly technologies,
innovative technological schemes, utilities and products with low carbon content are being developed. The
drop-in concept will be important in the transition phase towards decarbonized produdisel&e-chemicals
represent a way of joining various sources of carbon dioxide and green hydrogen for the methanol or
FischefTropsch synthesis and are examples of the increasingly close integration of the refining and
petrochemical industries. The role of digitalization is growing for planning, production optimization, predictive
maintenance, logistics, efficient use of workforce, safety, and protection of the environment. The change in the
mindset of the staff, strong leadership, proper master planning, and new investments will be important in the
preparation of successful strategies.

Introduction

The oil refining andpetrochemical industries are currently characterized by different trends in developed
(Western) and developing (Eastern) countries. While the US and Europe are consolidating and rationalizing this
industry, the Middle East, India, China, and Southeast Asia are experiencing rapid growth in oil refining and
petrochemical capacities that will last until 204®Refinery activities in Europe are clearly legislatively driven
FYR gAff 0SS FFFSOGSR o6& FLIWNROIE 2F (KS ySg OIFIND2Y
55 packagé, theEU RED Il Directiyeand the Et¥ standard), the emerging electromobility, the ban on the

use of internal combustion engines in new passenger cars in Europe frorf, 208%he real purchasing power

of the population. While the consumption of mogas will gradually decline and the future of diesel is not entirely
clear, consumption of jet fuel, marine fuel, and petrochemicals is expected to gro@2H) there were
89refineries in operation in Europe (minus 15 in the last 10 years) with a total crude oitplateecapacity of

663a G (& p &)i0f these, 74-12) were the main stream refineries processing crude oil an@3)sther
refineries focused on processing petroleum condensate, asphalt, and lubricants. The average main stream
NEFTAYSNE OF LI Goba oo aseaqFiipelh a i &

120 9 =
® 2
2 100 ¥ 8 R 88,5
2 Ng N N R
£ w ‘R
o NN I ' N 8,6 0
5 60 A NE N \ m
3 40 :: h t h 8,4 2
: "RERR v
Z 20 N BN B N 829
REER :
0 8
20132014 201520162017 2018201920202021 2022
B All refineries mmmmm Main strd&@@fefineries I NB® OF LJ OA

Figurel4. Number and average capacity of refineries in Europe
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Three new oil refineries are under construction or planned in Europe in Porto Romano, Albania,

YIE KNI YEYYF NI az?) adeklagagTurkéy on  a (i NJ

While the refining business in Europe is declining, interest in petrochemicals is grolmirgp21, there were

45 steam crackers in operation in Europe with an ethylene nameplate capacity o& 48 &a&d production of

193a Gt @Al O2NNBaLRy R &of féeistotké)’? péw steam caatkerdis in construction in

''Yi6SNLI y26 OPBOKEESYI®Pn/ btii9o @ eodp oyo>IX GK$earANRG & dz

An overview of ongoing refinery and petrochemical projects, both conventional and renewable, is al&ilable

Alarge number of refineries are integrated with or very close to steam crackers sites, which shows the close

link between these two businesses and demonstrates the contribution of refineries to the production of high

value-added products. This integration will develop in two directions:

1 Optimization of feedstocks for steam crackers, e.g., maximization-aikanes in these feedstocks.
Significantly higher ethylene yields than ®8% can be achieved using naphtha reverse isomerization and
adsorption of ralkanes on molecular sieves.

1 Production of basic petrochemicals directly at the refinery, e.g., propene by selective dehydrogenation of
propane or from the PetroFCC, and the production of aromatics at the refinery using catalytic reforming
technology.

Innovative technological schemes are developed based on matured technologies, e.g., Honeywell Integrated

Olefins Suite (I08). However, the direct use of crude oil to produce olefins, bypassing refinery processing, is

also being studiet!®.

580FND2YyAT FGA2Y AY wn-- LXl&a 2dzi +& |y AyS@AadalrotsS 3

9 dzNPSLIS the oil refining and petrochemical industry, it takes place is represented by two concepts: the

SFaASN) GRSOFNb2yAT A2y 2F 2LISNriAz2yaé | y'RThasKkS Y2 NB

concepts are not entirely nef%'® but are now becoming an absolute priority and are reflected in strategies

such as:

1 a%SNRP SyrAa®xhAz2ya NBFAYSNEE

1 GWSTFAYSNE HnpnésX 6KAOK F20dzaSa 2y KERNRBUNFwelS YSyd 27
based on captured carbon dioxide and green hydrogen (Conéhvesjd other measures to reduce the
carbon footprint (CEIP)

 GWSFAYSNE 2F (GKS FdzidzaNB¢ 61 2y Se@Qdzi bxEy D1 GER MIWIKKSY
GKS NAIKG LI FOSérX aGR2AYy3I Y2NB BGHND St S22dzNIABA (XA (6A LSNE
aadNBSYSNI 12Y2NNR g | a O2yOSNYya Syraaazyaédr a2LIAYATA
Y2NBE olyl1FH&tS LINep2SOGas¢

1 G%SNR Syriaarzya aidaSFY ONIO1ISMES o6lFaSR 2y Ke@RNR3ISy |

9 a{GSIY ONIO1SNI 2F (KS TFdzidzNBEzl 3a20AFGSR gAUGK (KS

As concerns decarbonization from operatioggefining and petrochemical complexes are among the most

energyintensive industries. They are therefore from the beginning designed as thermally integrated facilities

and rationalization of heat consumption, currently interpreted as reducing carbon dioxide emissions, has

always been a central operational objective. The following trends occur in this réspect

1 Stateof-the-art catalysts are being implemented, that is, more active and selective golf balls are being
developed for tubular reactors of steam methane reformers, catalysts operated in expanded bed to
process crude oil residu&sand ionic liquid€ are being developed.

1 Rationalization and optimization of existing technologies to save energy, reduce emissions, and encourage
recycling™.

1 Bottom-of the-barrel processing, to get more valuable products from leg4 oil

1 Utilization of new environmentally friendly technologies, focusing on the use of waste process streams, for
example the Honeywell nViro concépt

1 Carbon dioxide capture and storage (CES)

1 Burning of refinery fuels and coke on catalysts with oxygen to obtain carbon dioxide in high concentration

to process it chemically (CCU)

1 Use of green hydrogen as fifel*. Oxygen as hy-product of green hydrogen production may be used in
line with the previous point.

1 Use of new equipment.g.,revolutionary electric heatef§’. The first demonstration electrically heated
steam cracker furnace (dutyMW, input 4t h™Y) will be commissioned at BASF, LudwigshafeB0#8, on
the basis of @ooperation between BASF, SABIC and Einde

1 Integration of oil refineries into local economic value chains related to heat, electricity, green hydrogen,
biofuels, CCSU activities, anduels productior?.
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As regards decarbonization of products, the RED Il Directive on the promotion of the use of energy from
renewable source®, or the upcoming RED 3f° are the governing documents. Refineries accelerate the
transition to renewable fuefS. Certain mainstream refineries have been partially or fully converted to
biorefineries producing low carbon fuels (LFC), for example in Europe these include refineries if2Venice
Geld?0 9 b L 0 I “[Tétal),a06 tRtSrminals for renewables. Particular attention is paid to the treatment of
various biofeeds, waste plastics, scrap tires to fuels and chemicals combining petrochemical and refinery
processes. Pyrolysis, gasification, methanol synthesis, Fi$cbpsch synthesis, hydrogenation, and ammonia
synthesis are the focus of attentiéT’. For many reasons, green and blue hydrogen, ammonia, and methanol
will be the fastest growing products-fiels and echemicals represent aew type of products based on green
hydrogen and captured carbon dioxide, using matured refinery (Fisttogsch) and petrochemical
technologies (methanol synthesis). This issue is discussed in great detail in the Concave reviews and
reports*®%°. Ehydrogen, emethane, emethanol, eOMEX, emethanoHo-gasoline, emethanoto-kerosene,
e-ammonia, eFischefTropsch kerosene and diesel pathways are considered. In 203@daction of 1Mt
efuelsand @2 & (i 2 T'ohdieseleq.are prédted in Central Europe usitigh concentration carbon
dioxide source. The consumption ofd@®0Mtoe of low carbon fuels is projected in 2050re&luction in GHG

of 92¢97% will be achieved compared to standard fossil fdleBmethanol occupies an exceptional position
among all eproducts as glatform for the production of various motor fuels,wade range of chemicals and
petrochemicals, and as a final product, e.g., as a marin&fughsed on different scenarios, electrification of
road transport is expected to reduce the consumption of standard petroleum fuels by 1/3 in 2050. Thi@ drop
concept will be important in the transition phase to decarbonize products because it allows to overcome some
of the different features of alternative products and to further exploit the existing quality standards and
industrial infrastructure. Currently, this concept is most frequently discussed in the context of jet fuel for
awide range of sustainable aviation fuels (SAF)

Digitalization will be important to implement analytical intelligence (production planning and optimization),
asset performance management (reduction of downtime), predictive maintenance (development of digital
twins, machine learning and artificial intelligence, to save costs), to improve logistics, workforce knowledge and
skills of newly implemented technologies (by way of simulators), safety and health, and protection of the
environmen? % Large software companies (AspenTech, Microsoft, and KBC) are involved in thi% trend

In arapidly evolving environment for the refining and petrochemical business, it will be important to properly
evaluate project returns, so appropriate methods are being devel&ped

Discussion

It is clear that the capacity of oil refineries in Europe will continue to decline in the face of the declining
consumption of motor fuel. Staying in business will require sufficient capacity (economy of scale), the tightest
possible integration with petrochemical production, the greatest possible specialization, the most intensive
on-site collaboration, and decarbonization of operations and products. However, to what extent the aging
assets in Europe will be competitive with the rest of the world will Isergous question.

¢KS O2yOSLI 2F aLMzidAy3d GKS NAIKG Y2tSO0dA S Ay GKS N
typical in petrochemistry and organic chemistry to the refining business, to the petroleum continua continuum.
Given the huge material flows in oil refineries, such thinking can translate to interesting profit.

Transforming araditional oil refinery into a biorefinery seems like an interesting idea, but apart from the high
costs of such transformation, only pioneering matream refineries can be transformed intobarefinery

because unlike in the case of crude oil, there are not enough traditional biofeedstocks available. Importing
vegetable oils over long distances makes no sense. In other words, transforming every other oil refinery into

a biorefinery will mean inventing new, original solutions, which will meagor challenge.

In terms of decarbonization, refineries offeéde range of mature technologies for processing alternative
feedstocks, from recycled plastics, scrapped tires, agricultural residues, and municipal wastes to LCF. Therefore,
current oil refineries can be well incorporated into the recycling economy.

Certainly, for the next two decades, large volumes of petroleum products will make it easy to integrate
products from alternative feedstocks. The drpconcept has been repeatedly and successfully applied in the
past, e.g., for the implementation of coal components (aromatics) and biocomponents (bioethanol and FAME)
in motor fuels at low concentrations. The current driopconcept is characterized by the fact that the range of
components processed in this way has expanded and that this concept can also be used for the preparation of
certain feedstocks, e.g., for steam cracker or FCC. For this reason, it is necessary to continue researching this
concept. The drofin concept is also important in forcing entities that previously had little in common to
cooperate.

ICCT 202| book of proceedings 102



As concerns-fuels, extracting carbon dioxide in concentrations of 0% from the air when there are many
industrial sources of carbon dioxide with concentrations several orders of magnitude higher makes no sense.
Chemicals that occur at much higher concentrations in refineries and petrochemical complexes and yet are
now being burned should be given priority, e.g., hydrogen or ethylene in FCC gases. Green hydrogen requires
green electricity, but in addition to chemical processing it can also be used to store surplus green electricity.
The numerous and serious negative physicochemical properties of the new chéammailites e.g., hydrogen,
methanol, and ammonia, should not be overlooked and undervalued when new strategies are developed.

The traditionally highly skilled workforce should represent a competitive advantage for the consolidation and
rationalization of the refining and petrochemical industry in Europeh@dnge in staff mindset, strong
leadership, proper master planning of future activities, and new investments will be important in preparing and
implementing entrepreneurially successful strategies.

Conclusions

The number and total capacity of oil refineries in the developed countries is declining. In Europe, about 15 and
65a ¢ ' & nameplate capacity has been shut down in the last ten years, while the opposite was true in the
developing countries. The reasons are related to EU legislation. The strategic milestones in Europe will be 2030,
2035, and 2050. Most oil refineries in Europe are integrated with petrochemical production. This integration,
the decarbonization of operations and products, the involvement in the concept of industrial recycling, and the
production of efuels and echemicals will be important for the necessary transformation of the refinery and
petrochemical industry. The drep concept, digitalization, and skilled workforce should assist this
transformation. In the world of energy once dominated by oil, electricity will take over. Realizing
azeroemissions world will require extremely strong and #iskof investors. Thus, this business will be further
integrated and internationalized. At the same time, it will open up the possibility of applying -tbreakgh

ideas and represent great challenge for research and development.

Acknowledgement

This research was funded by the Ministry of Education, Youth and Sports of the Czech Republic from the
institutional support of the research organization (CZ60461373).

References

1. Couch, K.; Funk, G. As global petrochemicals demand increases, how can refiners respond to this
opportunity? Blubbry Podcasting, 2023https://blubrry.com/themaincolumn/93520258/ag/lobat
petrochemicalsdemandincreaseshow-canrefinersrespondto-this-opportunity/ (accessed 2023 31 Jan).

2. Store, J. Fit for 55 package: Council reaches general approaches relating to emissions reductions and their
social impacts. European Council, 2022https://www.consilium.europa.eu/en/press/press
releases/2022/06/29/fitfor-55-councitreachesgeneratlapproacheselatingto-emissionsreductions
andremovalsand-their-socialimpacts/(accessed 2023 16 Apr).

3. EEB. RED Il EEB Policy Brief. European Environmental Bureau, H2(&2//eeb.org/wp-
content/uploads/2022/02/PolicyBrieFREDIHand-PACScenario_FINAL pdf (accessed 2023 15 Apr).

4. EUCOMMISSION. Commission proposes new Euro 7 standards to reduce pollutant emissions from
vehicles and improve air quality. 2022.
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_64¢&ccessed 2023 14 Apr).

5. Eden, J. EU Approves 2035 Ban on Internal Combustion Engines. Energy Intelligence Group, 2023.
https://eeb.org/library/eeb-policy-brief-on-the-renewableenergydirective-red-iii/ (accessed 2023
31Apr).

6. CONCAWE. Refinery Sites in Europe. 20&Bs://www.concawe.eu/refineriesmap/ (accessed 2023
10Apr).

7. S&PGLOBAL. Refinery news roudup: Plants in Europe focus on renewables projec&ols#P2022.
https://www.spglobal.com/commodityinsights/pt/oil/refinegproducts/jetfuel/031522refinery-news
roundup-plantsin-europefocuson-renewablesprojects(accessed 2023 15 Apr).

8. PETROCHEMICAHIIROPE. Cracker Capacity. Petrochemicals Europe, 2021.
https://www.petrochemistry.eu/aboutpetrochemistry/petrochemicaldactsand-figures/cracker
capacity/(accessed 2023 14 Apr).

9. Herve, P. From data to optimized performance. Hydrocarbon Engineering 2022, 27%¢), 19

ICCT 202| book of proceedings 103


https://blubrry.com/themaincolumn/93520258/as-global-petrochemicals-demand-increases-how-can-refiners-respond-to-this-opportunity/
https://blubrry.com/themaincolumn/93520258/as-global-petrochemicals-demand-increases-how-can-refiners-respond-to-this-opportunity/
https://www.consilium.europa.eu/en/press/press-releases/2022/06/29/fit-for-55-council-reaches-general-approaches-relating-to-emissions-reductions-and-removals-and-their-social-impacts/
https://www.consilium.europa.eu/en/press/press-releases/2022/06/29/fit-for-55-council-reaches-general-approaches-relating-to-emissions-reductions-and-removals-and-their-social-impacts/
https://www.consilium.europa.eu/en/press/press-releases/2022/06/29/fit-for-55-council-reaches-general-approaches-relating-to-emissions-reductions-and-removals-and-their-social-impacts/
https://eeb.org/wp-content/uploads/2022/02/Policy-Brief-REDIII-and-PAC-Scenario_FINAL-1.pdf
https://eeb.org/wp-content/uploads/2022/02/Policy-Brief-REDIII-and-PAC-Scenario_FINAL-1.pdf
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_6495
https://eeb.org/library/eeb-policy-brief-on-the-renewable-energy-directive-red-iii/
https://www.concawe.eu/refineries-map/
https://www.spglobal.com/commodityinsights/pt/oil/refined-products/jetfuel/031522-refinery-news-roundup-plants-in-europe-focus-on-renewables-projects
https://www.spglobal.com/commodityinsights/pt/oil/refined-products/jetfuel/031522-refinery-news-roundup-plants-in-europe-focus-on-renewables-projects
https://www.petrochemistry.eu/about-petrochemistry/petrochemicals-facts-and-figures/cracker-capacity/
https://www.petrochemistry.eu/about-petrochemistry/petrochemicals-facts-and-figures/cracker-capacity/

10. HYDROGEN9 b ¢w! [ @ Lb9h{ {SOdzNBa modmoy (2 . dzAf R 9 dzNR LIS
2023. https://hydrogen-central.com/ineossecures3-1bn-build-europesgreenestcrackerpowered
hydrogen/(accessed 2023).

11. Turner, E. Refinery new roudup: Renewables projects in Europe. S&P Global, 2022.
https://www.spglobal.com/commaodityinsights/en/markensights/latestnews/petrochemicals/072622
refinery-newsroundup-renewablesprojectsin-europe(accessed 2023 11 Apr).

12. HONEYWENIOP. Expand your profits: Unleash the potential of your naphtha cracker. Honeywell UOP
Integrated Olefin Sutie. HONEYWHEIQP, 2021.https://uop.honeywell.com/content/dam/uop/en
us/documents/industrysolutions/petrochemicals/olefins/Integrate®lefinSuite Brochure.pdf (accessed
2022 14 Nov).

13. Griffiths, M. A New Look at Integration Opportunities; HONEYWBIR, 2020.

14. Cooper, J. E. Statistical Report 2022. FuelsEurope, 2022.
https://iwww.fuelseurope.eu/uploads/files/modules/documents/file/1665047024 zrE38MrGrfYYXK6mcG
b47mng0S3KhbFC8iAq6YP3.(atfcessed 2023 24 Apr).

15. Biswas, G.; Maesen, T.; Sundaram, K. M. Unlocking Permian valuen. Hydrocarbon Engineering 2022,

27 (4), 2%32.

16. EUCOMMISSION. COMMUNICATION 2019/ 640 FROM THE COMMISSION TO THE EUROPEAN
PARLIAMENT, THE EUROPEAN COUNCIL, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCI
COMMITTEE AND THE COMMITTEE OF THE REGIONS from 11 Dec. 2019; The European Green Deal. The
European Commission: Brussels, 2019.

17. Gelder, A. Crisis? What Crisis? Hydrocarbon Engineering 2022, 271.46), 9

18. Wright, T. L. Carbon storage and the zero emissions refinery. Hydrocarbon Process. 2005, 84 (10).

19. Stockle, M. Towards a zero (net) carbon refinery. Petroleum technology quarterly 2013, 1&9B), 95

20. Sunny, N.; Bernardi, A.; Danaci, D.; Bui, M.; Gongzdeay, A.; Chachuat, B. A Pathway TowardsZdes
Emissions in Oil Refineries. Frontiers in Chemical Engineering 2022, 4, 4. DOL
https://doi.org/10.3389/fceng.2022.804163

21.DdzZRRSY bodT [ NA@PSET WP COHPT |, dzA2r ad wWSTAYSNE wHnpny
challenges for the EU refining industry to transition towards a-@®2 intensive economy. 2019.
https://www.concawe.eu/wpcontent/uploads/Rpt_19-1.pdf (accessed 2023 15 Mar).

22. Kreijkes, M.; van der Linde, C.; Nivard, M. Refinery 203Refining the clean molecule. 2018.
https://www.clingendaelenergy.com/inc/upload/files/CIEP_Paper_2008_Web_beveiligd.pdf
(accessed 2023 2 Apr).

23. Couch, K.; Griffiths, M.; Ritchie, J. The journey to sustained profitabilitiow to benchmark the
efficiency of your investment. Digital Refining, 2020.
https://cdn.digitalrefining.com/data/articles/file/1523037660.pdaccessed 2023 3 Apr).

24, +2SNXIyas [ ! O0OSt SNIiGAy3d StSOUNRTAOIGARZY HAGK GK
Chemelot Campus. Sittaf@eleen, 2021. https://www.borealisgroup.com/news/accelerating
electrificationwith-the-crackerof-the-future-consortium(accessed 2023; 20 Apr).

25. Toledano, I. Embracing change. Hydrocarbon Engineering 2022, 27¢&8, 53

26. Kapustin, V.; Chernysheva, E.; Khakimov, R. Comparison of rbedngatalytic tar hydrocracking
processes. Processes 2021, 9 (3), 500. tpk://doi.org/10.3390/pr9030500

27. Timken, H. K.; Luo, H.; ChangKB.Carter, E.; Cole, M. ISOALRéchnology: NexGeneration Alkylate
Gasoline Manufacturing Process Technology Using lonic Liquid Catalyst. In Commercial Applications of
lonic Liquids, Shiflett, M. B. Ed.; Springer International Publishing, 2020¢;p4p.33

28. Elshout, R.; Bailey, J.; Brown, L.; Nick, P. Upgrading the Bottom of the Barrel. Hydrocarbon Processing

2018, 97 (3).

29. HONEYWEELht & ¢2RIF&80&a G(KS o0S8ad GAYS (2 o6daAtR F2NJ G2Y2]
Solutions. HONEYWEUDP, 2022.
https://pmt.honeywell.com/content/dam/pmt/en/documents/gated/nVirdorochure.pdf (accessed 2023
5 Apr).

30. Gargallo, K. Carbon capture (and the role of gas analysis). Hydrocarbon Engineering 2022, @48(5), 45

31. Marquez, M. T., X. The role of oxygen and hydrogen in refining. LINDE, t2i8//www.linde-
gas.com/en/images/The%20role%200f%200xygen%20and%20hydrogen%20in%20refining_tcm17
416854.pdf(accessed 2013 16 Apr).

32. Glashan, L.; Thirunavukkarasu, K. Decarbonizing your fired heaters with hydrogen fuel. Hydrocarbon
Processing 2022, 101 (11),¢54.

ICCT 202| book of proceedings 104


https://hydrogen-central.com/ineos-secures-3-1bn-build-europes-greenest-cracker-powered-hydrogen/
https://hydrogen-central.com/ineos-secures-3-1bn-build-europes-greenest-cracker-powered-hydrogen/
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/petrochemicals/072622-refinery-news-roundup-renewables-projects-in-europe
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/petrochemicals/072622-refinery-news-roundup-renewables-projects-in-europe
https://uop.honeywell.com/content/dam/uop/en-us/documents/industry-solutions/petrochemicals/olefins/Integrated-Olefin-Suite-Brochure.pdf
https://uop.honeywell.com/content/dam/uop/en-us/documents/industry-solutions/petrochemicals/olefins/Integrated-Olefin-Suite-Brochure.pdf
https://www.fuelseurope.eu/uploads/files/modules/documents/file/1665047024_zrE38MrGrfYYXK6mcGb47mnq0S3KhbFC8iAq6YP3.pdf
https://www.fuelseurope.eu/uploads/files/modules/documents/file/1665047024_zrE38MrGrfYYXK6mcGb47mnq0S3KhbFC8iAq6YP3.pdf
https://doi.org/10.3389/fceng.2022.804163
https://www.concawe.eu/wp-content/uploads/Rpt_19-9-1.pdf
https://www.clingendaelenergy.com/inc/upload/files/CIEP_Paper_2018-_01_Web_beveiligd.pdf
https://cdn.digitalrefining.com/data/articles/file/1523037660.pdf
https://www.borealisgroup.com/news/accelerating-electrification-with-the-cracker-of-the-future-consortium
https://www.borealisgroup.com/news/accelerating-electrification-with-the-cracker-of-the-future-consortium
https://doi.org/10.3390/pr9030500
https://pmt.honeywell.com/content/dam/pmt/en/documents/gated/nViro-brochure.pdf
https://www.linde-gas.com/en/images/The%20role%20of%20oxygen%20and%20hydrogen%20in%20refining_tcm17-416854.pdf
https://www.linde-gas.com/en/images/The%20role%20of%20oxygen%20and%20hydrogen%20in%20refining_tcm17-416854.pdf
https://www.linde-gas.com/en/images/The%20role%20of%20oxygen%20and%20hydrogen%20in%20refining_tcm17-416854.pdf

33. Ditaranto, M.; Anantharaman, R.; Weydahl, T. Performance and NOx Emissions of Refinery Fired Heaters
Retrofitted to Hydrogen Combustion. Energy Procedia 2013, 37, ¢7220. DOI:
https://doi.org/10.1016/j.egypro.2013.06.659

34. Rehfeldt, M.; Worrell, E.; Eichhammer, W.; Fleiter, T. A review of the emission reduction potential of fuel
switch towards biomass and electricity in European basic materials industry until 2030. Renewable and
Sustainable Energy Reviews 2020, 120, 109672 .Hixpd://doi.org/10.1016/j.rser.2019.109672

35. Long, D. Breaking down the barriers. Hydrocarbon Engineering 2023, 28 3}, 73

36. Long, D.; Juliano, R. Can electric pullit weight? Hydrocarbon Engineering 2022, 2qd5@R), 49

37. Hawkins, G. Process Engineering Guide: Electric Process Heaters. 2007.
https://www.academia.edu/3642004/Electric_Process_Heafaxessed 2023 15 Mar).
38.b2yylaids ¢oT {LISYyIFEtSNE | T YNRBYy>X ad .!{Cxz {!.L/

demonstration plant for largscale electrically heated steam cracker furnaces. BASF, 2022.
https:/iwww.basf.com/global/en/whewe-are/sustainability/whatsnew/sustainabilitynews/2022/basf
sabicandlinde-start-constructionof-the-worldsfirst-demonstrationplant-for-large-scaleelectrically
heatedsteamcrackerfurnaces.htmiaccessed 2023 14 Apr).

39. EUPARLIAMENT. DirectigigU)2018/2001 of the European Parliament and of the Council of
11 December 2018 on the promotion of the use of energy from renewable sources (RED IlI). European
Parliament and Council: Brussels, 2018.

40. EUCOMMISSION. iNEPTH ANALYSIS IN SUPPORT OF THE COMMISSION COMMUNICATION COM(2018)
773A Clean Planet for all. A European ldagn strategic vision for a prosperous, modern, competitive
and climate neutral economy. EROMMISSION: 2018.

41. Carugo, M. Valentine., J. Accelerating the transition to renewable fuels. Hydrocarbon Processing 2022,
101 (10), 4&43.

42. ENI. The Venice biorefinery. ENI Italy, 202atps://www.eni.com/enIT/operations/italyvenice
biorefinery.html(accessed 2020 2 Dec).

43. ENI. Eni opens its biefinery in Gela. ENI, Italy, 201®&ttps://www.eni.com/enIT/media/press
release/2019/09/eniopensits-bio-refinery-in-gela.html(accessed 2020 1 Dec).

4. ¢ 2 G+ t @ [ F aSRSY ! CILOAtAGER F2N) GKS SySNHASa
https://www.total.com/energy-expertise/projects/bioenergies/lanede-a-forward-lookingfacility
(accessed 2020 5 Dec).

45. Reynolds, A.; Tardy, A.; Allemand, C. Renewable carbon for chemicals. Hydrocarbon Engineering 2022, 27
(4), 14.20.

46.hfaleyaiAaz to tftladAdda LRGSY(aetd | @RNROIFND2Y 9y IA

47. Owens, B. Working towards a circular economy. Hydrocarbon Engineering 2022, 2%¢%4), 21

48. Yugo, M.; Soler, A. A look intwe role of efuels in the transport system in Europe (2@2050). Concawe
review 2019, 28 (1), 22.

49. Soler, A.; Yugo, M. Role offuiels in the European transport system. Literature review. 2020.
https://www.concawe.eu/wpcontent/uploads/Rpt_1914.pdf(accessed 2023 31 Mar).

50.{2f SNE ! ®T D2NRAff2I 20T [AffSe&8Z 2 OT-fuglOKEhmIZ t OT
economic assessment of European domestic production and imports towards 2050. 2022.
https://www.concawe.eu/wpcontent/uploads/Rpt_2217.pdf(accessed 2022 15 Dec).

51. Soler, A. Buels: future markets and challenges. Hydrogen Europe, 2@#2s://hydrogeneurope.eu/wp
content/uploads/2022/12/112_S11.pdhaccessed 2023 1 Jan).

52 WA ALREAS DOT . 2NH23IYIFSY ' d {KALWMAYIOac3aSs a0SySo | &F

53. vanDyk, S.; Si, J.; McMillan, J. D.; Saddler, J.-iDrophe key role that cprocessing will play in its
production. The IEA Bioenergy, 2019. ttpasiw.ieabioenergy.com/wgcontent/uploads/2019/09/Task
39-Drop-in-BiofuelsFullReportJanuary2019.pdf(accessed 2023 28 Feb).

54. Stuckye, M. A step change in catalyst development. Hydrocarbon Engineering 2023, 284@), 36

55. Bergman, S. The value of digital assistance. Hydrocarbon Engineering 2022, 237(B), 66

56. Pietri, A. Digitalization Strategies to Gain Leadership in Sustainability. Aspen Technology, Inc., 2023.
https://www.aspentech.com/en/resources/executivarief/digitalizationstrategiesto-gainleadershipin-
sustainability (accessed 2023 14 Apr).

ICCT 202| book of proceedings 105


https://doi.org/10.1016/j.egypro.2013.06.659
https://doi.org/10.1016/j.rser.2019.109672
https://www.academia.edu/3642004/Electric_Process_Heaters
https://www.basf.com/global/en/who-we-are/sustainability/whats-new/sustainability-news/2022/basf-sabic-and-linde-start-construction-of-the-worlds-first-demonstration-plant-for-large-scale-electrically-heated-steam-cracker-furnaces.html
https://www.basf.com/global/en/who-we-are/sustainability/whats-new/sustainability-news/2022/basf-sabic-and-linde-start-construction-of-the-worlds-first-demonstration-plant-for-large-scale-electrically-heated-steam-cracker-furnaces.html
https://www.basf.com/global/en/who-we-are/sustainability/whats-new/sustainability-news/2022/basf-sabic-and-linde-start-construction-of-the-worlds-first-demonstration-plant-for-large-scale-electrically-heated-steam-cracker-furnaces.html
https://www.eni.com/en-IT/operations/italy-venice-biorefinery.html
https://www.eni.com/en-IT/operations/italy-venice-biorefinery.html
https://www.eni.com/en-IT/media/press-release/2019/09/eni-opens-its-bio-refinery-in-gela.html
https://www.eni.com/en-IT/media/press-release/2019/09/eni-opens-its-bio-refinery-in-gela.html
https://www.total.com/energy-expertise/projects/bioenergies/la-mede-a-forward-looking-facility
https://www.concawe.eu/wp-content/uploads/Rpt_19-14.pdf
https://www.concawe.eu/wp-content/uploads/Rpt_22-17.pdf
https://hydrogeneurope.eu/wp-content/uploads/2022/12/112_S11.pdf
https://hydrogeneurope.eu/wp-content/uploads/2022/12/112_S11.pdf
file:///G:/.shortcut-targets-by-id/0B9Bzy0hu9tH5cF9fVDZzdEQyVUU/AKCE-SPOLECNE/AKCE%202023/ICCT/Tisky/000--FULL_PAPERS/FINAL/www.ieabioenergy.com/wp-content/uploads/2019/09/Task-39-Drop-in-Biofuels-Full-Report-January-2019.pdf
file:///G:/.shortcut-targets-by-id/0B9Bzy0hu9tH5cF9fVDZzdEQyVUU/AKCE-SPOLECNE/AKCE%202023/ICCT/Tisky/000--FULL_PAPERS/FINAL/www.ieabioenergy.com/wp-content/uploads/2019/09/Task-39-Drop-in-Biofuels-Full-Report-January-2019.pdf

SLUDGE FORMATION DURING LTBRM STORAGE OF VARIOUS TYPES OF CRUDE OIL
[812 +| GKp2@F S {GNI 1l tdS +}t OK2Qt =o

''YAOGSNEAGE 2F / KSYAAaUNE YR ¢SOKy2ft2383 ¢SOKYyAO(lt p=
eliska.lyko.vachkova@vscht.cz

Abstract

Longterm storage of crude oil in largeapacity aboveground floating roof tanks requires preserving not only

its quantity but also quality, which changes over time due to processes such as evaporative losses or
sedimentation of solids leading to the formation of tank bottom sludges, which can be either prevented by
regular mixing or removed after its extensive accumulation. Both methods are costly due to energy
consumption, loss of the stored medium, operation of cleaning technologies, as well as blocking capacity
during tank outages. The right choice of crude oil types for-teng storage can minimize the risk of sludging.

The aim of this work was to model crude oil sedimentation in a laboratory model to evaluate the
sedimentation tendency. Obtained results were relatedbtsic properties of the crude oil samples in order to
assess the possibility of predicting sludging tendency for the purpose otéomgstorage.

Introduction

Sediments formed at the bottom of the storage tanks contain various types of insoluble fractions, e.g.,
equipment corrosion products and mineral substances, but the main part of the sludges consists of organic
substances such as waxes aadphaltenes. The main components of waxes are high molecular weight
n-alkanes, whose precipitation is caused by their low solubility especially at low temperatures. As the
temperature of the crude oil drops below its cloud point or wax appearance temperature (WAT)athes

begin to form solid crystals. The shape and morphology of the crystals depend on the composition,
temperature, cooling rate, and mechanical stress at which the solid phase is formed. If the crude oil is stirred
during cooling, smaller particles are formed than during cooling at quiescent conditions

The size of the crystals formed affects the rate of settling and the formation of deposits at the bottom of
storage tank& The motion of a settling particle can be described by scalar equations according to Newton's
law taking into account the gravitational, buoyant, and environmental drag force. During settling, the forces
acting on the particle reach equilibrium very quickly and their sum is zero, so that the particle moves at
aconstant velocity in a straight (vertical) line according to the equation:

e, o v
w QH ” 1 Yn _

q
Where ¢ Vp is the particle volumeg gravity constant, p ¢ particle density,” ¢ environment density' - drag
coefficient,S ¢ particle crosssection areawu ¢ velocity.

Based on the above equation, the settling velocity can be calculated, but for acxgiarticles in oil, some
parameters remain unknown, such as particle density, because in most cases the particles are inhomogeneous
because they are a mixture of paraffins and the liquid part of the oil. In addition, the particle size and shape
factor vary over avide range. Therefore, experimental data on settling in model reservoirs are necessary to
predict the settling behaviour of oil and to assess its suitability for-teng storage in storage tanks.

Experimental

In order to monitor changes in the composition of stored oil and the formation of bottom sediments,
experiments of londgerm storage of oils in scaledbwn model tanks were carried out. Based on previous
studies, alaboratory model scale was 1:20, with a container height of 0.8 m. Due to the sensitivity of the crude
oil to the temperature history, the samples were transported and stored in temperatargrolled containers

at the temperature of the sampling after they were taken. According to the model scale, sedimentation tests
were carried out in model tanks at constant temperature for 1/20 of the actual storage time.

The sampling of bottom layers of accumulated deposits was carried out carefully by gradual vacuum suction of
the content of sedimentation cylindetsThe formation of the deposits was further evaluated based on the
content and distribution of ralkanes in the deposit layers. First, the concentrate of saturated hydrocarbons
was prepared using liquid adsorption chromatographgubsequently, saturates were dissolved in carbon
disulphide and analysed by gas chromatography to obtain the content of indivicalkhnes in the range of ca
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16to 60carbon atoms in the molecuileFinally, the total content of-alkanes having@0 or more carbon atoms

(Go*) was calculated.

Since waxy sludges are mainly composed of crystallized paraffinic particles, the technique of polarized light
microscopy was be used for their direct observation with subsequent image analysis to obtain information on
the particle size distributioh The microscopic evaluation of samples was carried out at constant temperature
equal to that of sampling and storage tests. The image analysis resulted in a data set consisting of the area of
each particle in the image, which was then used to calculate the overall particle size distribution and their total
content in the samples.

Results and discussion

A correlation between oil properties and sediment formation was the main goal of the experiments.ITable
shows the properties of tested samples (viscosity, content of saturated hydrocarbons, content'of C
n-alkanes, pour point, maximum and average particle diameter obtained from image analysis) in relation with
the results of model storage (number offtim deposit layers and the total increase@?t" in the deposits) each
equivalent year of deposition.

Tabe I.
Crude oil properties and sedimentatioesults 15c /

Pour Max. Weight l\égmbetrls of dTOtaltCZOO/m /
Sample Viscosity  Sat. Go* point particle average sediment layers sediments [% wiw

number [mPa.s] [% w/w] [% w/w] diameter diameter 2 3 3

[ =, ,
@> Y1 @>Y1-Yeyonrs vears Y years years

1 358 1556  2.59 0 145 56 4 5 5 129 20.3 15.9

2 439 2076 1.81 9 50 16 2 3 3 21 37 38

3 643 2225 2.31 -6 175 66 3 3 4 111 102 152

4 850 2484 356 2 135 44 2 2 3 53 84 105

5 621 2139 1.95 -5 90 27 2 2 2 35 35 28

6 2555  19.66 1.33 -6 95 21 3 3 3 12 12 16
Conclusions

The amount of & n-alkanes in crude oil andaxy particle size can be used to predict letggm storage
behaviour of the crude oil. As there are obviously more parameters that could affect the sedimentation rate
and total amount of tank bottom sludge, greater data set would help to clarify their effect on the bottom
sludge formation. Despite the difficulty of predicting the intensity of deposition, the findings have contributed
to explaining the longerm storage behaviour of crude oils, which is also relevant for the selection of oil types
selected for the storage in strategic reserves.
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Abstract

Oill refining is a carbon dioxide emissiantensive industry. Addressing 20X%ro emissionsvill be amajor
challengeconsidering further needs of hydrocarbons (crude refining derivatives) for part of transport and
petrochemical industryThere are various pathways to reduce these emissions, including electric heating. The
dzaS 2F WINBSYyQ St SOGNARO KSIFGAYy3a gAft 0SS FR@GIyidl 3S2dza
energy sources in the refinery. Relevaethnologiesare already available. Therefore,case study of electric
heating utilization on decarbonizationf the operation of a6a (i # ECC conversion refinery that emits
1139kt CQ T “Bwas modeled In case lemissions were reduced by 5%0CQ 1 “Eendingthe purchase of
steam in case 2emissions were reduced by 3&LCQ1 -Eselling fuel and natural gas to a local electricity and
heat produceras a natural gas substituteCase 3 targeted zero carbon dioxide emissions by producing
550kt y'* methanolusing thecarbon dioxide produced by the combustion of coke during the regeneration of
the FCC catalysindintroducing the production ofreen hydrogen. Hence,zero-emission refinery will not be
adreamassuming theechnological use of cokieom the FCC.

Introduction

Qil refining is an energytensive industry. Distillation (atmospheric and vacuum distillation of crude oil,
redistillation of gasoline, and gas separation) and endothermic technologies (thermal cracking, catalytic
cracking, and catalytic reforming) are important consumers of heat in refineries. Tube furnaces are the most
important heat source in refinery processes. They are facilities with a wide range and flexibility of performance
and high thermal efficiencef up to 90%. They burn some of the-pyoducts and less valuable products of
crude ol processing, mainly fuel oils and desuifed refinery gasesThe energy balance of rafinery is
supplemented with natural gas also for safety reasons (for stabilization burners of heaters and flares). The
furnacesare used tovarmand evaporate the process streanmsthe range of 100 to 750 /taproduce steam,

and to preheat the combustion air. Another important source of heat is the combustion of coke in processes
with continuous catalyst regeneration, mainly on FCC, or fuel gas from fluid cdkiaghydrocarborfuels
consumed,and the coke burned are direct source of carbon dioxide emissions from refineries. To reduce
energy consumption, oil refineries have always been designed and constructed as integrated systems with high
heat recovery from exothermic processes (hydrocracking and hydrotreating) and hot output streams (FCC,
catalytic reformer) by exchanging heat with input streams and generating water steam at different pressures
and temperatures This steam is then used to strip the produas,aheat source invariousreboilers, to drive

pump and compressor turbines, and for heatimigpiping and tanks. It depends on the type of refinery and the
operating conditions whether it purchases or sells fuel gasveaigr steam.

Decarbonization of eefinery operation or finally zeremission refinery in 20XX will bemajor challenge.
Globalrefining carbon intensity was reported at the country and crigleel 0f0.1050.466t CQ eq.t™ of the

crude oil processedwith an average value of 0.305 t €8 |j ®af drude off. In 2015, European refineries
processed 723.81t of oil and emitted 128Vt CQ eq, that is,0.177t CQ S |j ¥ ofithe crude ofl. These are the
following general pathways to reduce emissions from oil refinerédgitalization; capture and storage of
carbon dioxide(CCS)pxygen enrichment of combustion aiuse of carbon dioxide for chemical syntheses
(CCU)upgradingrefinery technologies to less energy intensigees; use of hydrogen injecting instead of
carbon rejection technologiegurninglow-carbon fuelsbiofuels or green hydrogen directly as fuel in refinery
furnaces; or replacing fuel consumption and external steam with green electricity. Thafigvays can be

used in parallél®.

Electricity already contributes to the energy consumption in refineries, mainly to drive rotating machines. In
G2RIeQa NBTFAYSNASE>: StSOGNARO KSIGAy3a Aa faz2z dzaSR
sorbents, for pipeline tracingnd tank heatingThe use of green electricitg heat the process streamaill be
advantageous due to zero emissions and the ability to substitute different energy sources in the refinery, such
as external steam of various presssiend temperaturas and fuel gs of various compositian The appropriate
electric heating technology is already available. Fratesign and technological point of view, the substitution
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of steam for electric heating is relatively simple, because the construction of the steam reboilers and electric
heaters is similar (it is laeat exchanger), the required temperatures are moderate (<800and the heat duty

is small or medium(<20MW). However, eplacing tubular furnaces with electric heating risuch more
complicated due to highetemperatures of heated streams (up @60c / 0 | YR KSI ( BB Lidzi
Theprosof electric heating include higher watt densities, less thermal lag, safer operation, and less folding.
cons includehe highcosts of equipment itsefCAPEX), the cost electricity(OPEX)the necessaryntegration

into the electricity grigand the storage of energy from renewable sources (battery stotddeReferences for
amore extensive replacement of standard refinery furnaeesl reboilersby electricequipmentin refinery
practice are not yet available.

This paper focuses dhe balance okenergy and carbon dioxidemissionsf aFCQonversion oil refinery that
replaces purchased steam, fuahd natural gas with green electricity and deals with carbon dioxide emissions
from the burning of FCC colan the catalyst

Method

The conversionoil refinery with acapacity of évit y! of acrude oil (it contains 8wt% of carbon)was
modeled consisting of atandard hydroskimming section andresidual FCC uniprocessing atmospheric
residue fromlight low sulfur crude oilwith acapacity of 2 Mt y?! as central technologies. For simplified
scheme of energies see Figure 1.

Input CcO, T Output
Naphtha
Kerosene

v

v

Diesel

v

Crude oil Heating o,

y—

Residue
Purchase | Production Sale

Natural gas|| Fuel gas, coke, steam | Fuel gas
Steam sur_‘g Consumption Steam sum
Electricity || Fuel & natural gas, cok
—_—> .

steam sum, electricity

VN

Figurel5. Simplified scheme of energies at the refinery balance boundary

FCC coke and fuel gas originate from the input crude oil. As FCC represents carbon rejection technology, coke

formation is a naturalconsequenceof this technology It cannot be eliminatedand can be controlled to
alimited extent only. The problem is that this carb@ndeposited on the surface of the catdlygsd the only

way to separate it is by oxidation to carbon monoxide or carbon dioxide. The modeled refinery has two internal
sources of fuel gas from the hydroskimming section and from the FCC unit. The yield of this gas is related to
the portfolio of technologies, the technologiocagime,and can only be controlled tolamited extent similarly

as forFCQoke The modeled refinery also burns excégsirogenfrom the catalytic reforming unit as part of

the fuel gas. Therefore, refinerfpel gas is a type of lowarbon fuel. Unlike coke, fuel gas can be sold as
anatural gas substitute and replaced withgeeen, emissiofiree energy source. The refinery uses steam of
different pressures andemperaturesand can purchase steam ofaertain quality and sell steam different
quality at the same time because steam throttling is not economically beneficial. Imddeked refinery, the

main fuel consumers are atmospheric crude oil distillation, straight gasoline redistillation, catalytic
reforming, gas oil hydrotreater, FCC unit, and FCC gasoline redistillation.

In line with the difficulty of substituting different types of enerfyyr green electricity as discussed in the
Introduction, three cases of carbon dioxide elimination warealyzed.

1. Replacement of external steam by electric heating
2. Additionallyto case 1replacement of refinery gas by electric heating and export of refinery gas to an
external consumer, replacirits natural gasmport.
3. In addition to case ,Zapture of FCC ocffas carbon dioxide and its use together with green hydrogen
for the synthesis of methanol
For the electrolysis ofvater, to obtain green hydrogenan efficiency of O’ was considered. The oxygen
produced as dy-product of theelectrolysiscan be used to enrich the air used to burn the FCC cokeit ii&.
mostly recirculated locally. The synthesis of methanol from carbon dioxide and watesubstances in their
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maximum oxidation state, is very energy intensis.recommended in the Introductiothe consideredcases
combine multiple alternativeso possible decarbonization of refinery operationg,, replacing external steam
and consumedrefinery gas withgreen electricity, oxygen burning, atite capture purification,and utilization
of carbon dioxide produced during the regeneration of the FCC catahgthe synthesis of methanol. Only
asmall consumptiorof natural gas was kept tstabilizethe operation of the flarenecessary to burrthe
refinery offgases.

The following basiassumptionswere considered: DOONN? natural gas heat content equal to 10MWh,
electric heater efficiency equal to 90%

Results and discussion

The basic numeric results of the model for the considered cases are given irl.Table

Tablel.
Total energyelectricity,and carbam dioxide balance for analgd cases
Total energy  Consumption Export of CQrefinery
Case description consumption of electricity  energies emissions
O0D2 Ri & 6D2Ri & oD2Ri & o1hHie
Base case Current configuration 4540.1 338.8 -800.6 1138.7
Casell + Replacement of external steam 4540 1 589 3 8006 1138.7
electric heatingzero purchase of steam)
Case: Case 1 + Replacemaitiefinery gas o, 4 2494.0 -2705.4 756.4
by electric heating (export of refinery gas)
. _ *
Case 3: Case 2 + WFCWIFgas COMor 395 4 8347.4 -2705.4 0
methanol production, utilizing greenzH (11

*p2GSY | LiLINaberdioxide will bié engitted for security reason:-g#fsedlare

In the basecase, the refinery purchased steam and sold fuel gastdtheenergy consumptionf the refinery
correspondedo 6.5% of the energy contained the processed oibinda power input of 518.3AW. The energy
intensity was 0.757MWh tor 2.725D WA ofithe crude oil processed anthhe carbon dioxideintensity was
0.189t t* of the crude oilprocessed These emissionsere only slightly higher than the averagnissionsof
European refineries in 2015The share of electrigitin the energy pool of the refinerwas only 7.5%. The
structure of energy consumption in the considered refinery model is fundamentally influenced by the
operation of the FCC because camnbustion,as such, provided5.1% of the refiner® energylf the fuel gas
produced from the FCiS alsoconsidered, it can be stated that the operatiohthe FCQunit wasessential for

the refinery@ energy balance (Figure. 2)
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e Fuel gas 8,
% 8000 &=%] Natural gas 800 o
o Imm Steam sum <
= Electricity 0
£ 6000 e=O==CO2 600 g
7 D
c R
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0 0

Base case Case 1 Case 2 Case 3
Figurel6. Contribution of individual energies to refin€éd@nergy balance

In case 1, purchasedemm from an external supplier contributetb the energy balance ahe 250GWhy™.
Therefore,its replacement by electric heatingcreased the share of electricity in the refin@yenergy balance

to 13%. Therevasno direct reduction in emissions from the refinery, but frotine external steam supplier of
55.9kt yL. Endingthe purchase of steam does not mean the end of its use at the refinery. Steam produced by
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heat recovery from furnace flue gases, from the heat of exothermic reagtiomg from hot hydrocarbon
streams, i.e.inside the balancéoundaries (Figure 1), continued to be used. This case would require the
replacement of dimited amount of reboilers at the refinery and is therefore feasible already today.

In case 2, the fuel gas and natural gas were replaced by electric heating, including the heat of the flue gases
dZaSR G2 3ISYySNIGS &aiGSIYd ¢KS &aKINB 2F St SOGNROAGE Ay
52.3%. The surplus of fuel gas w supplied to a local electricity and heat producer that substitutes for the import
of natural gas, with a reduction in carbon dioxide emissions at the refinery gate of approximately 34%.)Table
This case would require the replacemaenit alarge amount of key heattransfer equipment in the refinery,
especially the tube furnaces, and would be an investment (CAREXgive reconstruction. Such
reconstruction can be carried out step by step. However, the FCC units remained the main emitter of CO2.
Case 3 targeted zero carbon dioxide emissions. The case dealt with the utilization of emissions from the
O2YodzaliAaz2y 2F C// O0O21SZ 6KAOK O2yiNROdziSR &AA3AYAFAOIY
Compared to previous cases, the use of heat from FCC coke combustion to perform endothermic cracking
reactions and generate steam remained unchanged. Thus, the refinerguffidient process steam available
(fluidization and strippingof the FCC catalyst and stripping of the hydrocarbon streants.cokeyield in the

FCC catalysvasrelatively substantial a224.8kt y* (8.1wt% of the FCC feed)hich is nevetteless typical for

this process Carbon dioxide from the FCC regenerat@s used to produce 550.kt y! of methanol, which
represents an important platform for mumber of chemical syntheses and the production of synthetic motor
fuels (Efuels). Due to the need foW ANB Sy K & RN®@idNS golamptidrK iScreasedignificantlyto
181.8nand thetotal energy consumption to 228.9% tbie total original energy consumptioaf the refinery in

the base caseHowever, this hydrogen does not have to be provided directly byrefiaery but rather from

acentral sourceTherefore,this increase in energy consumption at the refinery would not ocCoenstruction

of anew methanol uniwill requiresignificant CAPEX amdll be a strategic project

Conclusions

The reductionof carbon dioxide emissions from a crude oil conversion refinery with a capacitilbféand
with 2.8 Mt y* FCC unit wamodeled Thisrefinery (base case) is an energy demanding facility (48aby?,
0.757MWh t* of crude oil, share of electriciiy energy consumption 7.5%) with high carbon dioxide emissions
intensity from operation (11381t CQy?, 0.189t CQt? of crude oil). Three cases of carbon diox@ission
reduction using green electricity have beenmodeled Case 1, substitution of purchased steamsulting in
ashare of electricityincreaseof 13% (total electricity consumption increased by tinTes) and savings of
56kt CQy?! emissionsby the external supplier of the steama&e 2, substitution of fuehnd natural gas
resulting in an increase in trehare ofelectricityto 52.3% (total electricity consumption increased by tides)
and 382kt CQy* savings Case3, the use of carbon dioxide from FCC coke and green hydrégemethanol
synthesis, resulting in share of electricityncrease t0l81.8%of the total energy consumptioin the base case
(total electricity consumption increased by 24ifes), additional savings o756.4kt CQy?, and the
production of 550kt of methanol ‘& Hence, zero emissions froan FCC conversion refinery will not be
adream but reality assuming thetechnologicalcapture and utilizationof the coke from the FCCunit. Of
course,this wouldrequire replacemenbdf heaters and reboilerandinvestmentin anew methanol production
unit and possiblya green waterproducing unit The available information shows thall considered cases are
currently technologicallypossible; howeverindividual steps wilrequire aproper economicjustification and
their sustainability confirmation upon given energy prices and environmental requirements

Nomenclature

CAPEX.............. Capital Expenditures
CCS..oiinnnnd Carbon Capture and Storage
CCU..ooiiiiinnn ! Carbon Capture and Utilization
FCC..ovtiiiieenn. Fluid Catalytic Cracking
OPEX..............d Operating Costs
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Abstract

During the trial run of the unit for dicyclopentadiene (DCPD) production based on light pyrgphgsiine
(LPyGas) technology, initial experience were obtained. The process data verified the previous research
assumptions accompanying the development of the technology and also show the potential for various process
optimization. The maximum effectiveness of the DCPD isolation from LPyGas should be achieved by optimizing
the operating conditions with the aim of minimizing direct losses of DCPD to backflow gasoline and at the same
time by efficient use of side streams withhegh content of DCPD. Finding the commercial use of
methyldicyclopentadiene (MeDCPD) which is produced bg-moduct of DCPD production represents the
example of evaluation of one fromgaoup of hydrocarbons originating from the Steam cracker and apparently
also the potential for expanding the DCPD unit to inclugkeu@ of MeDCPD stream processing. The main goal

of optimization is primarily to find key operating conditions for precise control of purity and other parameters
of the produced DCPD and MeDGP&specially the color and impurities.

Introduction

Cyclopentadiene ¢ cyclopental,3-diene (CPD) C5H6 and its more stable dimer dicyclopentadiene

¢ 3a,4,7,7aetrahydro-4,7-methanoindene (DCPD) C10H12, are produced gwdmjucts of ethylene pyrolysis

of petroleum fractions. If isolated, they can be very profitable monomers fouraber of different chemical
applications. Dicyclopentadiene (DCPD) is formed very easily by the dimerization of cyctbBatieme (CPD)

by the DielsAlder mechanism. The reaction of CPD to DCPD is reversible and takes place spontaneously even at
low temperatures. At higher temperatures, DCPD decomposes back to monomer. This is usedninea of
chemical reactions and industrial technologies where DCPD is said to by the starting material, although in
reality the reactant is monomeric cyclopentadiene. DCPD exists in two sterecisomeric forms: exo and endo.
The endo isomer is the majority, practically only endo DCPD occurs in commercial DCPD. Chemically pure DCPD
isacolorless crystalline substance withreelting point of 34c / | boig point of 172/ & 5/t 5 Ay f 2«
purity is acolorless to yellowish liquid with a characteristic frafigmphor odor. Due to its chemical reactivity,

DCPD is widely used chemical compound in many branches of the chemical industry and materials
engineering, from specialty chemicals to composites, from simple adducts to polymeric materials.
Cyclopentadiene and dicyclopentadiene are some of the main components of hydrocarbon resins,
cyclohydrocarbon polymers and many other specialty chendicals

ORLEN Unipetrol, in cooperation with the Institute of Chemical Technology in Prague, devetepedotogy

for the production of technical DCPD of intermediate to high purity. In 2022, the construction of the ORLEN
Unipetrol unit for the production of DCPD was completed and production started. This technology of DCPD
production, as shown in the simplified process scheme in Figure 1, ustesae of light pyrolysis gasoline
(LPyGas) asfaedstock, in which DCPD and CPD are represented as ones of the main compdrghts
pyrolysis gasoline is the bottom product of the debutanizer in the steam crackingy Thi principle is that

light pyrolysis gasoline is first dimerized in a cascade of dimerization reactors (R) to increase the DCPD content
in LPyGas by conversion CPD to DCPD and then LPyGas is proceksaastiage rectification line to the final

DCPD produét These four stages include the depentanizer (C1), which is used for the separation of C5 and
partially C6 hydrocarbons from LPyGas, the BTX column (C2) for the separatiogC8f Ig@rocarbons and
partially C10 calimers, the DCPD column (C3) for DCPD quality control by separating C11 and heavier fraction,
and finally the purification column (C4) for the purification of DCPD to the final product.
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Figure 1 Simplified process scheme for DCPD production from light pyrolysis gasoline {LPyGas)

In the upstream dimerization reactors, in addition to the conversion reaction of CPD to DCPD, other reactions
of dienes also take place, as a result of which light pyrolysis gasoline also contains CPD and
methylcyclopentadiene (MeCPD) dimers and the correspondindiroers of these cyclic dienes with acyclic
dienes as isoprene 2-methylbuta1,3-diene and piperylene penta1,3-diene. These C10 and Cll-dimers

are the major accompanying components or impurities in the final DCPD product. The DCPD production unit is
capable of producing DCPD withyaality of 80 to 94% in campaigns. The capacity of this DCPD unit is expected
to be up to 26 thousand tonnes per year depending on derivative product portfolio and purity of the*DCPD
The change in the required quality of the produced DCPD during production takes place by gradually adjusting
the process conditions during the distillation process. The final DCPD product is specified by the content of
DCPD (endo+exo) and other quality parameters such as the content of-tmiery and higheboiling
co-dimers C10 and C11, color, water and peroxide content, etc. Tasih@ws the limits of these parameters

for the individual DCPD grades produced by ORLEN Unipetrol according to the commercial specification.

Table |
Dicyclopentadiene (DCPD) product specificdtion

DCPD grades
DCPD 80 DCPD 85 DCPD 92 DCPD 94

Quality parameter

DCPOendo+exo), % wt. min. 80 min. 85 min. 92 min. 94
CPD, % wit. max. 0.05 max. 0.05 max. 0.05 max. 0.05
Benzene, ppm wt. max. 300 max. 300 max. 100 max. 100
Toluene, ppm wt. max. 300 max. 300 max. 100 max. 100
Lower boiling C10 edimers, % wit. max. 7 max. 7 max. 7 max. 5
Trimers, % wit. max. 0.1 max. 0.1 max. 0.1 max. 0.1
Inhibitor BHT or fTBC 1005200 1005200 1005200 1005200
Peroxides, ppm wt. max. 15 max. 15 max. 15 max. 15
Water, ppm wt. max. 300 max. 200 max. 200 max. 200
Sulphur, ppm wt. max. 20 max. 20 max. 20 max. 20
Colour APHA, HAZEN units max. 120 max. 120 max. 100 max.100
Discussion

Trial run experience

With the completion of construction and the performing of comprehensive tests in the second half of 2022,
atrial run of the DCPD production unit has begun. The purpose of the trial run was mainly to verify the
performance and various operating options and limits of the production equipment, therefore different
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production modes were tested. First, the unit was put into fmoduction mode, meaning all process streams
including DCPD flowed back to the stream cracker unit.

The aim of this operating mode was mainly to verify the technological functionality of the device as a whole.
This operating mode was shditved, as stable product parameters were successfully achievedélatively

short time in values corresponding to the required specification for sale, and based on this, production was
redirected to warehouses and subsequently to shipping to customers. The next step was the introduction of
by-streams from the purification column (C4) as recycle to the injection of the BTX column (C2) as shown in
Figure 1. This results in the recycling of streams witlgh DCPD content, which increases the total production
capacity and also the overall efficiency of the production plant.

One of the complications during the trial run wassk of DCPD freezing during the winter season. The freezing
point temperature of DCPD product depends on the DCPD content. EspecialfyuhityghDCPD and ultrpure

DCPD have rlatively high freezing point temperature, see the results of the measured values in Table Il. The
higher freezing point temperature of DCPD is problematic for the product transport, especially before
unloading. In generally, insulated tank containers are used for transporting the product without heating the
product during the transport. If there isr&k of freezing, the tank containers are heated before unloading.
However, this means taansport delay, and in addition, it can have an undesirable effect on some DCPD
product parameters and thus affect its overall quality. Therefore, it was necessary to provide measures to
reduce the risk of DCPD freezing during the transport and thus eliminate the need for subsequent heating of
the tank containers. Asmeasure, a new DCPD quality production plan has been set up taking into account the
weather conditions of the current season. This means that in the winter the quality of the produced product
has been reduced from DCPRB to DCPD2, and as aecond measure the temperature in the storage tanks
has been increased so that the DCPD product has been loaded into the tank containefsighera
temperature. During the shottierm transport of afew days, the temperature of the product has not dropped

to acritical level.

Table 1l
Typical cloud point and freezing point values of Dicyclopentadiene (DCPD) product

DCPD grades

Parameter

DCPD 80 DCPD 85 DCPD 92 DCPD 94
DCPOendo+exo), % wt. 83.1 86.7 92.6 94.9
/| £t2dzR t2Ay 0 c/ -12 2 9 13
CNBSTAy3a t2AyiZ ci 22 5 3 7

During the trial run, there was also a change in ith@bitor used, which is added to the DCPD product as an
oxidation inhibitor. DCPD isnaaterial easily subject to autoxidation, especially in the presence of atmospheric
oxygen and elevated temperatuté Auto-oxidation is a radical chain reaction which leads to the formation of
various peroxide compounds, which are initially manifested by a loss of spark, gradual clouding of the product,
and the formation of yellow gelg polymer resins. Peroxides can be formed during production, storage and
transport, the formation of peroxides occurs faster or slower depending on the conditions. In the subsequent
processing of DCPD, peroxides represemrablem especially during polymerization processes and are
therefore kept at the lowest possible level. This is helped by the addition of an inhibitor, which is already added
during the production of DCPD. Sterically hindered phenols are used as the oxidation ingQibitgpical
representative of which is the commonly used butylated hydroxytoluene (BHT). In recent years, the discussion
regarding the safety of BHT has intensified. The European Commission is also concerned about BHT's effects on
human health and its impact on the environment. Therefore, it issued Commission Regulation (EU) 2022/2195
of 10 November 2022 restricting the use of BHT in cosmetic products. Manufacturers producing in other
sectors are also reacting to this and are already replacing BHT with other alternatives. BHT was considered as
an inhibitor in the proposed DCPD production technology, and finally, due to customer requirements, it was
decided to replace it with 4dert-butylcatechol (pTBC).

One of the important parameters of the DCPD product for some downstream applications is color. APHA color
also referred to as the Hazen scale, and more appropriately as the Platinum Cobalt (Pt/Co) scale is used for
DCPD color evaluation. What substances cause the color of DCPD or what conditionsigaifecant effect

on the color of DCPD has not yet been fully revetleth general, the color of the DCPD product can be
affected by process conditions, residence time in equipment, and feedstock. THe Bdld? is caused by
presence of colored organic compounds witbdaling point close to DCPD. For yellow substances that come
with the feedstock and cannot be completely separated from the product by distillation, the name primary
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yellow substances. Secondary yellow substances, which are formed by new formation during the distillation
process, and yelloserown substances, which are formed during the process due to the residence time and
thermal load of the material in the devite

Further optimization of the process during the trial run focused primarily on monitoring utility consumption
and increasing the efficiency of DCPD isolation from LPyGas by adjusting operating conditions and minimizing
DCPD losses. The total DCPD losses in the process can be defined as the DCPD coetyulerf gasoline

that flows from the DCPD unit back to the stream cracking unit. The recycled gasoliskeeiana inwhich, in

this operating mode described above, are mixed the streams of the overhead products of columns C1 and C2
and the bottom product of column C3. The DCPD content in the column C1 overhead product is practically
negligible but the losses of DCPD through the overhead product of column C2 represent up to 5% of the flow
amount of this stream and thus the effort is to minimize the DCPD content in this stream. However, the most
significant are the DCPD losses by the bottom product of the C3 column, where the DCPD content can be up to
20% of the flow amount of this stream. On the DCPD column (C3) almost final quality of DCPD product is
achieved. Thus, the DCPD content in the bottom product of the C3 column cannot be significantly reduced, as it
is aside effect of the quality control of the DCPD concentrate, which is the overhead product of the column C3.
The most advantageous way to use this stream is to find a commercial use for{hisduct, as the proposed
technology assumes.

Utilization of MeDCPD as a side stream in DCPD production

Any streams not processed into the DCPD during the test run are fed back from the DCPD unit to the ethylene
unit for further processing. MeDCPD appears in the DCPD product as one of the its main components and also
is present as anajor component in the exiting stream as in the bottom product of the DCPD column (C3) at
aconcentration of approximately 55%), depending on the required quality of the DCPD product (see
Figurel). The developed technology of DCPD production involves the release of the maiodogt
methyldicyclopentadiene concentrate, and its production should start in 2024 at the 1afEse MeDCPD
concentrate from the DCPD unit is going to be produced in campaigns in three technical grades A/B/C
according to the ratio of DCPD and MeDCPD content in the expected amount ughtous@nd tonnes per

year.

MeDCPD is @ery valuable hydrocarbon similar to DCPD properties and prices. Unlike DCPD, this later molecule
has received only kttle attention. Methyldicyclopentadiene (MeDCPD) C11H14 ngethylated derivative

of DCPD. It is eo-dimer, formed by the dimerization reaction of CPD with methylcyclopentadiene (MeCPD).
There are three stereoisomeric forms of MeCPD, which is why dimerization is resulting to several isomers
of MeDCPD, of which there are five main isom&rBue to its similarity to DCPD, MeDGRDId be applied in

some of the nhumerous areas where DCPD has already been implanted, particularly in UPR. MeDCPD is so far
only asuperficially studied material. Especially, its influence on UPRs compared to standard UPRs or DCPD
resins have not been extensively studied so far. In comparison with other dimers observed in DCPDixtures
MeDCPD could have an interesting added value in the UPRcokdilaming the commercial use of MeDCPD in

the UPR, an effort to replace standard grade DCPD in UPR has been made. This implementation would increase
the efficiency of the DCPD distillation line and reduce the cost of final polyester resins. Unsaturated polyester
resins (UPR) are a solution of linear or weakly branched UPs in reactive solvents, predominantly’styRiRe

are an important class of thermoset resins.

DCPD modified polyesters have some advantages compared to classic orthophthalic UP types: the main stated
advantage is the price, also lower consumption of styrene for dilution (lower viscosity of the produced resin)
and due to lower styrene emissioids Compared to unmodified UP, these materials show lower shrinkage,
exothermic and rapid curing in thin layers. In contrast, the disadvantage is higher brittleness, lower glass
temperatures and lower chemical resistance due their lower network density.

In the first study, we studied the influence of MeDCPD istandard UPR formulation. The properties of neat
resins were assessed for different compositions with increasing amounts of MeDCPD. Two DCPD formulations
were tested: higher quality monomers up to 90% to evaluate the influence of MeDCPD in commonly used UPR
feedstock, and #echnical byproduct containing approximately 65% MeDCPD to determine the potential reuse

of this substance. In the second stidtjyad ¢ I G SNJ LINR OS & a4 ¢ pareBtlt WaB Bsedotd piePare 2y |
unsaturated polyesters with the aim to achieve a smaller proportion of gel particles in the resin. Two UPRs
based on two different DCPD/MeDCPD blends were compared to clearly assess the influence of MeDCPD
content on areadily useable DCPD polyester resin. In parallel, the reaction occurring between maleic
anhydride, DCPD (dMeDCPD) and water during the first stage of the modified polyesters synthesis was
engaged. It enriched the interpretation of observed phenomena at the polymesie.sthe result of these
studie$'* was that MeDCPD can be successfully implanted into the UPR formulation. The UPR modified with
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MeDCPD could probably be adequately used in composites in less demanding applications. Another interesting
perspective of technical MeDCPD could be its use in alkyd regidodya@ndensation material that can be also
modified by DCPD. Tetter control the properties of the final product and use the full potential of this
compound, further optimization of the synthesis technology and a deeper understanding of the reaction
between MeDCPD should be performed. Also, a deeper focus on MeDCPD isomers and the use of purer
monomers could open aew direction for further applications. Based on next studies, the optimal ratio of
individual MeDCPD isomers would be defined, which is a significant potential for the expansion of the DCPD
production plant. The production dfleDCPD concentrate with adjusted isomer ratio can be advantageously
linked to the implemented dicyclopentadiene technol8g¥he part intended for the processing of technical
MeDCPD into MeDCPD of medium to high purity would technologically be included downstream the bottom of
the DCPD column (C3), where the MeDCPD concentrate flows as a bottom product. In principle, this would be
aone-stage or twestage rectification process that would remove the higheiling component and at the

same time adjust the ratio between the individual MeDCPD isomers. In the case of the production of
high-purity MeDCPD, some more DCPD would be separatedgp@duct, which would be flowed as recycle

to the DCPD plant. The product could be colorless to yellow MeDCPD quitlity of 7%90%.

Conclusion

ORLEN Unipetrol's unit for the production of dicyclopentadiene (DCPD) was designed to meet high
requirements for operation and process control and to enable the deployment of modern tools for process
optimization, including digitization tools. The trial run verified the full functionality and variability of the
production unit. It has been confirmed that the DCPD unit is capable of producing DCPD of exactly the required
parameters. In addition, the DCPD unit allows two different streams to be used as the DCPD product, which
meet the commercial specification for DCPD intermediate and DCPD high purity. The produced DCPD is shipped
from the unit all over Europe to almost two dozen customers. At the same time, it should be pointed out that
not all of these customers have the same requirements for the quality of DCPD product, the quality
requirements often differ significantly in some parameters. The operation of the unit is therefore basically
aconstant search for a compromise and optimum in terms of DCPD production in the required quantities and
parameters, so that the needs of customers are fulfilled and the possibilities of the production unit are also
effectively used. To further optimize and increase the yield of DCPD from light pyrolysis gasoline, the process
conditions should be adjusted to minimize DCPD losses during the recycling of light pyrolysis gasoline to the
steam cracker unit. It is also necessary to focus on the energy balance of the unit.

Based on the tests performed, it appears that thedrgduct methyldicyclopentadiene (MeDCPD) concentrate
could find advantageous commercial use in applications such as modified unsaturated polyester resins and
alkyd resins. There is also the possibility of further processing of the MeDCPD concentrate as an extension of
the DCPD production unit, which would adjust its properties to suit a specific selected application.
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Abstract

The costeffectivetechnology of the &amino-4H-1,2,4triazole preparation has been developed to supply the
nitrification inhibitor for the mineral fertilizers.

The inhibitors of the nitrogen nitrification are incorporated into the modern mineral fertilizers to enhance the
efficiency of the utilization of this nutrient by plants, reduce the NOx formation and decrease the nitrate leaks
into the groundwater. The nitrification inhibitor has therefore favourable economic and ecological effects.
4-amino-4H-1,2,4triazole is known and efficient nitrification inhibitor. However, its poor availability and high
market price present serious obstructions of its utilization in the role of the fertilizer additive. The preparation
procedure has been simplified in the laboratories of VUCHT to overcome these drawbacks. Three production
steps have been reduced to two. The existing parts of the shut production lines in Duslo have been used to
scale up the process. The investment and operating costs are decreased by this way and the product price
becomes acceptable for the production of the fertilizers. The cost cuts result in the higher fraction of impurities
in the product. It has been necessary to verify that the impurities have no negative impact on the process
safety. The fertilizers containingamino-4H-1,2,4triazole have been subsequently produced and evaluated in
the agricultural field tests.

Introduction

The ASN fertilizer is important source of the ammonium nitrogen for the platdsvever,the undesired
conversion of the NH nutrient into NG, NbO or N@ decreases efficiency of the fertilization. This process is
called nitrification and it is mediated by one sort of the soil bacteria. The nitrification represents also the source
of the environmental pollutionNO: and NO are the greenhouse gasses andsN®easily leached into the
ground water.

Nitrification inhibitors are added into the new generation of fertilizers in order to suppress the nitrification and
increase the utilization of the nitrogen by crops. The fertilizers containing the nitrification inhibitors can be
applied in lower doses with the same positive effect on the harvest.

4-amino4H-1,2,4triazole is the promising nitrification inhibitoHowever,it availability on the market is poor.

The compound is mainly sold as the pharmaceutical intermediate and it is offered @8 $&g. The price is

not acceptable for the application in fertilizers.

Our project aimed the production of-d@mino-4H-1,2,4triazole for the application in the ASN fertilizer in the
production scale. The development was determined with two requirements:

1. Prepare the inhibitor with the quality satisfactory for fertilizer production.

2. Minimize the production costs to achieve the economic viability of the fertilizer containing the inhibitor.

Experimental

Synthesis of the amino-4H-1,2,4triazole in the laboratory conditions
The preparation of the-4amino-4H-1,2,4triazole consists of three steps:

15t step: Reaction of hydrazine with formic acid to form hydrazirformat:
H40+ H,N—NH, — H-©
X 2 2 X HaN—NH,
OH o'

Hydrazinehydrate (201 g, 4 mols) is placed into the flask equipped with stirrer and formic acidj,(B&3nols)
is added dropwise. The cooling of reaction mixture and rate of the acid addition are set to keep the maximum
temperature of 4c / @
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2nd step: Condensation into the intermediate formylhydrazine and subseqeeminb-4H-1,2,4triazole:

H-© 0
<. . —  HO+ W
0 HyN—NH, NH—NH,
Intermediate
2
(0] N
2 W& — + 2H,0
_<NH—NH2 ﬁ_,{? :

The condenser is added to the flask containing the product of thetdp. The mixture is heated slowly to the
maximum desired temperature. The maximum temperature is achieved aftef8h&urs. The water is
collected behind the condenser. The reaction is completed when the water condensation ceased. The reaction
YAEGAZNBE A& 022fSR (G2 ync/ @

39 step: Purification of product by recrystallization from isopropanole:

Isopropanole (230 g) is added into the flask and the mixture is homogenized. It is cooled/to 51 Y R f ST i
crystallize for 1@ours. The crystals of-d@mino-4H-1,2,4triazole are collected and washed with §f cold
isopropanole for twice.

The process of-Amino-4H-1,2,4triazole is described by the following block diagram (Figure 1):

1% step 2" step Istep | Aminotriazole Crystals
ydrazine |
hydrate

Figurel. Block diagram of-4mino-4H-1,2,4triazole preparation

Discussion of results

Synthesis of the aamino-4H-1,2,4triazole in the laboratory conditions

The conditions of the synthesis were optimized in order to achieve the maximum yield of the
4-amino-4H-1,2 4triazole. The first set of trials has been focused on the reaction temperature during the

second stage of the synthesis. Our trials begun with the reaction temperaturec 170 I OO2 NRA Y 3 |
Bourdauducd However, we have soon found, that the products prepared in these conditions had poor quality,

their melting points did not exceed 80/ ® ¢KS RSONBIaS 27F (KS®/ NBISRIH Ai2y (iKS
significant improvement of the product purity. Its melting point increased to the desired valueof 7@

Increase of the yield was the objective of another set of trials. First trials gave yields in the rg6g§éuafter

the purification step, the product purity was 99,8%. We have determined the fraction of the
4-amino-4H-1,2 4triazole in the reaction mixture during the second and third step of the synthesis. Known
quantities of the raw materials, intermediates, products and side products enabled to calculate the material

balance of these reaction steps. Tablshows, that the main product is formed with the yield 98,7% in the

2" step of the reaction. The crystallization from isopropanole in the third step is not complete and ca 27% of

the main product remains dissolved in the liquor. The most efficient way to the yield increase would involve

either isolation of the product from the liquor or omitting the crystallization at all and utilize the product of the

2"dstep. The former way will provide the product of high purity, later one is more cost efficient.
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Table I.
Material balance of thd-amino-4H-1,2,4triazole preparation

. o Aminotriazole
Raw materialgmols) | 1% step 2" step 39step¢crystals | 3 stepg liquor
Formic acid 3.73
Hydrazine hydrate 4.08
Product in mols 1.84 1.34 0.50
Product in % of theory 98.7% 71.8% 26.8%

The product of the second step was analysed with the following result (Table II.):

Table II.

Composition of the product before the crystallization
Component Fraction
4-amino-4H-1,2,4triazole: 92.5%
Intermediate Formylhydrazine 0.9%
Diformylhydrazine and Triazole: <0.01%
Water 7.8%

The result of analysis showethat the 4amino-4H-1,2,4triazole was obtained with the purity 92.5%. The
inhibitor would be applied in the form of the water solution, so the 7.8% of water did not present any problem.
Formylhydrazine is the reducing agent. The fertilizers produced in Duslo contain ammonium qtiateg
oxidizing agent. It was necessary to verify, that the formylhydrazine fraction would not initiate the explosive
decomposition of the fertilizer during it production, manipulation, transport or storage. The details of the
safety tests are not subject of this paper, however, their results have shown that the safety is not violated after
the application of the inhibitor. The positive result of the safety tests confirmed that it was possible to produce
the 4-amino-4H-1,2,4triazole by simplified way for the application in the fertilizers.

This result encouraged the scale up of the preparation procedure to the production apparatus.

Scale up of the 4mino-4H-1,2,4triazole preparation

The cost efficiency was the main priority of our project. The minimization of the capital expenditures motivated
searching for the existing apparatus in Duslo, which enables the synthesianoing-4H1,2,4triazole in the
production scale. The stirred tank reactor equipped with the heating/cooling jacked and condenser was
selected for this purpose. Its parameters were as follows:

Table 1.
Size of the productioapparatus
Inner diameter 2m
Stirrer diameter 0.66 m, paddle
Height of the cooled / heated space 1.32m
Heat exchange medium hAf o0al NI 2GKSNXYOS oo Y
Heating medium: Steam (12 bar)
Cooling medium 2 GSNE Hpc/

Heating / cooling of Marlotherm proceeded in the separate heat exchanger.
The size of the heated / cooled space in tleactor has volume 4.14inlt enables the reaction of,250kg
(49.94kmol) hydrazinehydrate with,203 kg (45.69 kmol) formic acid.

First reaction step: Cooling capacity and reaction time:

The laboratory development showed that the maintaining of theximum reaction temperature is crucial for

the product the quality and yield. The heat transfer in both reaction steps was therefore the determining
process in the production conditions.

The exothermic neutralization reaction between the hydrazine and formic acid is the first reaction step. The
measured reaction heat wad3.7 kJ per mol of formic acid. The total quantity of reaction heat formed during
the production inthe Ta G SLJ gAtf 0©0S n o,996NIn Thi® bedit mvs? iheSremBved frandthem
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reaction mixture continuously during the dosing of formic acid, so the reaction temperature would not exceed

40c/ ® ¢KS NI dS 2F GKS KSIKG S@2ftdzianzy Aa RSGSNXYAYSR 0o
determine the reaction time during thest1step. The correct estimation of the reaction time required the

knowledge of the cooling capacity of the reactor. The capacity was estimated as follows:

Table IV.
Estimation of the cooling capacity of the production apparatus
Jacket: Stirred vessel:
Inlet temperature of the heat Temperature of the
: onc/ . : nnc/
exchange medium reaction mixture

Heat transfer coefficient
from reaction mixture
Aggregate heat transfer

Heat exchange area in jacked 5.53 n? 681 W/me/K

Flow rate of heat exchange

i . 2mls o 195 W/ne/K
medium (oil) coefficient:
Heat transfer cqefflment into 297 W/?/K Med|um temperature hOHY C/
the oil difference
Outlet temperature of heat 31nc/ Rate of the heat 10.1 kW or
exchangemedium i removal 36MJ/h

The known rate of the heat removal enabled to calculate the reaction time of the first step to be
1996/36=55.4hours. The estimated dosing rate of formic acid would b&g@8&our.

Second reaction step: the heat balance and reaction time.

Second reaction step includes two endothermic processes:
1. Heating of the reaction mixture from 40/ G &/ mp n
2. Distillation of the water formed in the reaction

The heat consumption is calculated as follows

Table V.

Estimation of theheating capacity of the production apparatus:

I SFGAY3 FNBY nn @ Evaporation of water

cp [kJ/kg/K] 3.18 dh evaporation[kJ/kg] 2,114

m [kg] 4,544 m [kg] 2,457
Ri wc/ 8 110 Q evaporation [kJ] 5,194,579
Qheating [kJ] 1,589514

|Total heat consumed in the'$step: Q =Q evap+ Qheating[MJ] 6,784

The calculations of the heat transfer parameters gave following results:

Heating Evaporation of water
Heat exchange aref@m?) 5.53 5.53
¢SYLISNI G§dzNB 2F KSI 161 <t < 180 171 <t <180
Mean temperature differenc¢K) 75.1 25.2
Aggregate heat transfer coefficietitv/m?/K) 402 600
Rate of heat transfer (MJ/h) 600 300

Using the information about the heatonsumption and about the heat transfer rate in the conditions of the
second step, the reaction time can be estimated. The heating from 40t@ 50 ¢ A f € NBudzaidS | 6 2 dzi
evaporation of water about 17 hours.

Comparison of calculated values with the run of the production trial

The calculated estimation of the reaction time was applied in the design of the production trial conditions. The
dosing of formic acid begun with the estimated rate 38 kg/h in during thstdp. It was soon found, that the
rate can be increased. The initial temperature of the reaction mixture was 24> ¢ KS O2y Sy i 27F |
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was heatedto 3¢ / 6AGK GKS NBFOGAZ2Y KSIG Rd2NAYy3I GKSkgmANRBRG p
and later to 7Ckg/h. The reaction temperature was kept at 88 A GK GKS &I TS NRNTF KNGS
maximum 4c / @ ¢KS NBadzZ § akKz2g¢gaszs GKIFIG GKS NrasS 2F KSFG Gl
explanation follows from the fact, that the level of the liquid present in the vessel was not horizontal but

formed the vortex due to the stirring. The heat transfer area was then larger thann®%8d the heat was

removed more efficiently. This effect was enhanced as the volume of the reaction mixture increased due to the
addition of formic acid. The real reaction time wash®tirs. The evolution of the reaction temperature and

dosing rate of formic acid describes Figure 2.
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Figure 2Production trial of 4amino-4H-1,2,4triazole preparation: Reaction temperature and dosing rate of
formic acid during the Streaction step.

The heating of the reaction mixture during th& 2eaction step was initially complicated by the problems with

the clogged condenser, the distillation was postponed by 4 hours until the problem was fixed. The distillation

then proceeded faster than the calculations estimated. The Figure 3 shows that the 80% of the total water
amount distilled at reaction temperature 18020c / ® ¢ KS NBFf GSYLISNI (dz2NBE RAFTFSNB
and reaction mixture was then §60c / Ay a0 SI R 2F PST KA ¥l FE®Gnp yONBI aSR
distillation was completed 13 hours after its beginning instead of 17 hours as was estimated by calculations.

The comparison of real reaction times with the calculated ones have shown, that the safe scale up of the
4-amino-4H1,2,4triazole preparation was possible. The calculations underestimated the rate of the heat
transfer. They provided the first estimation of the reaction time and dosing rate for each step and enabled to

run the first production batch in the way, that required temperature profiles were fulfilled. There is still the

space for the process optimization based on the experience obtained in the real production conditions.
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Figure 3Production trial of 4amino-4H-1,2,4triazole preparationReaction temperature andistillation rate of
water during the 29 reaction step.
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Conclusions

The preparation procedure of the nitrification inhibitor-adnino-4H-1,2,4triazole was developed in the
laboratory and scaled up in the production apparatus. The product purity of 90% was satisfactory for its
application in fertilizers. This fact enabled to decrease the number of production steps from three to two and
simplify the process by this way. The laboratory preparation was optimized by the modification of the reaction
temperature limits. It was necessary to keep maximunc40 Ay G KS FANRd/ FAWR YK E Az
step. The yield higher than 98% was obtained in these conditions. Maintaining of the reaction temperature
limits was the main condition to achieve such good result in the production scale. The exothermic nature of the
first step of production and endothermic nature of the second one caused that the heat transfer was the
crucial phenomenon in the production apparatus. Calculations of the heat transfer parameters provided the
first estimation of the dosing rates and reaction times. The results of the following production test showed that
the real reaction times can be shorter than the calculated ones. The duration of the first reaction step is
44 hours instead of calculated 55 hours and the reaction time of the second steplisut8 instead of
calculated 1hours. These results are achieved in the existing apparatus, so the capital expenditures are
spared.

The simplification of process, achievement of satisfactory yield and use of existing apparatus enabled to
produce 4amino4H1,2,4triazole with the costs acceptable in the fertilizer industry. The inhibitor was
successfully applied into the ASN fertilizer and the field tests of the modified fertilizer gave desired result.
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Abstract

3-Carene, a representative of monoterpenes, is found in conifers (for example cypress, spruce, pine). It could
be used as senewable source for many fine chemicals productiglenoterpenesgenerallycan be oxidized to
form monoterpene oxide (epoxides). 3-Carene oxide is an important intermediate, which has utilization in
production of pharmaceuticals and fragranc&nnversion oB-carene and the selectivity to the desired oxide
can be affected by oxidant, solvent, catalyst and additiveshiywork,the synergy of the oxidizer with the
solvent was investigatediFrom used oxidantsm-chloroperoxybenzoic acid was the only applicable. We
ascertainedthat solubility of m-chloroperoxybenzoic acid anmh-chlorobenzoic acid (bgroduct) influenced
the rate and the selectivity to the desiredcarene oxide. 3£arane diol and-daranone detected in the
reaction mixture were produced by following isomerization or hydration a@fa®ne oxide as undesired
products. The best selectivity was obtainedunder reaction conditions 1ml 3-carene, 1.5eq.
m-chloroperoxybenzoic acid, 15 ml cyclohexafiest hourat Oc /  {Tddr ¢emperature The selectivity was
88% at > 99% conversion.

Introduction

Currently, an efforexiststo choose a raw material base from renewable resoar€ne of the many options is

the use of essential oilfom plants that are rich on monoterpenes. These compourdspose of two
isoprene units (Znethytl,3-diene), andare usually fragrant witha characteristic scentTheir names are
typically derived from the Latin name of plants in which a high content was found in their essential oil, e. g.
h-pinene in pine RPinus sp, menthol in mint Kentha sp), etc. Monoterpenes can be oxidized to form
monoterpene oxide (epoxides) that is a simple and selective way to include oxygen atdmthe structure. It

is possible to carry out various reactions on epoxides, therefore monoterpene oxides are interesting
intermediates for isomerizations, reductions, ring operingth a nucleophile, etc.

O
[O]

—_—

3-carene 3-carene oxide
Figure 1. Epoxidation of@arene

3-Carene is contained iconifers, e. g. cypress, spruce, gifidts epoxidation gives-8arene oxidgFigurel.),

an important intermediatefor the productionof pharmaceuticalge. g., the reaction of 3carene oxide with
morpholine followed by two stepgroducingthe secondgeneration nonnucleoside, reverse transcriptase
inhibitor)*, and fragrances Conversion of €arene and theselectivity to the desired oxide can be affected by
oxidant, solvent, catalysand additive&”.

Experimental

Materials

Reactant 3-Carene (90%) was purchased from Sigma Aldrich.

Oxidant m-Chloroperoxybenzoic acid-(hloroperbenzoic acid, 77%) atert-butyl hydroperoxide (70% water

solution) as Luperox were purchased from Sigma Aldrich. Peroxyacetic acid (36% water solution) as Persteril

was purchased from Conlac. Hydrogen peroxide (30% water solution) was purchased from Penta.

Solvent Hexane (99%, p.a.), dichloromethane (p.a.), and acetonitrile (p.a.) were purchased from Penta.

/] 80t 2KSElIYS o6z LIOFdos SGKéf +FOSGIGS o6z LIOE PO 6
gl & LIJzZNOKFASR FNBY {! C/® 5AYSGKet OIND2YI UGS 0x Py 0
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Typical experiment

1 ml of 3carene in 1 ml of solvent was cooled in ice bath. Mixture of oxidant with solvent at room temperature
was prepared from 1.5 eq. of oxidant and 14 ml of the same solvent. Into cold mixtureavéBe solution of
oxidant was added. The reaction mixture was vigorously stirred and cooled in ice bath on a magnetic stirrer.
After 1 hour of cooling, ice bath was removed and the reaction mixture was freely kept heat up to the room
temperature. Samples were taken at 1, 1.5, 2, 3, and 6 hours. The, they were centrifuged and the organic layer
was analysed. Structures were identified on-K&8. Quantity was determined using -GD.

Results and discussion

Structures of used oxidants are depicted in Figure 2. Two peracids (MCPBA, PAA), one pexdjidadtbne
hydroperoxide (TBHP) were used. The reaction conditions for epoxidation were slidjutyed by Cimarelli et
al®. They used only MCPBA and chloroforna aslvent.

(0]
Cl _OH o)

>‘\
— _OH
)J\O/OH HO—OH o

m-chloroperoxybenzoic acid  peroxyacetic acid hydrogen peroxide  tert-butyl hydroperoxide
MCPBA PAA H,0, TBHP

Figure 2Structures of oxidants

MCPBA was proven as an efficient oxidant (TapleThe average conversion over all used solvents (list of
solvent below,Table II) using MCPBA was 91% at 1 hadw,, during under low temperature. The other
oxidants provided significantly lower conversions than MCPBA. Low conversion can be caused by the existence
of phase interface of organiwater layer.

Table |
Average conversion in % over all used solvents using specific oxidant at different reaction tin@ddrene,
1.5 eq.oxidant, 15 ml solventLhourl & n BT) GKSy

reaction time[h] MCPBA PAA HO2 TBHP

1.0 91.0 2.8 0.3 0.1
15 96.5 4.4 05 0.2
2.0 99.3 50 0.7 04
3.0 99.7 53 1.0 05
6.0 99.8 58 12 0.6

Moreover, 3,4carane diol and 4aranone (Figure 3) were produced by following isomerization or hydration of
3-carene oxide. These reactions could take place under acidic conditions. The used peracids are less acidic than
corresponding acids, which are the-pyoduct of epoxidation (e.g., from MCPBAchlorobenzoic acid (MCBA)

is formed).

OH
OH 0]

3,4-carane diol 4-caranone
Figure 3. Structures of the undesired-psoducts

The solvent had an effect on the selectivity. Influence of the solvent was studied using hexane (H), cyclohexane
(CH), dichloromethane (DCM), methyl propionate (MeOPr), ethyl acetate (EtOAc), acetonitrile (AcN), and
dimethyl carbonate (DMC). These were two hydrocarbons with same number of carbons, one chloro derivate,
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two esters with same number of carbons (3 + 1, 2 + 2), one nitrile and dimethyl carbonate as a green solvent.
Usually in epoxidations, chlorinated solvents and acetonitrile are used. Values of the selected properties are
depicted in Table II.

Table Il

Properties of all used solvelts
solvent property H CH DCM  MeOPr EtOAc AcN DMC
dipole moment [D] 0 0.3 1.14 1.67 1.88 3.2 4.5
polarity [1 = water] 0.006 0.009 0.309 0.23 0.23 0.46 0.25
donor number [kcal/mol] 0 0 1 11 17.1 14.1 17.2
relative permittivity f] 1.9 2.01 9.1 6.23 6.02 37.5 3.17
b2AfAYy3 LRAY 69 80.1 39.6 79.8 77 82 90

Both MCPBA and its product after epoxidation (MCBA) are white crystalline substances. Their solubility
probably affected the reaction. The rate of the reaction was influenced by the solubility of MCPBA, while the
solubility of both had an effect on the selectivity. The solubility was observed visually. Solubility of MCPBA was
observed before adding into cold mixture ofcdrene with solvent. The solubility of both substances is
described inrablelll. If MCPBA was soluble, but MCBA was poorly soluble (insoluble), the generating of MCBA
in cold reaction mixture was observed in a few minutes after adding of MCPBA.

Table Il
Solubility of oxidant MCPBA and its product MCBA in used solvents
soluble MCPBA MCBA
H poorly poorly
CH poorly poorly
DCM well poorly
MeOPr well well
EtOAC well well
AcN well poorly
DMC well well

From the results in Table .IMve can see that the solubility had an influence on the rate of reaction. MCPBA
was poorly soluble or insoluble only in H and CH. 9@ef¥wersion of &arene was observed in H at héurs

and inCH at 3 hours, while in other solvents it was up to 1 hour. The insolubility of MCPBA relates with low
values of polarity, relativpermittivity, and dipole moment, which are typical for nqolar solvents.

Table IV
Conversion of ®arene for all used solvents at different reaction time (1 ndaBene,1.5 eq. MCPBA, 15l
solvent 1hourl & n RBRT) GKSyYy

Reaction time [h] H CH DCM MeOPr EtOAc AcN DMC
1.0 69.2 69.6 995 995 99.5 99.6 99.8
15 99.7 77.6 99.6 99.6 995 99.7 99.8
2.0 99.8 96.7 99.8 99.7 99.6 99.7 99.8
3.0 99.8 99.2 99.8 99.8 99.7 99.8 99.8
6.0 99.8 99.8 99.8 99.7 99.8 99.9 99.8

Because over 99% conversion was obtained in allsed solvents at 3 hours, the results of selectivity in
Figured4 are featured for this time. We can observe, how solubility of MCPBA and MCBA influenced of the
selectivity. Under condition when both substances were soluble, the selectivitydarehe oxide was around

50%. In this case, the solvent has the middle value of polarity about 0.25 (1 = water). If MCPBA was soluble but
MCBA was insoluble, the selectivity was higher (around 60%) and it was characteristic for the solvent with
a higher polarity. The highest selectivity was achieved, if MCPBA and MCBA were both insoluble in reaction
mixture. In this case, the selectivity was over 85% for hydrocarbons as solvents.
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Figure4. Selectivity at > 99% conversiBhours):1 ml 3carene, 1.5 eq.MCPBA15 ml solvent 1hourat Oc /
then RT

Very important information was abouhe change selectivityith the conversionResults in Figure 5 show that
the selectivitypracticalyR A Ry Qi OKIl y3IS o

10.4 12.1 11.4 11.7 12.2
69.6 77.6 96.7 99.2 99.8
m 3-carene oxide ' undesired products

conversion [%]
Figure5. Dependence ofeectivityon conversion: 1 ml-8arene,1.5 eq.MCPBA, total 15 ml CHhourat Oc /
then RT
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In Figure 4, it was shown that the selectivity fec&ene oxide was the lowest using EtOAc aftboGrs. Using
EtOAc, the conversion of-@rene was over 99% at 1 hour already. Trend of the selectivity at the time is
described in Figure 6. We can see, the selectivity very slightly decreases at the time.

ICCT 202| book of proceedings 129



100
90
80
70
60
50
4
3
2
1

47.6 50.4 50.8 51.6 51.8

1 15 2 3 6

time [hours]
m 3-carene oxide = undesired products

Figure 6 Selectivity at timel ml 3carene,1.5 eq.MCPBA, 15 ml EtOAthouratOc / ®RK Sy

selectivity [%]
o O O

o

o

Conclusion

3-Careneoxide was successfully prepared; undesired products-¢8tdne diol, 4aranone) were detected

The strength of oxidant (MEBA >> PAA >Ja» F TBHP) was established with influence of solvents (H, CH, DCM,
MeOPr, EtOAc, AcN, DMC). Almost total conversion was achieved using all solvents. The solvent affected the
rate of reaction by solubility of MCPBA atite selectivity of production of ®arene oxide by solubility of
MCBA.Very good results provided solvents with low values of polarity, relative permittivity and dipole
moment, because both substances were insoluble in such solvéhtshighestselectivity was obtained at
reaction conditionsl ml 3carene,1.5 eq.m-chloroperoxybenzoic acid, 15 ml cyclohexafiest hourat Oc /

then room temperature Theselectivity was 88% at > 99% conversiGmarelli et af. achieved the similar

results. However, cyclohexane, which was chosen in this work is more ecologically friendly comparing
chloroform used in their work.
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Abstract
In the presented workwe study the kinetics afincatalyzed oxidation of cyclohexylamine with aittie liquid
phase.The effect of reaction temperature 8 mn ¢/ Fy R 0O2y OS ych.Nawi. R20fi the T g G S

reaction rate was studied. From the experimental data, the value of activation energy of oxidation of
cyclohexylamine towards imini-cyclohexylidenecyclohexanamine was calculated, 139.4 k3. mbe kinetic
model consists of other reactions that accompany the title reaction and their kinetic parameters were
calculated. Hydrolysis of imine to cyclohexanone and cyclohexylamine kB9mof, condensation of
cyclohexanone and cyclohexylamine to imine, 36.9 k3 mod oxidation of cyclohexylamine to cyclohexanone
oxime, 58.5 kJ mdl Moreover, it was discovered that the added amount of water in cyclohexylamine has
practically no effect on the reaction rate of its oxidation.

Introduction

Cyclohexylamine (CHA) is mostly produced by the hydrogenation of aniline in the gaseous phaseiaketr a

or more selective cobalt cataly$ts Czech Republic (chemical plant BorsodChem MCHZ, s.r.0.) is one of the
largest world producers of CHACHA is an important raw material and fine chemical intermediate for the
production of metal corrosion inhibitors, rubber vulcanization accelerators, plasticizers, agricultural chemicals,
surfactants, dyestuffs and artificial sweetenefsin all these applications of CHA its purity is crucial. During the
storage and transport of this cycloaliphatic amine, its quality can be decreased due to its contact with air,
which leads to aise in the concentration of imind-cyclohexylidenecyclohexanamine (NCCHA) aclitbage in

the colour of CHA from colourless to yellow to faint red. The most published works deal with the catalytic
oxidation of CHA to cyclohexanone oxime (CHOX) as a desired grddticiwever, there are no works with an

aim at uncatalyzed oxidation of CHA with air towards NCCHA in a liquid phase. In our previddsmaork
focused on the kinetics of uncatalyzed oxidation of dicyclohexylamine (DCHA) with air in the liquid phase
alongside the study of the promotional effect of water on the reaction rate of DCHA oxidation. This
contribution follows the scope of our previous wétkout now from the view of oxidation of CHA.

Experimental

Chemicals and gases

The CHA was acquired from BorsodChem MCHZ, s.r.o0. (99.9%) and the solvent methanol was purchased from
Penta, s.r.0. (99.9%). Both chemicals were used without further purification. For the experiments of oxidations

of CHA was used technical air purchased from SIAD, Czech Republic. For the gas chromatography, used helium
(5.5) was purchased from LindeGas, a.s.

Experimental apparatus

The experiments of oxidation of CHA in the liquid phase were carried out in apparatus described as follows
(Figure1): The air from gas cylinddrwas fed through regulator® and 3 and distributed by aerato# into

liquid CHA (reaction mixture). By syrirlgthe samples of the reaction mixture were collected from the reactor
(250ml three-neck roundbottom flask)6 placed in the bath of glycerol. Temperature of the glycerol bath was
regulated by the thermosta?. On the side arm of the reactor was place®iaroth condenser (cooled by
water toca.15c¢ /80
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Figure 1. Schematic diagram of the experimental apparatus for the CHA oxidation.

Reaction procedure

The experiments were carried out with 81 g of CHA at reaction temperature@d0c / = | (Y2 & LIK S NR
pressure and concentration of water 0-1717 wt. % and flow of aigD.3 | h.

Analytical
Quantitative chromatographic analyses were performed using a Shimadz20T®Cchromatograph with

a¥ft L YS A2y AT (A2 y6248IMB&apiilatyNdoluina 3¢ B x @.E5Antm x 1) and He as

aa dzLILI2 NI 3I+Fad ¢KS O2fdzYy GSYLISNI (dzZNBE  NB I AminSheatingd aSaG |
gAGK GKS {SYLISNI G dzNBup t8Jth¥ temp2raturevop 21@ / @ LIEKB YAY 2SO0 2N |y
temperatures were setto 250 /| @

Data processing

The reaction system of oxidation of CHAN:@yclohexylidenecyclohexanamine (NCCHA) for the purpose of this
work was simplified and includes only these chemical reactibiysi(e2):

1 oxidative dehydrogenation (ODH) of CHA to cyclohexanamine (CHI) and its sequential condensation
with another molecule of CHA leading to the formation of imine NCCHA (for the purpose of kinetic
modelling, this reaction was summarized as a reaction of 2 molecules of CHA with oxygen leading
directly to NCCHA),

1 consecutive reversible reaction of NCCHA, its hydrolysis to cyclohexanone (CHON) and CHA,

1 parallel reaction of CHA, its oxidation towards cyclohexanone oxime (CHOX).
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Figure 2. Reaction scheme of ODH of CHA alongside side reactions.

The regression analyses of the experimental data were performed by the Easy Regression Analysis (ERA)
software*?. The dependence of concentrations (mnié) bf components of the reaction mixture on the time

were input parameters for the estimation of values of activation endfgyand rate constant (at reference
temperature 100c / kil for above presented chemical reactions. The dependence of the rate coristant
temperature for the reaction was expressed by the Arrhenius relation as follows:

Qo O&@B%O— 1)

wherekiref iS a rate constant at reference temperatufer, T is the reaction temperatureki is the activation
energy of reaction and Ris the universal gas constanthe reference temperature was used in order to
eliminate the strong correlation between the activation enerfgy and the preexponential factorAin the
Arrhenius relatiod™'3 The studied reaction systemf ODH of CHArresentedin Figure 2was described by
powerlaw kinetics. The model is simplifidny the assumption that CHA is saturated by oxygen given
reaction temperature, thus a concentration of. @ constant, hence not taken into account in the kinetic
model. The regression model used in ERA software consists of the following equations:

i Qan @)
i Qap a0 ©)
i Qah M @)
i Qo )
—  ¢ca i i ©)

| T @
— 1 i ®)
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The concentrations of water and ammonia formed by the reactions during the process of ODH wfefeHA
obtained by mass balance.

Results and discussion
The effect of temperature on the reaction rate of ODH of CHA

The experiments were carried out at the temperature range MM n ¢/ ® ¢KSNB g+ a y2 NBO
concentration of the main produci,e., NCCHA at 8&pn c¢/ F G ( K Shodrs\ Yhé cohcenffdiéh 2 F 7
changes of NCCHA were observed in the case of ODH of CHAmtM 00 Figure 30From the experimental

data of concentrations of reactant CHA, main product NCCHA and other products (CHON, CHOX etc.) and their
dependence on time and temperature were obtained the values activation energy and rate constant (at
reference temperature) for each reactiofdble 1). Values of activation energy of side reactions are compared

with the results of our previous wotk
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Figure 3. Time and temperature dependence of concentraticm) cdactant CHAD) main product NCCHA.

Table |
Results of the regression analysis of the kinetic model of ODH of CHA
Reactiori Ki(Looc /)(':ZI_.Ga B Ea*

[mol I*min?]  [kJ mof] [kJ mot]
2CHA+0.50 NCCHA+4# +NH 0.08 139.4 -
NCCHA +40- CHON + CHA 0.42 89.3 356.0
CHON + CHA NCCHA +4@ 0.14 36.9 44.7
CHA+& CHOX +#D 0.14 58.8 53.6

*Data from ourprevious work'.

The value of activation energy of ODH of CHA to NCCHA, 139.4%§ trigher than that of the ODH of DCHA

to NCCHA, 52.7 kJ mdl. This could be an outcome of that that the transformation of CHA to NCCHA proceeds
first through to the formation of CHI and subsequent condensation of CHI and CHA to DCHA. ODH of DCHA
proceeds directly to the NCCHA. The values of activation energy of others reactions are in close similarity, with
the exception of hydrolysis of NCCHA to CHON and CHA. The 89.3'k3 matore presumable value of
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activation energy compared to 356.0 kJ rhalt cannot be ruled out that the former high value of activation
energy of NCCHA hydrolysis is an outcome of error during data processing. Further, the ratoht®n of

NCCHA during ODH of CHA and DCHA is compared at temperatures 80 and-ifiie 4. The concentration

of NCCHA resulting from ODH of D&H#\ corrected to the initial concentration of NCCHA in CHA (ODH of
CHA). There is a double rate of formation of NCCHA in the case of ODH of DCHA. It is due to the significant
difference in values of activation energy of both ODH reactions. There is also visible stagnation of the
concentration of NCCHA due to its consecutive hydrolysis to CHON and CHA.

7.0
6.5 L[® ODH of CHAat80°C
60 F B ODH of CHA at 100 °C
5 5'5 A ODH of DCHA at 80°C
€ 22 [|e ODH of DCHA at 100 °C
€50 F -9
<45 | "
I
040 F t 4 --
R ‘_-—“"
S35 b - AT I
¢ -~ .
530  / R g
825 b/ e ogecT
820 g-

15

?I:.‘--."-.---.-".--‘“-T
1.0

0 60 120 180 240 300 360 420
Time, min
Figure 4. Time and temperature dependence of concentration of NCCHA from ODH of CHA and DCHA.

The effect of concentration of water on the reaction rate of ODH of CHA

The experiments were carried out at the reaction temperature of @00 ' yR O2y OSYy iGN} GA2Yy
0.17¢1.17wt.% in CHA. The water does not accelerate the ODH of CHA to NCCHA, the effect of water on the
reaction rate isr(0.57% HEO)/r(0.17% HO) = 0.99 and(1.17% HO)/r(0.17% HO) = 0.90. Compared to that

water has gromotional effect on the reaction rate of ODH of DCHA is possible that the reaction rate of

ODH of CHA is not affected by water due to better solubility of water in'CHAThe concentration of water

has apromotional effect on the hydrolysis of NCCHA as follo@:57% KO)/r(0.17% HO) = 1.28 and
r(1.17%H0)/r(0.17 % kD) = 3.08. The stagnation of the concentration of NCGHture 53 is connected to

its hydrolysis demonstrated by the concentration profile of one of the hydrolysis products, CHEUri@ 5b

4.0 0.26
0.24 || ®0.17 wt. % of water
+ 35 F a .,.-- - — L
= ) ore! b g;é m0.57wt. % of water | D)
€30 r 'q..""' A B o E 0.18 | A 1.17 wt. % of water
52.5 - ‘,‘r €016 |
T rd Z 014 |
020 F, o
S [ o012 | A A ___---" 1
Zi1s5 g w 010 ¢ A _o--m7T A A
o 2 0.08 po-=="""
910 F 00.17wt.z/oofwater E 0.06 _é--_. _____ -%__.::
S os | B 0.57 wt. % of water S o004 ::t:_.___.__'-- -~
' A 1.17 wt. % of water 0.02
0.0 'l 'l 'l 'l 'l 'l 0.00 'l 'l 'l 'l 'l 'l
0 60 120 180 240 300 360 420 0 60 120 180 240 300 360 420

Time, min

Time, min

Figure 5. Time dependence of the concentratiomjhain product NCCHA) hydrolysis product CHON.
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Conclusion

In this contribution, it was studied the effect of temperaturec@10c / | YR GKS 02y OSy (NI G
0.17¢1.17 wt.% in cyclohexylamine on the reaction rate of its uncatalyzed oxidative dehydrogenation towards
imine N-cyclohexylidenecyclohexanamine with air in a liquid phase. The value of activation energy of the title
reaction is 139.4J motf. Conjointly, it was estimated values of activation energy of other reactions, which
accompany the oxidative dehydrogenation of cyclohexylamine. It was found that the water has no significant
effect on the reaction rate of the oxidative dehydrogenation of cyclohexylamine but greatly affects the
hydrolysis of imine to cyclohexanone. This work is part of the complex problem of the production of
cyclohexylamine and dicyclohexylamine. Is it appropriate to store and transport cyclohexylamine in an inert
atmosphere to suppress the formation of undesirable imine. In addition, the cyclohexylamine should have as
low concentration of water as possible in purpose to eliminate arise in concentration of other undesirable
species such as cyclohexanone.
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List of abbreviations

CHA Cyclohexylamine

CHI Cyclohexanimine

CHON Cyclohexanone

CHOX Cyclohexanone oxime

DCHA Dicyclohexylamine

ERA Easy Regression Analysis (software)

NCCHA N-Cyclohexylidenecyclohexanamine

ODH Oxidative dehydrogenation

References

1. £ £SO wodz 5@2njt 1 . ©I23y48I20A)F WY t 2fd Wd / KSYd ¢ SOKOD
2. R2aS tdr 9ftfSNI YPE |1 Sy1Sa8 9 w2adaol OKSNI wods | | NI

Industrial Chemistry (2035

3. 1 £SO wosr %l LI Silt adBd1edi!l WoyY t2fd Wod / KSYyod ¢SO0

4. + I t SKupke®.Study of specific properties of cobalt catalyst for applying in a new-scgke capacity
unit for the cyclohexylamine productigrin: Proceedings of théth International Conference on Chemical
TechnologyCzech Society of Industrial Chemistry, Prafife 163 (202).

5. Chaudhari Ch., Sato K., Ikeda Y., Terada K., Abe N., Nagaoka K.: New.4b, Ofidf(2021).

6. WeiY., NiW.,, Zhang Ch., You K., Zhao F., Chen Z., Ai Q., Lou H.: ACS Sustain. Ghdi33&n{2022).

7. Araki S., Nakanishi K., Tanaka A., Kominami H.: J.38&£12 (2020).

8. Ding W., Peng H., Zhong W., Mao L., Yin D.: Catal. Sci. T&6hB4D9 (2020).

9. ZhaoF. YilL., DengR., You K., Song J., Jian J., Liu P., Ai Q., Lou H.: #T&. 0&404 (2019).

10. NiW,, You K., YiL., Zhao F., Ai Q., Liu P., Lou H.: Ind. Eng. Chedn3B@8.(2021).

11. £ £ SO wdX Y dz]l dz6Krupkd U.The dffEct & @Brpgratiire andPcncentration of water on
oxidation of dicyclohexylamine with aiin: Proceedings of th&th International Conference on Chemical
TechnologyCzech Society of Industrial Chemistry, Pradile119(2021).

12. Zz mostré P., Bohlav Z.: Comput. Cher@3, 479 (1999)

13. Krupka J.: Reac. Kinet. Mech. @46, 315 (2015).

14. Cyclohexylamine, Chemtex. [Online] 2022. [Cited: May 25, 2B88%://www.chemtexItd.com/products
and-solutions/watertreatment-chemicals/boileswater-treatment/cyclohexylamine/

15. Dicyclohexylamine, Chemical Book. [Online] 2022. [Cited: May 25, 2023].
https://www.chemicalbook.com/ChemicalProductProperty EN_CB6852609.htm

ICCT 202| book of proceedings 136



POLYMERCGOMPOSITES

ICCT 202| book of proceedings 137



MODELING OF GARBASE POLYMERIZATION PROCESS OF PRQREAENEON KINETICS
D NA 1, Skouwia M.

ORLEN Unipetrol RPAs.co.h[ , a9w Lb{¢L¢! ¢9 ,¢WHHDO28RQG S Iae& HIZt @R n 7
Republic
Jan.Gruza@orlenpolymer.cz

Abstract

This paper presents an experimental kinetics study of the propylene polymerization in gas phase with
aconventional heterogeneous Zieglbiatta catalyst. The gas phase kinetics is described udiieic model

of the first order decay, where the reaction rate is proportional to the hydrogen concentration and
polymerization temperature using equal concentration of the active centers in the catalyst. This model was
based on the deconvolution of GPC cufyensidering and using a-attive site catalytic model, which
describes the overall production of polypropylene well both in sbaich and in industrial polymerization
reactors. It can be finally used as a passe kinetic polymerization model of propylene applicable for the
modeling of polypropylene production in the industrial polymerization reactors.

Introduction

The ndustrial production of polypropylene ia relatively complex manufacturing process, which is rather
demanding from the process control point of view. To successfully study and model this process from the
catalytic polymerization kinetics point of view, it is essential to take into account:

1 the presence of different active sites in the catalyst

9 the activity decay during polymerization reaction (polymerization time)
and the principal process variables, which significantly affect the polymerization kinetics:

1 the polymerization temperature

1 the hydrogen concentration
having other process variables, such as catalyst, cocatalyst and external donor type and concentration,
constant.
Concerning the temperature effect, it is ordinarily observed in conventional Zibigita catalysts that the
polymerization rate shows a distinct maximum in the ramgfe60c / (&@/ Tty R GKSy RSONXBI 3
increasing temperature’,
Concerning the hydrogen effedhere is a remarkable activating effect of hydrogen observed for almost all
ZieglerNatta catalysts in propylene polymerization at lower concentragjdout on the contrary, at higher
concentrations the rate of polymerization decreases as the monomer concentration at the active catalytic site
goes dowR*+58
Concerning the activity decay durirthe polymerization reaction, we considerg@dccording to common
knowledge, that the rate profile starts at a maximum or sisery rapidly to a maximum value and then the
polymerization rate decreases with time in a first order decay profile.

Experiment

The mlymerizationconditions and corresponding polymer yields create the data set, which is essential for the
parametrization of the kinetic model.
Polymerization experiments comprising the necessary range of polymerization conditions were performed
using the higkyield ZiegleiNatta catalyst system ia 2-Litre reactor in gaphase ata polymerization pressure
of 2.2MPa anahe following conditions:

() polymerization temperature (4 temperatures: T =65, 75,85 and 950 I y R

(%) hydrogen concentration (8 hydrogen concentrations in the ranged/prbipylene
=0.120;120mmol/mol).
The complete model thus comprises 4 x 8 combinations of these polymerization parameters and 32 final
polypropylene materials intended for GPC deconvolution and the calculation of kinetic parameters

ICCT 202| book of proceedings 138



0.9 - 4 active site kinetic model
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Figure 1. The polymer materials necessary for kinetic homopolymerizatiodel parametrization were
synthesized under specified polymerization conditions in-ldt2 reactor¢ left side. The resulting polymer
materials were analyzed by GPC and described viecenter model (summative curve of 4 deconvoluted
curves)q right side.

Results and discussion

Heterogeneous ZiegléMatta catalysts consist of several types of active sites, which produtiferent
amount of polymer of different qualiés (molecular weight). The distribution curve of molecular weights can be
consideredo bethe expression of their activities and performance.

These particular parameters diie polymerization process itself can be derived sideconvolution of the
original GPC MWD curve (polymer MWD is a sum of SEardy distribution curves with PB My/Mn = 2).
A4-center model is sufficient for this description, considering that the correspondendkeofleconvoluted
model (summative curve of 4 deconvoluted curves) and GPC experimental curve is fully satisfactoey)Fig
The4-center modelthus describes the reality of the produced PP with high accuracy.

The particular active sites produce polyrsat different propagation rate and at different H chaintransfer
abilities This way each active site generatglifferent amount ofthe polymer with adifferent molecular
weight. As a result, the variable polymerization yields and the variable average molecular weights of the final
polymer are created according to the related polymerization conditions (polymerization temperature,
hydrogen concentration, polymerization time).

The daracter ofthe particular deconvoluted curves €4) is described by deconvoluting parametérand a,
according to the Schuklory equation 1:

fOX: WEQNOE p

where hi(n) is the weight fraction ofthe polymer of chain lengtin produced at site type, and ais a fitting
parameter for site typed. a represents the inverse of the polymétn produced at site type (ai=1/Mn). The
parametera is also related to parametey, the probability of propagation ahe particular active catalyst site
(q=1-a).

The chain length distribution of PP is the sum of these distributions weighted by the mass fractions of polymer
produced at each site type, according to equation 2:

W £ aQe C

where W(n)is the total weight fraction ofthe polymer of chain lengtim, mi is the mass fraction dahe polymer

produced at site typé, andj is the total number of site types.

It was found that the parameterk and a are dependent on the concentration of hydrogen, but not on the
polymerization temperature (Fige 2). Furthey A G 61 & F2dzy R GKI & GKSaSthdd NI YS!
polymerization time.
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Parameter h - H2/C3 and temperature dependence Parameter a - H2/C3 and temperature dependence
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Figure 2. The deconvolution parameter h represents the portion of the polymer formed on the particular active
site ACEAC4 and the character of the formed polymd&ftn(= 1/3). They both are dependent on the hydrogen
concentration (F#C3), but not on the polymerization temperature (T).

The function, which describes the cheur PP yield as a dependence thie polymerization temperature and
the hydrogen concentration haghe character of a three-dimensional surface. At the area»/B3

=0¢11mmol/mol, the vyield has the character o& logarithmic increase with growth othe Hx/C3

concentration, but at the area#C3 = 1125 mmol/mol it turns to a linear decrease (Fige 3). It is evident
that the description ofthe polymerization vyield onthe polymerization temperature and hydrogen
concentration is realizable. To enlarge it to the twhependent kinetic model, theaforementioned

deconvolution parameters were utilized for the evaluation of the polymerization kinetics constants.

Polym. yield vs T and H2/C3 (0-11 mmol/mol) Polymer yield vs T and H2/C3 (11-100 mmol/mol)

Yield - 60 min (g)
Yield - 60 min (g)

Yield - 60 min (g)

C)
s
E
o
o
>
2
=

T“’”’l'f'amre, )
Figure 3. Onénour PP yield as a dependence on the polymerization temperature and hydrogen concentration.
At B/C3 = @11 mmol/mol, the yield has the character of a logarithinicrease, at LIC3 = 11125 mmol/mol,
it turns to alinear decrease.

When we consider the exponential decreasetloé polymerization rateaccording to common knowledge, it
also decreases in an exponential waigh time the number of growing polymer chains. The number of these
chains at the beginning of the polymerization is described by equation 3:

L
AoPa® 8p n

Ca

where Pso is the number of growing polymer chains in 60 minpuflymerization P is the number of growing

polymer chains at the beginning of polymerization (extrapolationte maximum catalyst activity at
time =0 min), kq is the deactivation constantt isthe polymerization timeg is the probability of propagation at
aparticular active catalyst sitg = 1- a).

The number of growing polymer chaiasanarbitrary polymerization time is described by equation 4:
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Y Xgpoa8p 1

where P, is the number of growing polymer chains ah arbitrary polymerization timepo is the number of
growing polymer chains at the beginning of polymerization (extrapolatiothéomaximum catalyst activity at
time = 0 min)kq is the deactivation constantt is thepolymerization timeg is the probability of propagation at
aparticular active catalyst sitg & 1- a).

The mlymerization rate atinarbitrary polymerization time is characterized by equaiérand 6:
Yy 08 v
Yn  GR géEBQ ®

where Rp isthe polymerization rate athe arbitrary polymerization time, P. isthe number of growing polymer
chains atthe arbitrary polymerization time and Mn is the numeiical molecular weight othe polymer chains
(Mn = 1/a), k is the pre-exponential factor (initial polymerization rate) s the exponential factor (deactivation
constant) and isthe polymerization time.

For the description of both the effects tfe polymerization temperature anthe hydrogen concentration on
the polymerization kinetics and thus also tme polymerization yield fothe particular active sites AC1, AC2,
AC3 and AC4, it is good to note that the exponential kinetic depeneeriEigre 4) are differing only irthe
pre-exponential factor, the exponent is always the same.

Rp (C1) - dependence on polym. time and temperature Rp (C1-C4) dependence on polym. time
(65-95°C, H2/C3 = 9.2 mmol/mol) (T=75°C. H2/C3=5 mmolimol)
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1.
Figure 4. |.: Simulation of the influence of the polymerization temperature on the polymerization rate at active
site AC1, Il.: Simulation of the polymerization rate at the select#¢@3Hand T combination for the particular
active sites AC1, AC2, AC3, AC4, lll.: Simulation of the influence of the hydrogen concentration on the
polymerization rate at active site AC1.

This reality enableshe modeling of the impact of boththe polymerization temperatureand the hydrogen

concentration on polymerization kinetics (pexponential factork) for particular active sites (AC1, AC2, AC3,
AC4). For the description of any combination thie polymerization temperature andhe hydrogen
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concentration on the kinetics of polymerization it is convenient to express this dependence in the form of
a 3-dimensional surface (Rige 5).

Kinetic parameter k (C1) vs H2/C3 (1-11 mmol/mol) and T Kinetic parameter k (C1) vs H2/C3 (11-100 mmol/mol) and T
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Figure 5. Left sidg exponential increase of exponential factkr(Rp) of active site AC1 in2 3 range:
0¢11mmol/mol. Right side; linear decrease of exponential factér(Rp) of active site AC1 in2C3 range:
11¢100 mmol/mol.

Considering the fact that the yields at particular active sites (AC1, AC2, AC3, AC4) differ, it is evident that each
active site has itseld 3-dimensionaldependence of the prexponential factor (k1, k2, k3, k4) on both
parameters (T and 34C3). The aforenentioned 3dimensional dependences dhe pre-exponential factor
(considering the knowledge thahe exponential factor is invariable) are sufficient for the kinetic modeling of
particular active sites (AC1, AC2, AC3, ACd) atbitrary combination ofhe polymerization temperature and

the hydrogen concentration anthe calculation of the yield at any polymerization tirigsepossibleaccording to
equation 7:

A @A JEBQ *g%s&gaﬁﬂ) *Q%s&faém') X

where Yis the PP yield ah particular active sitea and b are definingthe time interval inthe polymerization
time i. The sum of these yields dhe particular activesites (AC1, AC2, AC3 and AGd&nsidering their
particular kinetic parameters {RC1, KAC2, kKAC3, KAC4 at specified conditions and polymerization inters,al
represents the total polymerization yield (Big 6)

Polymer yield at defined time intervals

@
o

50 p
. \S\.n}

Yi (at defined polymer time intervals)
(9)
Ly
=]

0 30 60 90
Polymerization time (min)
opolymer yield at 1st step (T=65"C, H2/C3=7.5 mmolimal)
o polymer yield at 2nd step (T=80°C, H2/C3=2.6mmol/imol)

Figure 6. £entre homopolymerization model: calculation of yield at any examined T ai@BlKombination at
defined polymerization time intervals.
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Conclusion

A 4centre homopolymerization model is able tmlculate the yield based on the knowledge okidetic
parameters KAC1, KAC2, kAC3, KAC4 as aum of particular PP yields produced at AC1, AC2, AC3 and AC4
active sites at any examined temperature and H2 concentration combination at any defined polymerization
time intervals.

This kinetic polymerization model can be used in the following ways:

w For the online prediction of polymerization yield and activity.
w For the optimization of reactor productivity.
w Later as a part of a more complex model for the calculatiorthefMw and MWD distribution of

produced homopolymer PP materials.

As the modeling conditions correspond to the industrial reality, it can also be used aspaagas kinetic
polymerization model of propylene polymerization applicable for the modeling of polypropylene production in
the industrial polymerization reactors.

Abbreviations

AC1, AC2, AC3, AC4ctive catalyst sites

GPd gel permeation chromatography

C3i propylene

Hy/C3T hydrogen / propylene ratio in polymerization, mmol/mol
Mn T number average molecular weight

Mw T weight average molecular weight

MWDT molecular weight distribution

PDI polydispersity

PPi polypropylene

TiLR2teYSNATFGA2Y GSYLISNF GdzNB= c/
ZNI ZieglerNatta
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Abstract

The increasing amount of rubber waste, the most of it being constituted by scrapped tyres, is one of the biggest
global issues of today. Therefore, the portion of recycled rubber needs to be increased. Several recycling
methods are used widelye.g., reclaiming, pyrolysis and grinding. First step of rubber powder production
consists of collecting, sorting and milling of waste tyres to produce ground tyre rubber (GTR), without being
devulcanized. Various milling methods can be applied, resulting in particles of different sizes and shapes. Some
amount of GTR finds application out of rubber industry,,eg.infill of artificial turf, in construction of roads,
playgrounds and buildings, etc. However, the amount of rubber waste utilized in these applications is limited.
Therefore, to increase the circularity of rubber material, it is desirable to apply GTR in the production of new
tyres. This is not easy: As the compatibility of GTR and rubber matrix is poor, higher dosages of GTR can lead to
insufficient mechanical properties of the new material. This drawback can be improved by activation of the GTR
prior to mixing and by alteration of mixing procedure. The paper brings an overview of GTR production and
some ideas of its application.

Introduction

The worldwide consumption of natural and synthetic rubber in 2021 was 27 million metrié. ®650% of

rubber is consumed for production of tyfesThe global annual production of tyres is 2,38lion units.
Development in countries like China is still sharp and socioeconomical changes are accompanied by increasing
number of tyres. As the consumption of rubber increases, the production of rubber waste increases as well.
The major part of rubber waste is consisted of scraped tyres, the amount of which is estimated taondBaz0

metric tons, i.e. more than 1,000 million piecésRubber waste presentssignificant ecological problem.

During vulcanization, the rubber chains are crosslinked with covalent bonds to ddihmee-dimensional
structure. The material becomes insoluble dnfiisible,and its natural decomposition takes around 4G¢ars.

Tyres are composed of cured rubber, together with reinforcing materials (steel and textile cords and wires,
Tablel.).

Table |
Composition of tyres (% w/iw)

passenger truck

Rubbercompound rubber 41c48 41¢45
filler 22¢28 2028

other additives 10c12 7¢10

Reinforcing materials = metal 13¢16 20¢27
textile 4¢6 0c10

Utilization of end of life tyres (ELT)

Waste tyres can be utilized in various ways (Figur&dme worn tyres are regrooverkthreadedor exported

to non developed countrie€End of life tyres are a challenge for new ways of wsedfilling of waste tires is
aproblem both for theenvironment and for human health due to the proliferation of rodents, insects and
snakes and above all due to the significant risk of fire, which is very difficult to extifitfuishr these reasons,

the legislation of many developed economies prohibits or at least limits the disposal of tyres in landfills. For
instance, In European Union, Directive 1999/31/EC prohibits the landfilling of whole tires in the European
Union since 2003 and shredded tires since 2006. Furthermore, according to Directive 2000/53/E@#biifend
vehicles, tyres must be removed before the vehicle is disposed of. Similar measures have been applied in other
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developed countrieg®L Collecting of ELfjres is not regulated on EU level; member states have introduced
legal requirements. EU member states apply one of three ways of handling wasté4ites

1. Extendedresponsibility of producers and importers who place tyres on the market (EPR). They have
the obligation to ensure the collection of waste tyres and dispose of them in accordance with
legislation, i.e.to achieve a certain proportion of recycling. The leading manufacturers usually
establish and finance neprofit organizations that ensure takgack and recycling or recovery of tires.

2. Tax system where manufacturers pay recycling fees to the government budget, which are reflected in
the price of a new tyre. The authorities are responsible for the collection and recycling of waste tyres
and for this purpose it establishes and finances relevant organizations.

3. Liberal market system that assumes the profitability of the tyre recycling process. The system does not
establish any obligation to collect waste tyres, it only defines the basic rules. Companies that
transform waste tyres into saluable secondary raw material are expected to maleddit from this
activity.

regrooving retreading
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RENEWAL

NON-VEHICLE CHEMICAL RECYCLING

UTILIZATION WASTE = reclaiming
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INCINERATION / \
NCINERATIO PHYSICAL (MATERIAL)

! RECYCLING
CHEMICAL TRANSFORMATION
pyrolysis, gasification

Combustionof wastetyres has been done mostly in cement kilns and heat production plants, utilizing high
calorific value of rubber; currently it is being inhibited gradually mostly for ecological reasons. This form of
rubber recycling is not preferred, because of real wasting of sources.

The main approach include following procedures: reclaiming, pyrolysis and rubber grinding.

Reclaimingand devulcanizationconsist insplitting the chemical bonds in the rubber mass to restore the
thermoplasticity and thus the workability of this material. During reclaiming (also called regeneration), both the
crosslinks between the rubber chains and the bonds of the main rubber chains are split. Conversely, during
devulcanization, only the crosslinks between the rubber chains are split. In real technologies, it can be hardly
distinguished which of the two processes prevadisth processes can be induced by applying heat, chemicals,
or high shear forces to ground rubber. However, the utilization of the reclaimed rubber is limited while the
devulcanization methods need to be further investigated and seaf#d ®111415,

Pyrolysisconsists in thethermal decomposition of waste rubber in a limited air (oxygen) presence. The
products are gas and oil, steel and powder composed of carbon, silica and zinc compounds.

Considering the purchase and operating costs of pyrolysis units, their profitability strongly depends on the
current market situation and energy price developmert

Grinding,milling, granulationor pulverizationof waste rubber can be conducted on various devices. The main
procedures can be classified into ambient, cryogenic, wet, Berstorff's and water jet niéti®dJltrasound
assisted milling is a special proc€s3he products of milling are steel, textile and rubber grit or powder, often
calledground tyre rubbe(GTR)crumb tyre rubbe(CTR)ground rubber powde(GRP)powder rubber(PR),
pulverized rubbe(PR), etc. During the milling of rubber, no chemical change is intended, although degradation
reactions may occur which can lead to devulcanization or reclaiming df* GRS About 74% of waste tyres
generated in EU, United Kingdom, Norway, Serbia, Switzerland and Turkey is recycled by granulation

LANDFILLING, STOCKPILING

Figure 1. Utilization of end of life tyres

Grinding and milling of waste rubber
Grinding or milling of waste rubber is a complex process that requires special equipment capable of exerting
high force and crushing this stiff and at the same time elastic material into particles of the required size.
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Ambientmilling involves the crushing and grinding of waste rubber in shredders, mills, knife granulators, or
calendarswith ribbed rolls. The product is rubber powder with particles of an irregular shape aadyaough
surface.Although the method is called "ambient”, a significant amount of heat is released during this process;
therefore, the material needs to be cooled, otherwise the temperature can rise up t&¢ 3@ G KA OK f S R2
thermal degradation of the rubbér,

In cryogenic millingpre-chipped rubber is cooled with liquid nitrogen below the glass transition temperature

of the rubber and then ground in hammer mills or other processing machines. This is less energy intensive than
grinding at normal temperatures. Nitrogen also serves as an inert gas preventing rubber oxidation. The process
produces very fine particles with a smooth surface and sharp edges. Cryogenic rubber powder is cleaner than
the one from ambienmilling butcontains a significant amount of moisture that must be removed by drying.
The main disadvantage of this method is the additional cost of liquid nitrogen. Therefore, sometimes this
method of cooling is replaced by cheaper but less effective cooling with subcodiédtair

Wet processconsists in milling an aqueous suspension of-geshed rubber particles in special device
between stable and moving discs. The water cools the rubber and the discs. The product is a very fine powder
with a high specific surface area. The disadvantage is the need to dry the protitict

TheBerstorff's methods an improved ambient milling. It consists in the connection célandarwith ribbed
cylinders with a twirscrew extruder. The product is characterized by small particles with a high specific surface
area and low moisture contefit

In awater jetprocess, the only grinding tool is highessure water (typically around 1g230MPa). Advantage

of this technology is that the strips of rubber peel away from the steel cord, which remains intact. In this way,
rubber powder of high purity is produced, with fine particles of a corn@mcave microstructure and a large
surface area. It is thus possible to obtain powder from individual parts of the tyre,segprately from the

tread. The process is energgving, relatively silent and ecologfc&i®!t,

Applications of ground tyre rubber

Rubber powder has many potential applications. It can be wdede without further modifications, e.gas
asorbentof an oil leakage or as a infill for artificial gfagSoarser particles and pieces of rubber are used as
filler materials in landscaping and construci@i® The finer fractions of rubber crumb can bet combined even
without additives simply by the effect of increased pressure and temperatures. This concept was introduced in
2002 by Morin, Williams and Farris and callégh-pressure highemperature sinteringThe authors assume

that intense reactions occur during this process, beth splitting and reemergence of mainly-S crosslinks,
whereby new bonds are created not only inside the rubber powder particles, but also across the interface
between the particles, which leads to the disappearance of these interface and sintering of the original rubber
crumb particles into a single unit. The properties of the products predetermine them as less demanding
applicationg®®,

Another group of applications is based on the connection of rubber powder with a suitable binder, e.g.
polyurethanes, epoxies or liquid rubbers. The products of this method include, for example, the surfaces of
children's playgrounds and sports fields, elastic interlocking pavements and mats in exteriors, components of
anti-noise elements for roads and railways, protective elements, etc. Currently, increased attention is paid to
the hygienic safety of such materials, especially the content of polycyclic aromatic hydrocarbons (PAH),
especially where the recycled material is used in interiors or as backfill for artificial turf on football
pitches"%11.16

Rubber crumb is also added to asphalt (bitumen) in the production of "rubbphalt" road surfaces, which

are more elastic, more resistant to frost cracks and permanent deformation, and thus more durable and safer
than traditional surfacex®#11.141620 The use of rubber powder in the production of concrete is also described,
which improves its flexural strength, acoustic and thermal insulation properties and resistance to dynamic
stress and crackifg®'®

Another application of fine fractions of rubber powder is mixing with thermoplastic melt to form elastic, but
still thermoplastic materials, such as thermoplastic elastomers (TPE) or tough plastics. The elastic component
here is a secondary raw material (based on waste) and thus may contribute to the reduction of the price of
such material. The thermoplastic component is usually new or waste plastic, mainjyotem(PELD, PEHD,

PELLD or PP), because most waste rubber comes from discarded tyres and is also practiepdiamon
nature (NR, SBR, BR, IIR) and substances with similar polarity show good téfettriée

The principle of the circular economy is the closing of the real recycling logpthéeaise of waste to produce
anew product with as little use of virgin raw materials as possible. Thus, it would be desirable to make new
tires from waste tires. For the reasons stated above, such a procedure is impossible; a new tire can only contain
alimited amount of recycled material. The powder obtained by milling rubber waste is often mixed with

ICCT 202| book of proceedings 146



common rubbers (NR, SBR, BR, EPDM), as these substances-pmdanam nature and therefore show good
compatibility’819.162222 KargetrKocsis et al.reported a rule of thumb stating that each 1% of GTR results in

a 1% deterioration of mechanical properties; therefore, the concentration of GTR in rubber compounds usually
did not exceed 10% (w/w). Nevertheless, much higher concentrations are reported in other papers, although
mostly for less demanding products than ty¥&%25,

Influence of GTR on the properties of rubber compounds

In most cases, due to the addition of GTR to the rubber compound, there is an increase in Mooney viscosity,
areduction in dieswelling during extrusion, and an improvement in the surface and dimensional stability of
the extruded profile. During vulcanization, the presence of GTR increases the minimum torque on the curve
(ML), which is attributed to an increase in the compound viscosity. On the contrary, the maximum torque (MH),
scorch time (TS2) and optimum cure time (T90) decrease. The decrease in MH is attributed to the migration of
sulphur from the rubber matrix to the GTR, while the decrease in TS2 and T90 is likely due to the migration of
accelerator fragments from the crumb to the ma#i®

The presence of GTR mainly affects the mechanical properties of the vulcanizate. Tensile strength usually
decreases with increasing GTR content. Elongation at break, modulus, hardness and tear strength show
different trends depending on the nature of the GTR and the formulation of the rubber compound. In most
cases, elongation at break decreases while modulus and hardness increase. Abrasion resistance generally
worsens with increasing GTR content, although the opposite trend has also beerty httEe 245,

Parameters of GTR affecting the performance of rubber

The properties of rubber compounds and cured rubber containing GTR depend on many fagarscular:

A feed stockg origin and composition of waste rubber (type of tyre, formulation of original compound),

type and technological parameters of the milling process,

GTR particle size and distribution,

concentration of GTR in the rubber compound,

treatment of GTR before mixing,

compatibilization of the blend during mixing,

mixing protocol (type of device, technological parameters, order of components addition).

The type of millingprocessused to produce GTR influences the properties of the rubber with GTR. The
compound containing ambient GTR may have higher viscosity than the one with cryogenic GTR. This is
attributed to occlusion of continuum rubber with spondike ambient GTR, whereas such occlusion is not
possible with the smooth cryground particle®. In another study, the influence of cryogenic and ambient GTR
from truck tyres on the properties of NR and NR/BR compounds was analysed. Despite the fact that the
cryogenic powder had much smaller particles, the tear strengths of the rubbers containing cryogenic GTR were
inferior to the ones containing the ambient GTR. This was attributed to the less convoluted surface of cryogenic
powder with sharp edges and hence lower interfacial adhesion between the GTR and rubber matrix. On the
contrary, in BRbased compounds, the tear strength was higher with the cryogenic powder because of its
reinforcing effect®.

The particle sizef GTR influences the properties of Gdddtaining rubbers as well. As the particle size of GTR
increases, the tensile strength, hardness, abrasion resistance, and crosslink density deteriorate whereas the
swelling degree increas®s”?°, The deterioration of properties is attributed to phase separation of the GTR
and matrix, which is more pronounced with bigger GTR parficleéSonversely, the particle size hardly
influences the viscosity and curing propertie¥ at all. Smaller GTR particles contain less rubber and carbon
black and more silica and transition metals (except zinc), which results in poorer aging characteristics of
GTRcontaining rubber, probably because the metals catalyse its thermal degradation

The properties of thdinal rubber product can be improved by treatment of ground tyre rubber prior to mixing.
According to the conditions applied, the treatment can lead to devulcanization or reclaiming of the entire
volume of GTR, or to partial activation of the GTR surface, which is favourable as it increases the compatibility
of GTR with rubber matrix. The treatment can involve various physical and chemical proéedtie§3033,

1 mechanical or thermomechanical treatment, e.tn a tworoll mill, inner mixer, extruder or special
mechanochemical react&34%,

1 chemical or thermochemical treatment, e.gvith mixture of oil and peptizers ocommon curing
accelerators oxidizing agents (HNO KMnQ, HO), devulcanization agentgmainly diphenyl
disulphide and its derivatives), supercritical fluids, ozone, ionic liquids, deep eutectic solvents and
other chemical¥313641,

1 ultrasound treatment?,

> > D> D>
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microbiological treatment with fungi or bacteff?,

irradiation treatment, namely by microwav@$3%2 less frequently by ultraviolet radiatiét
accelerated electrons or gamma réys

treatment with plasma?®,

combination of the above mentioned methdds™.
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Figure 2. SEM images of the cifyactured surfaces of cured tyre rubber: (a) reference without GTR, (b) with
7%untreated GTR, (c) with 7% microwaveated GTR, (d) with 7% bactetr@ated GTR.
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EFFECT OF CATALYTIC SYSTEM ON THE STRUCTURE OF ETHYLENE/PROPYLENE COPOLYMERS
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Abstract

The research is focused on te&uctural study of ethylen@ropylene copolymers (E/€polymers) produced

by gas phase polymerization in a stainletsel batch reactor. The aim of the work was to determine the effect

of different catalysts on the distribution of ethylene units in the resulting material. Three E/P copolymers with
the same content of ethylene were prepared on commercial Ziegkdta (ZN) catalysts, which differed in the
structure of the internal donor (ID). One ZN catalyst contained diether ID and the second phtBalate

The E/P copolymers were fractionated using the Temperature Rising Elution Fractionation (TREF) method,
which separated the original samples into fractions according to their crystallisation ability. The TREF analysis
revealed that the incorporation of ethylene into a growing polypropylene chain is dependent on the catalytic
system. Using structural analysis methods, the difference between the copolymers structure was described and
it was found that the catalyst with the phthalate internal donor combined with alkoxysilane external donor (ED)
supports the creation of ethylene blocks capable of crystallising, while the catalyst with diether ID does not
have this ability.

OKy2f23eézx
alt ockHZ

Introduction

Among other things, the properties of the resulting polymer or copolymer are influenced by the type of catalyst
used. This determines, for example, the comonomer incorporation, the final length of the chains, their
structure and polydispersify The kinetic profiles expressing the dependence of the rate of
homopolymerization on time for ethylene and propylene are very different. In the case of propylene, the rate
increases very sharply, reaching its maximum value almost immediately and then decreasing. It is different with
ethylene. The rate of polymerization slowly increases until it reachesnatant value and this rate is then
stable for several houfs However, it should be noted that the overall isospecificity of the catalyst is also
influenced by the combination of internal (ID) and external (ED)donor and the amount of external donor
applied into polymerizatioh In order to know and subsequently predict the properties, it is necessary to
understand the structure of the polymer, which the catalyst also modifies.

This article presents the results of research focused into the effect of selected catalysts on the structure of
commonly produced E/P copolymers with an ethylene content of around 2 mol. %. All samples were
synthesised on Ziegltatta catalysts with diether or phthalate internal donors. For a more detailed structure
determination, the original samples were fractionated by temperature rising elution fractionation (TREF), which
separated the original samples according to their crystallisation abilitige structure of the samples and
individual fractions were investigated and described using selected structural analytical mfethods

Experimental part

Samples

Three samples of E/P copolymers designated R1806, R1877 and R2930 were evaluated in this research. They
were produced by a ggshase process in a Hire stainless steel batch reactor. All catalysts were activated by
atriethylaluminium cocatalyst. Copolymer R1806 was produced using a phtHzdatsl internal donor catalyst
combined with an alkoxysilane external donor, while the copolymers R1877 and R2930 were produced with
adiether-based internal donor. Each internal donor has a different chemical composition. Sample R1877 was
prepared on a prepolymerized catalyst. All copolymer samples were selected to contain similar amount of
incorporated ethylene (C2 = 8.2 mol.%, determined by &CGNMR analysis) and to have the MFI

0.303 7 mint.

TREF Method

For more detailed information about structural properties, the E/P samples were fractionated into fractions
according to thecrystallisation ability by using the preparative TREF metho@REF fractionation was

performed with a Polymer Char PREP mstrument.

One gram of the polymer sample was dissolved in r20@f o-dichlorobenzene (ODCB) stabilised with 0.1%

BHT (butyl hydroxytoluene) at 160/ | yR &adl oAf AaSR Fd GKA& (GSYLISNI (dzNB
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the first fraction F30 was taken. The temperature was then increased to the value at which the next fraction
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last fifth fraction, F5, was collected.

Each copolymer sample was divided into five fractions according to the elution temperature. The first fraction

gl a StdziSR G on c¢/ 6 fcl/o SoftSERPSGESBK Sl KK ANRO 2 ViR minin  dont
fourthat110c / o0t 6 St SR CummmUy IWOYROBERSRTFCMEK vIPG mcn

Analytical Method

The ®°GNMR measurement to determine the content of incorporated ethylene was carried out on a Bruker
DRX 500 spectrometer. A Nicolet iS50 FTIR spectrometer with a resolutiornofveas used for the
measurements of the FTIR spectra, which were normalised to the same sample thickness as the 1897 cm
propylene reference peak. The melt flow index (MFI) was determined by using Dynisco LMI 5000 plastometer
(IS01133 standard). The DSC analysis was performed on a DSC Q100 calorimeter supplied by TA according to
the ISOL13573 standard.

Results and discussions

Evaluation of Original Samples

As is known from literature, in the case of phthakbi@sed catalysts, the effect of alkoxysilane external
donor on the incorporation of ethylene units into a growing polypropylene chain must be included because ED
replaces the phthalate internal donor, which is extracted from the catalyst by reaction with a triethylaluminium
(TEA) cocataly$t® In the case of diethebased catalysts, the external donor does not play such an important
role, because ID extraction from the catalyst by the reaction with TEA is limited.

By comparing the EEP and EEE triads, it can be seen that the R1806 sample with phthalate ID cemtalins, a
number of sequential ethylene units in addition to the isolated ethylene unit (Tiabln contrast, neither EEE

nor EEP sequences were measured in the samples R1877 and R2930, which cdigtieraD. This
ascertainment does not correlate with values from a study by Spmdhich also compared E/P copolymers
with an internal donor of phthalate and diether. The presence of the EEE triad sequence in that study was
significantly higher for the diether ID copolymer (1.0 mol. % in the case of diether versus 0% ficol.
phthalate ID). The fact may be that the mass fractions of ethylene of the examined samples from tHé study
were around4.5mol. %.

Table I.
Characterization of original samples:
R1806
Original samples phthalate ID + dietheF:|1I§7;repol R2930
alkoxysilane ED ' ' diether ID

MFIB T min?] 0.30 0.30 0.29
Triad distribution mol. % mol. % mol. %
PPP 94.1 94.4 94.0
PPE 3.8 3.7 3.7
EPE 0.0 0.0 0.0
PEP 1.9 1.9 2.2
EEP 0.2 0.0 0.0
EEE 0.1 0.0 0.0
Pin RC 97.8 98.1 97.8
E in RC 2.2 1.9 2.2
Medium length of sequence E 1.1 1.0 1.1
Medium length of sequence P 51.1 52.5 47.4

TREF Fractionation

All three samples were fractionated by TREF into 5 fractions at elution temperatures of 30, 90, 100, 110 and
160c/ ® ¢KS IAY gta (2 | OKAS@PS FTNrOGAz2ya olF&SR 2y GKS |
properties of the resulting fractions. Because the mass fraction of ethylene of all three original samples is
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around 2.0mol. % with similar MFI, it is also possible to compare the same fractions of different original
samples. The mass distribution of the fractions is in Figure
60
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L -n= Hn0 Hxd ERD BNR

F30 Fo0 F100 F110 F160
Fraction label

Figure 2: Mass distribution of FP160 TREF fractions [wt. %]JR1806 (phthalate ID + alkoxysilane ED),
R1877 (diether ID, prepol.)R2930(diether ID).

Mass distribution [%]

From the fractionation results of the samples, it is obvious that the largest part of the copolymer samples
consists of highly crystalline fractions F110 and F160. The total amount of the highly crystalline phase (sum of
F110 and F160) is the lowest in R1877 (71.84)t.then in sample R2930 (75.0 wt. %) and the highest in R1806
(77.3wt. %). Thus, the phthalatbased ID catalyst provides a larger amount of the highly crystalline phase,
which has also the highest enthalpy of second heatingz (Tablell.). In Tabldl. for sample R1806 at fraction

100, two values can be seen for the melting temperature T ' YR Sy 4 KIF £ L@ 2. whicB 02 Yy R
are described in chapter 3.1.2.2.

Table 1.

Mass distribution (M. D.), Melting temperaturengd = Sy G KI £ L& 2 Fm) &l Gthyleie cdaBrit G A y 3
of samples and TREF fractiom&1806 (phthalate ID+ alkoxysilane ED), R1877 (diether ID, prepol.), R2930
(diether ID).

R1806 R1877 R2930

phthalate ID + alkoxysilane E diether ID, prepol. diether ID

M. D. Tm2 N Im2 M. D. Tm2 N Im2 M. D. Tm2 N Im2

[wt. %] wc/ OWJ 3| [wt. %] wc/ ' oW I [wt %] wc / oW =
Orig. - 152.8 94.8 - 153.2 89.5 - 149.6 77.6
F30 2.9 151.1 2.7 6.9 150.0 1.7 3.7 150.9 19.9
F90 8.7 131.5 50.3 9.8 129.3 41.8 8.9 150.9 45.1
F100 | 11.1 1131%% 30.2;55.5| 114 146.4 83.6 12.4 145.9 84.9
F110 | 389 1544 88.2 37.0 155.4 87.4 33.4 153.2 93.4
F160 | 384  154.4 96.9 34.7 154.2 95.6 41.5 153.8 95.7

The mass yields of medium crystalline fractions F90 and F100 are approximately the samsafopbdk, only

F100 of sample R1877 is lower. However, this sample R1877 has the largest yield of the low crystalline to
amorphous fraction F30, which was 6.9 wt. %, compared tavR2.%6 (R1806) and 3.7 wt. % (R2930).

When comparing data (Table #ndlll.) with a higher fraction crystallinity, the ethylene content decreases,
however melting enthalpy increases. This fact supports the claim that the ethylene units cause a chain disorder
and thus reduce the ability of the polymer chain to crystalfise
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Table IlI.
Ethylene content in original samples and its fractions [mol. %]. R1806 (phthalate ID + alkoxysilane ED), R1877

(diether 1D, prepol.), R2930 (diether ID).
Sample Orig. F30 F90 F100 F110 F160

R1806 2.2 18.3 8.5 4.5 14 1.2
R1877 1.9 15.4 4.1 21 1.3 11
R2930 2.2 14.2 4.6 2.6 14 14

Individual fractions and original samples were measured by FTIR, where the ethylene content of the individual
fractions was confirmed by a rising peak at 733'¢figure 3). A noticeable difference in the spectra, and thus
also in the structure, can be seen when comparing the F100 fractions, where this difference is explained in
chapter 3.1.2.2.
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Figure 3: FTIR spectrum of sample R1877 (diether ID, prepol.) and its fractions after TREF fractidgtgion:
F90; F100; original; F110; F160.

Evaluation of the Low Crystalline Fraction F30

Fraction F30, which dissolve and elutes at the lowest temperature, is assumed to have the lowest crystalline
phasei.e., apredominantly amorphous structure. The suppression of crystal formation in the structure is
mainly due to the presence of ethylene. Compared to the other fractions, the F30 of the phthalate ID sample
has ahigher ethylene content (R18068.3mol. %) than the F30 fractions of the diether ID copolymers (R1877
15.4mol. % and R2930 14.2 mol. %).

The FTIR spectra of the F30 fractions also show a different character and confitf@&-MdR results. All F30
fractions show a very broad band corresponding to the presence of ethylene (Bjguneaddition to the peak

at 733cntt corresponding to isolated ethylene units and the peak7a®cm® which present crystalline
domains of ethylene, the presence of a band at @&¢* belonging to long ethylene sequences can also be
observed in samples R1806 and R1877. However, all peaks overlap.

Evaluation of Medium Crystalline Fractions F90 and F100

The mass fractions of medium crystalline fractions F90 and F100 of all samples are similar, but their structure is
very different. The obtained® GNMR and FTIR data show the main difference between the two types of
internal donors.

Fraction F100 of sample R1806 contains long ethylene sequences and these blocks are able to crystallise
according to the FTIR spectrum (Figure 4). It is specifically a peak et?3&hich is typical for the crystalline
sequence of ethylene. This also leads to a rapid increase in the peak at #1®@kith corresponds to the sum

of amorphous and crystalline ethylene chains. These peaks are not present in the F100 fractions in both diether
ID samples, and therefore ethylene occurs here mainly in isolatéd.
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Figure 4: Detail of FTIR spectrum F100 TREF frad®i®806 (phthalate ID + alkoxysilane EBR)1877 (diether
ID, prepol.);R2930(diether ID)

The ability of the ethylene blocks of fraction F100 of sample R1806 to crystallise was also confirmed by DSC.
The curve of dependence of the heat flow on the temperature of this fraction showed two maximum values, at
124and 146c / 6 CA3IdzNB po @ LG OFy 06S 02y Ot dzZRSR GKF G GKS FAN
ethylene, the second to segments of propylene. This phenomenon was measured only in the 100 fraction of
sample R1806 (i.e., a catalyst with phthalate ID combined with alkoxysilane ED).
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Figure 5: Dependence of heat flux change on temperature at DSC fraction F100 during the second melting.
R1806 (phthalate ID + alkoxysilane ER}1877 (diether ID, prepol)R2930 (diether ID)

Evaluation of Highly Crystalline Fractions F110 and F160

The highly crystalline fractions F110 and F160 have the most significant mass representation in all the original
samples. It is evident from the measurédfGNMR data that these fractions contain the smallest amount of
ethylene of all fractions.

As expected, both melting points and enthalpy of fusion will have the highest values comparing all fractions.

The melting temperatures are close to the values of pure polypropylene, which is also confirmed by its majority
weight content.
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Conclusions

For detailed information about the influence of internal donors on the structur&/Bf copolymers, three
samples with the same melt flow index and ethylene content were selected. Samples were synthesised on
catalysts with dietheror phthalatebased internal donors. Subsequently, the samples were fractionated using
TREF into five fractions. These fractions were further analysed using structural analysis methods and the results
were compared.

Each original sample was divided into fractions according to the crystallisation ability, and the efficiency of the
fractionation was verified by DSC by measuring the melting enthalpy of the fractions. All samples ctovain a
crystalline to amorphous part (fraction F30), in which a high proportion of ethylene, aboutoll86, was
measured.

The greatest influence of the used ID on the polymer structure was observed for intermediate crystalline
fractions that eluted at 90 and 100 /"*@NMR measurements showed that the F100 fraction of sample R1806
(phthalatebased ID) formed chains where ethylene was incorporated into the blocks, while this was not
observed with the diethebased catalyst. Using DSC and FTIR, it was further established for this fraction that,
in addition to the propylene segments, these ethylene blocks are also capable of crystallising. Thus, beside the
PP crystal structures some of the material synthesised with phthalate ID can crystallise also in crystal structure
corresponding to PE.

The smallest amount of ethylene was found in the highly crystalline fractions, which constituted approximately
70 wt. % of the sample and where ethylene was present in an amount ofid.26. Ethylene was present in

the form of isolated units, whicthad no significant effect on the ability of long propylene sequences to
crystallise. Therefore, the temperature and enthalpy of melting of these fractions were the highest.

The results show that internal donors influence the structure of the E/P copolymers and the way ethylene is
incorporated into chains. Short blocks of ethylene capable of crystallisation occur with phtbake
catalyst, not observed in samples produced with diethased catalystsWe assume that the alkoxysilane
compound in the case of the phthalabased catalyst and the diether compound in the case of the
diether-based catalyst are the main reason of the different incorporation of ethylene units into the growing
polypropylene chain.
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Abstract

A method for polyolefin rubber synthesis is described fwanched polyethylene obtained by ethylene
LI2f @YSNRIT I GA2y -diigikelchaimiiafkiRg catalyst.yThe(ptinSipal of the method is to support
chainwalking isomerisation to obtain hyperbranched polyethylene structures with suppressed crystallinity.
Prepared polyethylene contained from 62 to 110 branches per 1000 carbon atoms which led to crystallinity
between 6.1% and 0.0%. Elastomeric material was vulcanized by dicumyl peroxide to prepare polyethylene
rubber. Mechanical properties of the rubber were measured to estinagiglication potential.

Introduction

Polyethylene (PE) is the most produced plastic material nowad®ysperties and easy processability in
combination with low price of monomer makes polyethylene ideal polymer for a wide range of appliéations
Nevertheless, due to crystalline character of polyethylene homopolymer, application in rubbery industry is
limited to copolymers of ethylerf¢. This natural crystallinity can be suppressed by introduction of branches
into apolymer chaif. Hyperbranching can lead to elastomeric hygemanched polyethylene (HBPENd
followed by vulcanization pure polyethylene rubber can be prepared. This approach can even broaden the
application possibilities of polyethylene.

Topology of polyethylene structure (kg 1) plays the main role in product properties and final application.
Radical polymerization of ethylene at high temperatures and pressures produceelosity polyethylene
(LDPE) with crystallinity between 30% and 50% containing-dbaiy and shorthain branche®. Since
invention of Phillips and Ziegktatta catalysts, ethylene can be polymerized at mild conditions by
coordination polymerization to get higtlensity polyethylene (HDPE) with crystallinity from 80% to 90% with
mostly linear structuré®. ZieglerNatta catalysts can be also used for ethylene copolymerization with
longerchain olefins such as butene, hexene or octene to obtain lineardiensity polyethylene (LLDPE) with
30%¢ 45% crystalline phase containing only shamin branche¥. It is obvious that branching and/or
substituents incorporation along the chain is the key to suppress crystaiftitéy

%5 é 55)

HBPE LLDPE LDPE HDPE

Figure 1: Different topology of polyethylenehyperbranched polyethylene (HBPE), linear {density
polyethylene (LLDPE), ledensity polyethylene (LDPE) and hidgnsity polyethylene (HDPE)

Among a lotof well y2 6y O (I teéaida dzaSR A-gimiselicémpliexds/age ohd2of theY SNRA T |
Y2ald AyuaSyaAro@Ste adi dzRilmthR nicke: and faiMdivim catalySs haldNRudmde @oJitior

in ethylene polymerization because due to combination of living polymerizatod chainwalking
isomerisationthey allow to control polymer branching and topolddy’. Most works on ethylendased
Strad2YSNBR FyYRk2N) G§KSN) 2 LX kdéming Comekes arg po0semn ethiflid J- NS R
copolymerization with longe® K | Jolfindi21821 Thermoplastic elastomers based on pure polyethylene are
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