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PETROCHEMICALS AND ORGANIC TECHNOLOGY

HYDROGENATION OF C4 ALKENES
Kolena J.", Moravek P., Stavova G.* Stépanek K.', Schéngut 1., Riizicka M.

lvyzkumny Ustav Anorganické Chemie, UniCRE, Chempark Litvinov, ZdluZi — Litvinov, 436 70, Czech Republic,
Tel.: 476 163 659, E-mail: jiri.kolena@vuanch.cz
2UNIPETROL RPA, Chempark Litvinov, ZdluZzi — Litvinov, 436 70, Czech Republic

Introduction

C, alkanes, mainly butane, are appreciated as excellent feedstock for the production of ethylene by steam
cracking. Saturated C, mixture in which n- butane prevails can be industrially produced by total hydrogenation
of the mixture of C, alkenes and alkanes, known as Rafinate 2 which is a residue after extracting of 1,3-
butadiene and isobutene from pyrolysis C, fraction by standard chemical processes.

Hydrogenation of lower alkenes is a strongly exothermic process, quite simple by its chemical nature but rather
complicated in terms of chemical engineering problems. Even measurement of kinetic data is not a facile
problem. Maybe for this reason, there is a lack of industrially relevant data on hydrogenation kinetics in
modern literature. Major part of the studies aimed at utilization of noble metals as catalysts, are based on
mechanistic approach, trying to understand sorption phenomena on catalyst surface and describe the kinetics
by means of Langmuir Hinshelwood type of kinetic equations [1]. Some kinetic measurements have been done
with pure alkenes i.e. in non-competitive environment. It has been however discovered that relative reactivity
of individual alkenes can change in the environment of competitive sorption [2]. It is therefore necessary to
measure industrially relevant data with an alkenic mixture of real composition.

Though the gas-liquid-solid hydrogenation is the most frequently utilized industrial process, the gas phase
hydrogenation can be an interesting alternative for lower alkenes, mainly C,, bringing some advantages over
the liquid phase process. The gas-liquid-solid system is more complex in terms of kinetics and mass transfer as
gas-solid, liquid-solid and gas-liquid-solid mass transfer mechanisms can take place. On the other hand, in the
gas phase reaction, large excess of hydrogen is necessary to maintain hydrocarbons in gas phase on one hand
and to prevent the system from inacceptable preheating on the other hand as hydrogen takes part of a coolant
in this system. Measuring and evaluating of kinetic data is therefore not a facile problem.

As for catalyst, Pt or Pd, impregnated usually on silica or y-alumina, are most frequently used systems [2,3,4].
Pt based catalysts are known as selective towards hydrogenation below 200 °C, the selectivity decrease being
observable above this limit. It is also known from the literature [4] that the activity of Pt catalyst strongly
depends on the reduction procedure so very careful in- situ reduction, with slow temperature increase and
gradual raise of hydrogen concentration in reduction gas is recommended [4] .

It is the main goal of this study to provide kinetic data of C, alkene mixture hydrogenation in gas phase,
obtained with real, industrially utilizable, catalyst particles, which can be used for the process design,.

Experimental

Hydrogenation of alkenes ranks among strongly exothermic reactions so that it is impossible to run it in
isothermal regime even in intensively cooled, narrow tube, laboratory reactors. The temperature profile should
be however carefully controlled, not to allow the temperature maximum in the reactor to exceed the limit
above which some undesirable reactions, e.g. C-C bond hydrogenolysis, can take place. Optimally, the axial
temperature profile should be flat, nearly isothermal. However, this can hardly be expected in real reactors.

A double tube reactor, heated /cooled by silicone oil, circulating between the tubes in countercurrent flow, the
same system recently described in our previous study [5], was used for the data measurement. This type of
arrangement guaranteed relatively flat axial temperature profile. Nevertheless, even in this arrangement, non-
isothermal kinetic data were obtained and had to be processed.

The reaction products were analyzed by on-line gas chromatograph Shimadzu 2010, equipped with a
temperature controlled, two valve dozing loop for gas sample injection. A 50 m capillary column HP PONA
(Agilent), ID 0.2 mm, film thickness 0.5 um and He as carrier gas, were used. The inlet temperature was 250 °C,
FID detector temperature 200 °C, the oven temperature program being as follows: 30 °C for 15 min
isothermally, 10 °C/min up to 100 °C, then 20 °C/min up to 200 °C. Only hydrocarbons in the output stream
were determined and quantified.
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Rafinate 2, an industrially available mixture of predominantly linear C, alkenes and alkanes was used as the
feedstock for the kinetic data measurement. Three samples of a bit different composition were used for the
experiments. Their composition is summarized in Table I.

Table I: Composition of C, fraction (Rafinate 2) used as starting material for kinetic data measurement.

Composition [Vol,.%] sample 1 sample 2 | sample 3
isoutane 21.38 13.62 21.72
n-butane 18.39 15.68 18.83
propandiene 0.05 0.03 0.05
1-butene 33.63 39.92 32.97
trans-2-butene 14.05 15.22 14.27
isobutene 2.50 5.20 2.14
cis-2-butene 8.75 9.19 8.89
1,3-butadiene 0.00 0.08 0.00
methanol 1.25 1.06 1.13

An egg shell type of Pt/y-alumina catalyst containing 0.56 wt. % of Pt was used for the kinetic tests. Other
catalyst characteristics: catalyst surface 211 m2/g, the shell thickness 50 um. The catalyst was shaped to balls
of 2-2.5 mm in diameter.

Results and discussion

Experiments in wide range of experimental conditions were performed, at three different levels of reaction
temperature (110, 120, 130 °C) and overall pressure. Though it is not that difficult to keep C, hydrocarbons in
gaseous phase even at higher pressure, considerable excess of hydrogen was used to measure the data as
close to supposed industrial conditions as possible. As proven recently[5], changes in H,/hydrocarbons molar
ratio in the range of 5 to 9.5 have only negligible effect on the reaction kinetics, therefore all data of C, alkene
hydrogenation were measured at the same ratio of H, to hydrocarbons (=6.5).

Axial temperature profiles at different values of time coordinate W/F are illustrated by Figure 1. It can be seen
from the Figure 1, that hydrogenation is very fast, so the maximum of the temperature profile lies in the first
half of the catalyst layer.
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Figure 1: Axial temperature profiles at different values of W/F ratio in the interval of 0,038-0,128. Pressure 3.1
MPa, temperature 110°C, H,/CH=6,5.
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An example of conversion curves i.e. dependencies of individual C, alkenes on time parameter W/F, is
illustrated by Figure 2. As can be seen from Figure 2, 1-butene reacted faster than isomers with inner double
bond that were present in the feedstock in comparable concentrations.

0,8 #

c
-% 06 —-1-butene
E tr-2-butene
So4 —=Ccis-2-butene
—e—isobutene
0,2
0,0
0,02 0,06 0,10 0,14

W/F

Figure 2: Plot of butenes conversions v.s. W/F coordinate. Pressure 3.1 MPa, temperature 110°C, H,/CH=6,5.
Despite the fact that the data were measured in relatively narrow tube, cooled by liquid, strongly non-
isothermal data were obtained (see Figure 1). The data were therefore treated with similar approach as in the
previous study [5]. The tube non-isothermal reactor was modeled as a series of 10 isothermal reactors, equal
in length and volume, bur working at different temperatures, the working temperature of each reactor being
calculated from a real, measured, temperature profile. The scheme of the model is shown in Figure 3.

HE
Y —

Figure 3: Scheme of simulation model used for Apsen Plus simulation.

It is necessary to know the input and output values of molar flow of all components to evaluate kinetic
parameters. The components balances were calculated from following experimental data: C, fraction feed, H,
input, output gas stream volume, relative output concentrations of hydrocarbons (relatively to hydrocarbon
part of product) determined by GC. It was therefore necessary to calculate the output molar flows of all
components. Following assumptions were taken for the molar balance to be calculated:

a) C-Cbond cleavage doesn’t take place in the system

b) No isomerization proceeds

c) Input flow analyses are more accurate than those from the output GC analyzer.

Assumptions a) and b) were verified by detailed GC analyses of both liquid and gaseous products.
Considering the assumptions, it is true that the sum of particular groups of hydrocarbons, i.e. nC4, iC,, is of the
same value in input and output respectively. It is then possible to calculate relative proportion of individual
hydrocarbons in each of the hydrocarbon groups. From the knowledge of relative proportion of hydrocarbon
groups it is then possible to calculate the molar output of individual components. There are also some inert
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compounds in the system, the input and output molar flows of which are equivalent. The molar output of
hydrogen was calculated on the basis of reactions stoichiometry.

In the gas phase reaction of C, hydrocarbons, relatively large excess of hydrogen is necessary. It can be
therefore expected that the reaction is formally of zero order to hydrogen. This assumption was verified by
performing the experiment in wide range of H,/C, ratio. Assuming zero order to hydrogen, the kinetic
constants of all reactions can be evaluated independently. For estimation of kinetic constants, first order to
hydrocarbons was supposed. The first order reaction taking place in a plug-flow reactor can be (for component
A) described by equation (1)

d. S
;A =-—pyk,c, (1)
R 4

Taking large excess of hydrogen into consideration, it can be seen realistic that there is a constant volume flow.
At these conditions, molar flow of component A in the output from (i+1) section can be described by following
equation (2):
N, .
A,i
Ny = . (2)
pri+l
eXp kA,iH (Tm) ,
V

where

_EA

—_ RT[+1
kA,i+1 (Ti+1 ) =A,e

(3)

Reaction constants (k, E)were estimated by minimizing the sum of squares of deviations between calculated
and experimental values of the reacting components molar flow values in the reactor output. This calculation
was done by means of the Solver function in Excel program. The kinetic constants estimations obtained this
way were used as the starting values for Aspen Plus simulation.

The Aspen Plus program makes it possible to calculate kinetic constants of defined reactions by means of a
regression model which takes into account composition of input and output streams and their temperature
and pressure values. The kinetic constants of all reactions were thus evaluated. All these constants vere
evaluated at the same time by a single run optimization. Pengov-Robinson equation of state was used for the
calculation.

A mathematical model containing ten isothermal plug flow reactors was used to approximate the real
experimental reactor - see Figure 3.

The kinetics constants for complete reaction scheme, evaluated by Aspen Plus simulation are listed in Table II.
A comparison with previously obtained [5] kinetic constant for structurally similar Cs alkenes is also shown in
the same table (Table II).
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Table Il — Kinetic constants of the hydrogenation of alkenes contained in C, fraction in comparison with the
kinetic constants of the reactions of structurally similar Cs alkenes (data measured in the frame of previous
study [5]).

Compound A[m®/(kg . s)] | E [k}/kmol] | Compound A[m®/(kg . s)] | E [k}/kmol]
1-butene 7.71-10* 56505 1-pentene 3.26-10° 64075
Trans-2-butene 2.06 - 10° 47077 Trans-2-pentene 2.16-10° 48929
2-methylpropene | 7.74 - 10 59000 2-methyl-1-butene | 1.01 - 10* 55119
Cis-2-butene 2.03-10° 39437 Cis-2-pentene 2.88- 10" 56968

It is apparent, that kinetic behavior of structurally similar C, and Cs alkenes is very similar, the linear 1-alkenes
being the only exception as different reactivity of 1-butene, in comparison with 1-pentene was observed.

Conclusions

Concentration based kinetics of gas phase hydrogenation of C, alkenes in a real C, fraction (Rafinate Il) from
steam cracking was measured, at the conditions considered as suitable for an industrial process design. It is
very important to have kinetic data obtained with a multicomponent mixture of alkenes, the composition of
which is close to that of real potential industrial feedstock, for minimizing the effect of competitive adsorption
on catalyst surface.

1% order reaction to alkene and zero order to hydrogen proved to be a relevant kinetic equation for main
reactions description. A large set of non-isothermal experimental data was processed and kinetic constants
(preexponential factor, energy of activation) for all reactions involved were evaluated in one go calculation by
means of the Aspen Plus software. A good agreement between calculated and experimental data was achieved.
As the experimental data were measured at conditions suitable for an industrial process, the kinetics can be
considered utilizable for the industrial process design.
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Abbreviations

A Pre-exponential factor
c Concentration of reacting component
E Activation energy
k Reaction-rate constant
n Reaction order
r Reaction rate (in relation to catalyst mass)
Na Molar flow of component A
R Universal gas constant
: Volume flow
%
S Reactor cross section area
V& Volume of part of the reactor supposed to be isothermal
z Axial coordinate of the reactor
Po Packing density of the catalyst
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Introduction

At present time, the sulphur content in diesel fuels is limited to 10 mg.kg'1 by European Union directive
2009/30/EC. The deep hydrodesulphurization, and processing of more aromatic raw material leads to
requirement of more stable and active catalysts.

Diesel fuel contains a large variety of sulphur compounds with different reactivity. The sulphur compounds
presented in diesel fuels can be divided into two main groups. The first one contains thiophenes, the second
one dibenzothiophenes, presented especially in alkylated molecules form’. Several studies have shown that the
relative reactivity of different thiophenic sulphur compounds is significantly different, as might be expectedz’a.
Benzothiophenes and their derivates are usually desulphurized at higher reaction rate than DBT and alkylated
DBTs. Alkylated dibenzothiophene isomers containing alkyl groups close to the sulphur atom, e.g.
4-methyldibenzothiophene (4-MDBT), 4,6-dimethyldibenzothiophene (4,6-DMDBT),
4,6-diethyldibenzothiophene (4,6-DEDBT), are less reactive due to steric hindering4’5. Also, in the mixture of
large amount of sulphur compounds, there is a competition on the catalyst surface active centres. More active
sulphur compound, reacting preferentially, can influence HDS rate of less reactive sulphur compounde.

There is a continual development in refinery processes technologies. Using of an unusual raw material (e.g.
light cycle oil, containing large amount of aromatic compound, which can be problematic under the standard
hydrodesulfurization conditions) require development in the hydrotreating processing conditions and
hydrotreating catalyst. A very important step in the preparation of a new catalyst is its pilot testing under the
real reaction conditions.

The objective of this work was to verify the consecutive steps of the methodology for HDS catalyst activity
testing via accelerated deactivation. It was necessary to evaluate the conditions of the elimination of external
mass transfer in a pilot fixed-bed reactor. Also the influence of different compounds on activity was studied
and finally, the accelerated deactivation test were approved to forecast the HDS catalyst life cycle.

Material and method

The activity tests were carried out in the pilot scale trickle-bed reactor 30 mm I.D., WHSV 0.5 - 3 h'l, gas/liquid
volumetric feed ratio 300, pressure 3 — 6 MPa and temperature 350 — 400 °C.

Elimination of the external effects of mass and heat transfer was made by the dilution of void space of fixed
catalyst bed by inert silicon carbide particles. This arrangement allows the suppressing axial mixing deflection
from a piston flow pattern, to create even fluid velocity distribution on the cross-section of the reactor bed and
to accomplish the complete wetting of catalyst particles.

The accelerated deactivation test was applicated to forecast HDS catalyst life cycle. The deactivation step insist
in two hours injecting of light cycle oil, which contain higher amount of aromatics compound than atmospheric
gas oil, and also more nitrogen compounds. The outlet concentration of sulphur in product before and after the
deactivation step was evaluated. The hydrodesulfurization rate constant and the deactivation constant were
calculated by the pseudo-first reaction order power kinetics by a linear regression.

The HDS kinetics experiments were carried out in autoclave with a commercial CoMo/Al,O; hydrotreating
catalyst. Batch was composed of hydrogenated gas oil (GO) promoted by various sulphur species:
3-methylthiophene (3-MT), 3-methylbenzothiophene (3-MBT), 4-MDBT, 4,6-DMDBT and 4,6-DEDBT. The
effects of pressure and temperature on the sulphur species removal reaction rate were also observed.
Hydrogen partial pressure was constant during the reaction, set on 3 MPa, 4.5 MPa or 6 MPa and the reaction
temperatures were ranging at 350°C, 365°C and 380°C.

During each experiment, both in trickle bed reactor and in autoclave, samples were regularly taken off and they
were analyzed by gas chromatography to monitor sulphur concentrations during the experiment.

Data from the kinetics experiments were evaluated by two different ways — (i) modeling by Aspen Plus process
simulation and (ii) using a nonlinear regression by Matlab software.

To compare the accelerated and standard process of deactivation, the samples of deactivated catalyst from an
industrial hydrotreating unit were taken as well. The residual activity of these samples was measured in the
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pilot scale trickle bed reactor under the same conditions as for the previous experiments but without
application of any deactivation step.

Results and discussion
The reaction rate constants of hydrodesulfurization reactions in a trickle bed reactor were evaluated by pseudo
first order power-law kinetic.

dc, ke

where W/F is the overturn value of the weight hourly space velocity (1/WHSV).

s (1)

Evaluation of reaction rate constants

The dependence of catalyst activity on reaction conditions was investigated. At first, the influence of reaction
temperature was tested at constant hydrogen partial pressure (4.5 MPa) and weight hourly space velocity
(WHSV=1 h'l) respectively.

Table I: Reaction rate constants at different reaction temperature

Catalyst CoMo

Temperature [°C] 350 360 365
¢, [mg/kg] 47.7 18.9 9.7
Rate constant [h™] 7.35 8.57 9.43
Catalyst Niw

Temperature [°C] 350 360 377
¢, [mg/kgl 181.7 41.7 8.4
Rate constant [h™] 3.81 5.12 6.55

The reaction rate constants increased with increasing reaction temperature. The required level of sulphur (10
mg/kg) in product was achieved at temperature 365 °C for CoMo catalyst, and at 377 °C for NiW catalyst, which
was less active.

Next set of experiment was performed for different values of WHSV under constant reaction temperature
370°C and hydrogen partial pressure 4.5 MPa.

Table Il: Reaction rate constants at different WHSV

Catalyst CoMo

WHSV [h™] 1 2 3 4
¢, [mg/kg] 4.2 21.0 62.3 116.3
Rate constant [h'l] 13.56 22.90 30.06 36.81
Catalyst Niw

WHSV [h™] 0.5 1.0 1.5 2.0
cs [mg/kg] 3.8 14.8 31.8 74.8
Rate constant [h'l] 4.66 8.10 11.13 13.31

Again, the rate constants were increased with increasing WHSV, however, the reaction rate increase was not
sufficient in relation to space velocity. When the velocity was more than lh‘l, the catalyst activity is not
sufficient under this reaction temperature and hydrogen partial pressure.

The last dependency, the influence of hydrogen partial pressure was observed for NiW catalyst only. The
reaction temperature of these experiments was set on 370 °C and WHSV was 1 h.

Table Ill: Reaction rate constants at different hydrogen partial pressure

Catalyst Niw

p [MPa] 3 4.5 6
cs([g/kgl 52.9 16.7 8.2
Rate constant [h™] 49 5.9 6.6

Higher hydrogen partial pressure had a positive influence on hydrodesulfurization activity.
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Comparison of deactivated catalysts
The activity of the fresh catalyst was compared with the activity of laboratory accelerated and industrially
deactivated catalysts.
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Figure 1: Comparison of activity of fresh (triangle), accelerated deactivated (circle) and industrially deactivated
(square) catalysts. The left part is for NiW/Al,O3, the right for CoMo/Al,Os.

Table IV: Reaction rate constants

Fresh catalyst Accelerated deact. Industrially deact.
CoMo Niw CoMo NiW CoMo NiW
360 °C 8.68 5.01 7.73 3.36 6.56 4.38
370°C 10.00 6.14 9.16 4.59 7.59 4.90
380 °C 11.29 7.24 10.54 5.78 8.58 5.34

NiW based catalyst is less active and more sensitive to deactivation. After the deactivation process the activity
of this catalyst is less dependent on temperature. It is probably due to the different structure characteristic of
NiW catalyst in comparison with CoMo catalyst. It caused formation of different and more stable carbon
deposits.

The reaction rate decreases about 20.2 and 26.2 percent for accelerated, respectively industrially deactivated
NiW catalyst, and about 6.6 and 24.0 percent for accelerated and industrially deactivated CoMo catalyst.

In the following table 5 the minimal reaction temperatures are mentioned at which the activity of the catalysts
is adequate to sulphur content in product less than 10 mg/kg.

Table V: Reaction temperatures for 10 mg/kg

Niw CoMo
Fresh catalyst 3713 364.9
Accelerated deact. 384.3 370.1
Industrially deact. 409.6 389.3

Kinetics measurements

Mathematical modeling was accomplished by commercial Aspen Plus process simulator. Redlich-Kwong-Soave7
equation of state was used for the description of non-ideal compounds behavior under high pressure. This
method is recommended for hydrocarbon processes, including refinery and petrochemical applications and
description of non-ideal system behavior.

Gas solubility in liquid is also taken into consideration and described by Henry’s law. The reaction mixture
evaporating was modelled on the basis of vapor-liquid equilibrium.

The rate equations are based on the power-law kinetics and the reaction rate constants were calculated by the
first order reaction kinetics using Levenberg-Marquardt optimization method. The experimental data was
applied as initial values. The activation energy was calculated by Arrhenius equation.

Because of hydrogenated gas oil composition complexity, a model mixture of hydrocarbons was defined using
simulated distillation curve. The reaction pathway of sulphur removing depends on the type of sulphur
compound. All alkylated benzothiophenes and dibenzothiophenes monoalkylated in position 4 were
desulphurized without hydrocarbon ring saturating. In the case of dibenzothiophenes alkyled in position 4 and
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6 saturation of hydrocarbon ring in first step, and after that sulphur atom was released as hydrogen sulfide.
3-methylthiophene is hydrogenated to 2-methylbutane.
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Figure 2: Sulphur concentration gradient in time on stream. (a) 350°C, 4.5 MPa, (b) 365°C, 4.5 MPa. Points —
experimental data, line — data obtained by reaction model.

, The description of experimental data by mathematical model is not exactly identical in the case of presuming
pseudo-first rate reaction kinetics (Figure 2). This deviation is more significant with the increasing compound
concentration and increasing reaction rate.

The trend of increasing reaction rate with increasing temperature is described well, however not exactly, like
the influence of hydrogen partial pressure. Including of hydrogen solubility in liquid is important for the
precision of calculation. The modeling approach applied by Aspen Plus simulation, including hydrogen-liquid
solubility, described experimental data much better in comparison with the model which do not employing this
characteristic.

Table VI: Hydrodesulphurization rate constants of pseudo first reaction order; influence of temperature and
hydrogen partial pressure. Data obtained from Aspen Plus process simulation

p, [MPa] 4.5 3 6
t, [°C] 350 365 380 360
6
k, [mL /(kgkkmoles)]
DBT 1.01E-04 1.61E-04 2.15E-04 3.17E-04 1.60E-04
4AMDBT 3.06E-05 5.15E-05 5.73E-05 6.95E-05 5.02E-05
4,6-DMDBT 6.46E-06 6.79E-07 4.68E-06 2.96E-08 4.68E-06

Further, Matlab program was used to evaluate experimental data. The reaction rate constant and activation
energy was determined for both pseudo-first reaction order and nth order. The catalyst amount, hydrogen
pressure and volume difference was taken also into consideration.

d(CsV)
dt

-r.W=Acg — (2)

and
r=k.Py cs (3)
where c is sulphur compound concentration, k reaction rate constant, W catalyst weight, PH2 hydrogen

pressure, n is reaction order with respect to sulphur compound and V actual liquid volume, which is defined as
initial volume reduced by volume of samples taken from reaction mixture.
V=Vy-At (4)
By modifying equation (2) using equation (3) the term (5) is obtained
dCS k.Cg.W.PH2

dt v ©)
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Figure 3: Description of experimental data using nonlinear regression in Matlab. 4-MDBT, 365°C, 6 MPa.
Reaction order 0.75.

The real reaction order was different from order one (Figure 3). The reaction rate during the first hour of
reaction corresponded with the first reaction order, after that the reaction rate increased and the reaction rate
0.75 was determined. In the concentration range important to technical (100-104 mg./kg) the difference from
first reaction order is negligible.

Together the expected trend is present, when the reaction rate constant increasing with increasing reaction
temperature. One methyl substituent in position 4 caused inhibition of the reaction rate about three times in
comparison with non-substitued DBT and one more substituent in 6 position inhibited the reaction rate almost
ten times in comparison with monosubstitued DBT. Ethylene substituent in positions 4 and 6 slowed down the
reaction rate by third.

Table VII: Hydrodesulphurization kinetic parameters of pseudo first reaction order; influence of reaction
temperature evaluated by Matlab

p, [MPa] 4.5
t, [°C] 350 365 380

k, (kg /(kg h.MPa)] E [kJ/mol]
DBT 26.00 34.07 44.09 84.7
AMDBT 8.22 12.03 17.31 83.9
4,6-DMDBT 0.84 1.41 2.32 113.3
4,6-DEDBT 0.55 0.88 1.38 151.3

The reaction order was evaluated by the equation (5) and the order of hydrodesulphurization was determined
0.75.

The activation energy showed good trend — increase with sulphur atom hindering and correspond with
literature data®’.

Conclusion

The initial activity of CoMo/Al,O; and NiW/Al,0; hydrodesulfurization catalysts and influence of the reaction
conditions on activity were investigated. These results were compared with the activity after the accelerated
deactivation laboratory method and industrial deactivation. NiW catalyst is generally less active for
hydrodesulfurization reactions, the activity decrease after the accelerated deactivation was 20.2 % and after
the industrial deactivation 26.2%. The activity of CoMo catalyst decreased about 6.6% after the accelerated
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deactivation and 24.0% after the industrial deactivation. The experimental data were used for prediction of the
catalyst operation time.

The set of hydrodesulphurization experiments at three different temperatures and three different hydrogen
partial pressures was performed. Experimental data were evaluated by nonlinear regression. Furthermore, two
mathematical models were defined. The first one in Aspen Plus, using pseudo-first order reaction kinetic,
including solubility of hydrogen in liquid. The second one in Matlab computing pseudo-first reaction order and
reaction order 0.75. This model is describing research area more precisely. It is necessary to describe the
influence of hydrogen partial pressure by gas-liquid solubility characteristics. The calculated activation energy
corresponded with data in literature. Steric hindering effect of alkyl substituent on dibenzothiophene
hydrodesulphurization was confirmed.
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Introduction

Production of short chain olefins by steam cracking is one of the most important processes in the
petrochemical industry. Most often, very complex feedstocks are processed in steam cracking, such as naphtha
or LPG, and even mixtures thereof. As the individual components in the feedstock interact, it is necessary to be
focused not only on the pure components, but also on their mixtures, when studying steam cracking. The
interaction between the components in the pyrolysed mixture has an impact on the change of conversion and
selectivity.

Historically, the authors (e.g. 1'4) were focused on the influence of co-pyrolysis on conversion of the present
hydrocarbons in the feedstock. In these studies, the binary mixtures were tested, so that the change of
conversion could be discussed from the point of view of inhibition or acceleration of the co-pyrolysed
hydrocarbon decomposition. The most important fact is that, based on the pyrolysis of pure components, it is
not possible to decide, if the particular component will behave as an accelerator or inhibitor, since the more
reactive components must not necessarily accelerate the conversion of less reactive ones and vice versa. The
acceleration or inhibition effect is given by the concentration and activity of radicals provided by the particular
component in the mixture >

Concurrently, the authors (e.g. 7'10) were focused on the influence of co-pyrolysis on product selectivity of the
present hydrocarbons in the mixture. However, the results of these authors differ. While llles ® claimed that
neither conversion nor selectivity is influenced by co-pyrolysis, Murrata et al. ° showed the conversion is
influenced and the selectivity is changed only due to the change of conversion. Finally, Froment et al. % showed
that both the selectivity and conversion is influenced by co-pyrolysis and he proposed the evaluation of
selectivity based upon “global kinetics”. Subsequently, authors express the change of selectivity due to
interaction by using mathematical models. However, the problem of these models is that they include number
of simplifications, which influence the reliability of their results. Moreover, the error of these models increases
with the number of secondary reactions such as radical and molecular additions. These reactions are very
significant in the thermal decomposition of unsaturated and short chain hydrocarbons, and thus the reliability
of the models is the lowest for these hydrocarbons. At the same time it is obvious, these hydrocarbons will be
influenced by co-pyrolysis the most.

Therefore, we intended to develop a general approach for evaluating the product selectivity of co-pyrolysed
hydrocarbons, which would include the data from the pyrolysis of pure components and data from the co-
pyrolysis of these components, without necessity to consider any simplifications. Moreover, in order to prevent
the selectivity to be influenced by conversion we aimed at evaluating the primary selectivity, which is product
selectivity close to zero conversion. At the same time, the evaluation of primary selectivity enables to compare
particular hydrocarbons at the same conditions.

Materials and Methods

In the present work, we used model mixture containing hexane and 1-butene for the development of the
methodology. These hydrocarbons were selected intentionally as hexane represents a hydrocarbon which
provides high concentration of active radicals to the system and 1-butene significantly supports addition
reactions in the system. Hence, we assumed the selectivity of both hydrocarbons will be strongly influenced by
co-pyrolysis.

Mixture preparation

The model mixtures were prepared in a gas sampling bag by hexane gasification in the presence of an inert gas
at a laboratory temperature and subsequent addition of 1-butene to the sample bag. The mixture of butene
and hexane were prepared in 3 concentrations containing approx. 25, 50 and 75 wt. % of 1-butene in hexane.
The accurate concentration was determined by a gas chromatography (see below). The use of gas sampling
bags enabled to keep the constant composition of the mixture through the experiments. Also it enabled to
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keep constant partial pressure of the hydrocarbons in the mixture, which was necessary to prevent the change
of the product selectivity, due to change of pressure. This was also controlled by analysis by gas
chromatography.

Experimental conditions

The yields of pyrolysis products and the composition of the model mixtures were determined by the pyrolysis
gas chromatography and ordinary gas chromatography respectively, which is described in detail in ref. 1At
first, the composition of the tested mixtures was determined. Hereby, the temperature in the reactor was set
to 400 °C. At this temperature, the sample is gasified for GC analysis, but pyrolysis reactions do not take place.
The pyrolysis experiments were performed at 750 °C. Pressure in the reactor was 400 kPa. The residence time
of the sample in the reactor was adjusted by the flow rate of the carrier gas, which was between 400 and 100
ml/min. At these conditions the conversions of the feedstocks were low, which enabled to evaluate the primary
product selectivity.

Single component primary product selectivity

The evaluation of the selectivity was based on the method of Schneider and Frolich 2 and on the method of
Starkbaumova et al.”®. In the work of Schneider and Frolich, the molar selectivity on each product (moles of
product formed per 100 moles of reactant decomposed) was plotted against the percent conversion. The
primary selectivity was then obtained by extrapolation of the selectivities to zero. This method was further
modified by Starbaumova et al., who showed the very low conversions were not suitable for the primary
selectivity evaluation due to insufficient reliability of the measurement and on the other hand high conversions
are not suitable as they are significantly influenced by secondary reactions. For this reason we kept the
conversion between 5 and 40%.

We proposed the selectivity for single component can be calculated according to the equation:

w, M,
sw, M,
where S; is selectivity on i-th product, w; is a mass fraction [wt. %] of the product in the outlet mixture, w, is a
concentration [wt. %] of a reactant in the feedstock (for single components equals 1), T is the conversion of the
reactant [%], M, molecular weight of the reactant [g.mol‘l] and M; molecular weight of the product [g.mol‘l].
Primary selectivity on a particular product S,-Dwas then obtained as a selectivity limiting to zero conversion:

S0 = 1im( Mo %J 2)
§0+ gW,, Mi

which was performed by non-linear extrapolation.

-100 % (1)

S, =

Binary mixture primary product selectivity

The principle of the primary selectivity evaluation of binary mixtures was fundamentally the same as for the
single component. However, it was necessary to determine, which part of the overall product yield was formed
from each component in the mixture. This was based on the concept that if the co-pyrolyzed hydrocarbons do
not interact, the overall product mass fraction can be expressed as a weighted sum of contributions at specified
conversion of the present hydrocarbons in the mixture:

Wi:Yi,6§6 W6+Yi,4g4(1_wﬁ) (3)
where Y;s and Y;, [wt. %] are the yields of the i-th product, which were obtained by pyrolysis of pure hexane
and 1-butene respectively. {; and I, are the conversion of hexane and 1-butene respectively in the pyrolysis of
binary mixture. wg [wt. %] is the concentration of hexane in the feedstock.

However, if there is some interaction due to co-pyrolysis, the equation (3) must be expanded with increments
AY; s and AY;, which characterize the influence of co-pyrolysis on hexane and 1-butene respectively:

W, =Y s +AY, (Yoo we + (Y, +AY, g, (1-w) (4)
These increments were obtained by regression analysis of experimental data, which was performed using ERA
3.0 software **. The increments were incorporated in p1 and p2 parameters, the values of which were obtained
by regression analysis:

AY;,(, =(1-w,)p,

AY,,=ws p,

Finally, the contributions of hexane
Wie = (Ke + AY[,())?(, We
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and 1-butene
W=, + AY;,4)§4 (1=w)
were used in the equation (1) and the selectivity on a particular product from a particular component in the

feedstock was determined. Further, the primary product selectivity from a particular component in the
feedstock was determined by extrapolation of obtained selectivities to zero conversion.

Results and Discussion

Pyrolysis of pure components

At first it was necessary to find the product mass fraction in the outlet mixture obtained by pyrolysis of the
pure components (table I).

Table |
Main products of hexane and 1-butene pyrolysis
Hexane 1-Butene
Conversion [%] Conversion [%]

Product [wt. %] 5.0 6.1 8.1 9.6 13.3 8.4 14.8 27.6 30.2 36.7
Methane 0.4 0.4 0.7 0.7 1.1 0.7 1.2 2.3 2.6 3.2
Ethylene 2.2 2.7 3.6 4.3 5.8 0.8 1.5 3.1 3.5 4.2
Propylene 1.2 1.4 1.9 2.3 3.1 1.9 3.6 7.0 7.9 9.7
Butadiene 0.0 0.0 0.0 0.0 0.1 2.5 4.3 7.6 8.4 9.4
>C5 0.9 1.0 1.0 1.1 1.2 1.6 2.8 5.0 4.9 6.2

We found the yields of C5 hydrocarbons are significant even at low conversions of 1-butene. Mostly the C5
fraction contained unsaturated hydrocarbons, of which 2-pentene and 2-methyl-1-butene, which were formed
by addition reaction, were the most significant. Hence, it is necessary to consider the addition products as the
primary ones in the case of short olefins, such as butenes.

From the product mass fraction of the pure components pyrolysis it was possible to calculate their selectivities
at particular conversion according to eq. 1 and by the extrapolation of the selectivities to zero conversion we
obtained the primary selectivity (included in figure 2).

Subsequently, it was found the mass fraction depends linearly on the conversion at tested conditions. Hence,
the yield of the product, which was obtained by pyrolysis of pure components (Y;s and Y;,), was expressed by a
linear function, which was used in the eq. 4 necessary for calculation the contribution of the reactants to the
yield of the product in the pyrolysis of binary mixtures.

Regression analysis

The data obtained from the pyrolysis of the pure components and binary mixtures were processed by
regression analysis to estimate the values of parameters characterizing the co-pyrolysis effects (table Il). The
regression was performed over the whole data set; therefore, the obtained parameters are consistent within
the whole scope of the study.

Table Il
Values of parameters and their confidence intervals obtained by regression analysis based on eq. 4
P1 P1, P2 P2,

effect on hexane  confidence interval 95%  effect on butene  confidence interval 95%
Methane 2.2 <0.0;6.3> 2.5 <24.8; 38.5>
Ethylene -22.4 <-12.8;-32.2> 31.5 <0.0; 5.0>
Propylene 14.3 <4.3;24.2> 5.4 <-1.0;12.2>
Butadiene 38.2 <26.6; 49.0> -30.4 <-23.3;-36.3>
>C5 -7.4 <-155.0; 0.0> 0.8 <0.0; 137.9>

The values of parameters in the table provide the information about the influence of co-pyrolysis on the
product distribution of hexane and 1-butene. The larger being the deviation of the parameter from zero, the
more significant is the effect of co-pyrolysis. Negative value of the parameter expresses the selectivity on a
particular product is inhibited by co-pyrolysed hydrocarbon and, on the other hand, positive value expresses
the selectivity on a particular product is supported.
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The reliability of the obtained parameters can be assessed based on relatively narrow confidence intervals and
by the comparison of the experimental data and data obtained from regression analysis, as the sum of
contributions to the overall mass fraction of the particular product, which were obtained by regression
analysis, must equal to that value found experimentally (Fig 1)

O 1 1 1 1
0 1 2 4 5

3
W oy %
Figure 1. Mass fraction of A methane, o ethylene, o propylene, ¢ butadiene and X C5 hydrocarbons found

experimentally (Wey,) and as a sum of contributions (Wgipy).
It is obvious the deviation of the experimental data and the calculated sum of contributions was minimal.

Primary product selectivity of binary mixtures

From the contributions of hexane and 1-butene to the overall mass fraction of the particular product, the
selectivity could be calculated according to eq. 1 and by linear extrapolation to zero the primary selectivity
could be obtained. Finally, for each product we obtained the dependence of its primary selectivity from 1-
butene and from hexane on their ratio in the feed (Fig. 2).

90 @)
120
60 | 90 }
w w 60 }
30 | i ﬁ I
30 F
X
0 L L O A e L X L %
25 50 75 100 0 25 50 75 100
w,, wt. % Wg, Wt. %

Figure 2. Primary selectivity of 1-butene (left) and hexane (right) on A methane, o ethylene, o propylene,
¢ butadiene and X C5 hydrocarbons depending on the concentration of 1-butene (w,) and hexane (wg) in the
feed.

From the table Il and figure 2 is obvious that the particular product was not always formed from one of the co-
pyrolysed hydrocarbons at the expense of the second one. This was the case of methane and propylene, where
both parameters were positive and thus the selectivity on these products increased with decreasing content of
1-butene and hexane in the feedstock. On the other hand, selectivity on ethylene from 1-butene was
supported by hexane, together with inhibiting the selectivity on ethylene from hexane due to 1-butene
presence. Thus the primary selectivity on ethylene from 1-butene increased with decreasing content of 1-
butene (Fig. 2 left) and at the same time selectivity on ethylene from hexane decreased with increasing content
of 1-butene (Fig. 2 right). The trend of selectivity to 1,3-butadiene was just the opposite to that to ethylene.
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The changes in the selectivities of the hydrocarbons in the feedstock are related to their behavior, when they
are co-pyrolysed. For example hexane as donor of active radicals supports the scission of 1-butene, which
results in the increase of the selectivity on ethylene from 1-butene. On the other hand, 1-butene captures the
radicals, which discriminates the hexane scission. In addition to the decrease of the selectivity from hexane to
ethylene, it means increasing manifestation of addition reactions, which is proved by increased selectivity on
C5 hydrocarbons from 1-butene.

Influence of co-pyrolysis on overall selectivity

From the industrial perspective, it is not so important what is happening to the particular component in the
feedstock, but how the overall selectivity is influenced by co-pyrolysis. This information was obtained from the
sum of parameters for a particular product in table Il and its deviation from zero. If the sum of parameters is
positive, the particular product is formed in larger extent at co-pyrolysis than if the hydrocarbons were
pyrolysed separately. The most influenced was the selectivity on propylene and on ethylene, which were both
supported by co-pyrolysis. Also the selectivity on methane and butadiene was supported. On the other hand,
selectivity on C5 was inhibited. To this corresponds also the graphical representation (Fig. 3), in which is the
overall selectivity on the main products. Since it would not make much sense to express molar selectivity for a
mixture, in this case we did not used primary molar selectivity discussed above, but the primary mass
selectivity, which is basically the yield of the particular product (mass fraction related to conversion). The yield
of the primary product was calculated equally as the primary selectivity discussed above with the difference
that it was not expressed as moles of product formed per 100 moles of reactant decomposed. Then it was
possible to calculate the overall primary yield, which was the weighted sum of the primary yields from hexane
and from 1-butene. This overall primary yield is shown in figure 3.

50

100

Figure 3. Dependence of primary yield of A methane, o ethylene, o propylene, ¢ butadiene and X C5
hydrocarbons on the concentration of 1-butene in the feed in co-pyrolysis (solid line) and pyrolysis of reactants
separately (dashed line).

The advantage of the graphical representation (Fig 3) is that it expresses the primary yield at different ratios of
components in the feedstock. Hence it possible to find what will be the primary yield of a particular product at
given composition of the feedstock and how significantly will it be influenced by co-pyrolysis at this
composition. However, the most important was the fact that the yield of all important products in the co-
pyrolysis of hexane and 1-butene was higher, than corresponding overall yields obtained, if hexane and 1-
butane were pyrolysed separately. On the contrary, the yield of C5 hydrocarbons, which are undesirable, was
lower. By this it was proved the great advantage of co-pyrolysis of these components in the industry.

Conclusions

In this paper we have shown an approach for evaluation of a selectivity, which was based on regression
analysis. Based on this evaluation we were able to show the co-pyrolysis significantly influenced the selectivity
of the components in the feedstock and also we were able to express the magnitude of this influence. Thanks
to this approach, it is possible for example to decide if a particular hydrocarbon would rather be cracked or
whether it rather participates in addition reactions in the presence of co-pyrolysed hydrocarbon and the

3" International Conference on Chemical Technology | ICCT 2015

[25]



guantitative difference between these two processes may be estimated. Moreover, it was shown the selectivity
is influenced by co-pyrolysis regardless of the conversion as the primary selectivity was evaluated.

Hence, we propose this approach as a valuable tool for comparison of hydrocarbons in terms of the effect of
co-pyrolysis.
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PRINS CYCLIZATION OF ISOVALERALDEHYDE AND ISOPRENOL
Vyskoéilova E., Kratka M., Cerveny L.

University of Chemistry and Technology, Prague, Technickd 5, 166 28, Prague, Czech Republic
eliska.vyskocilova@vscht.cz

Prins cyclization, or condensation, is a reaction between aldehyde and usaturated alcohol Y2 1n a first step
(Figure 1) hemiacetal /Il is formed that is dehydrated to carboxonium ion IV. This ion is stabilized by cyclization
forming carbocation V, which reacts with nucleophile in the reaction media producing susbtituted
tetrahydropyranol VI or dihydropyrans Vil. One of important substituted tetrahydropyranol, which is preprared
from isovaleraldehyde I and isoprenol II, is 2-isobutyl-4-methyl-tetrahydro-2H-pyran-4-ol, commercially called
Florosa or Florol.

~

products with higher boling point OH

Vi

Figure 1: Mechanism of Florosa preparation (I — isovaleraldehyde, Il — isoprenol, lll — hemi acetal, IV —
carboxoinium ion, V- carbocation, VI - 2-isobutyl-4-methyl-tetrahydro-2H-pyran-4-ol, VII — 2-isobutyl-4-methyl-
dihydropyranes)

This compound is used in a fragrance industry as an imitation of lily-of-the-valley scent and possible
replacement of Lily aldehyde. The Prins cyclization is allways acid catalyzed *and as a catalysts, Lewis *7 or
Broensted acids (inorganic L8 organic ° ion exchangers o1 may be used. In some cases heteropolyacids 2
organometallic complexes Bor heterogeneous aluminosilicates  are also used.

In this work we would like to show the comparison of Broensted acids containing sulfo group (sulfuric, p-
toluene sulfonic, p- dodecylbenzene sulfonic acid, Amberlyst 15), Lewis acids (AICl;, FeCls;, ZnCl,, FeCl;*6H,0)
and heteropolyacids (phosphotungstic and phosphomolybdenic acid) in the preparation of Florosa.

In our previous work 15, we already described the comparison of Broensted acids containing sulfo group
(sulfuric, p-toluene sulfonic, p- dodecylbenzene sulfonic acid, Amberlyst 15) in the studied reaction, together
with the influence of water on the reaction rate and selectivity. The organic acid without addition of water
were not a suitable catalysts and the best results were obtained using Amberlyst 15 and sulfuric acid —
selectivity 68 % and ratio Florosa/dihydropyranes 3.5 (in the case of sulfuric acid). Water had a significant
influence on the rate and selectivity especially in the case of organic acids. After optimization of the amount of
water in the reaction, mechanism with the catalyst particle was designed (Figure 2) and was published
elsewhere *°.
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Figure 2: Possible inclusion of catalyst into the reactionls; R = -OH, -C¢Hs , -CigHog , copolymer styrene
divinylbenzene (V- carbocation, VI - 2-isobutyl-4-methyl-tetrahydro-2H-pyran-4-ol, VIl — 2-isobutyl-4-methyl-
dihydropyranes, VIl — intermediate formed from carbocation and catalyst)

The optimization of reaction conditions using factorial design in the form central composite experiments was
performed 16 using sulfuric acid and Amberlyst 15. After optimization the selectivity to Florosa was 96 %
(florosa:dihydropyranes ratio 20) when using sulfuric acid as a catalyst (2.5 % concentration in water, 4 °C, ratio
of the reactants 1:1) and 74 % when using Amberlyst 15 as a catalyst (10 mol.% of water, 30 °C ration of the
reactants 1:1).

Next teste catalysts were the Lewis acids, namely AlCl;, FeCl; and ZnCl,. These catalysts are known to be simply
deactivated by water in the reaction mixture. The deactivation was visible especially in the case of aluminum
chloride; in the reaction mixture high amount of unreacted hemiacetal was present. On the other side the
amount of undesired dihydropyranes was significantly lower compared to the Broensted acids. This may be
explained by the more simple hydrolysis of chlorinated intermediate (Figure 3) by water in the reaction mixture
and more complicated evolution of hydrogen chloride from this intermediate.

cl

Figure 3: Chlorinated intermediate present (and detected) in the reaction mixture in the case when using Lewis
acids as catalysts

The deactivation of the catalysts FeCl; and ZnCl, was not obvious from the measurement. This may be caused
by the direct decomposition to hydrochloric acid that, under specific conditions, can also catalyze the Prins
cyclization. The results of the Prins cyclization of isoprenol and isovaleraldehyde when using Lewis acids as
catalysts are present in the Table I.

Table |
Results of the Prins cyclization of isoprenol and isovaleraldehyde using Lewis acids (3 h, molar ratio of the
reactants 1:1, temperature 70 °C, amount of the catalyst 5wt.%)

Concentration

- Florosa/ Conversion Concentration .
Selectivity . . of chlorinated
Catalyst o dihydropyrans (aldehyde) of hemiacetal
[%] product
[-] [%] [%]

[%]
AICl; 60 1.8 82 53 9.8
ZnCl, 61 5.7 79 40 9.3
FeCl; 67 7.1 91 18 143
FeCl; (40 °C, 24 h) 53 6.2 88 16.2 14.9
FeCl; + water (5 mol.%) 68 7.2 83 6.5 12.6
FeCl; * 6H,0 70 8.8 78 3.9 8.5
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From the table | the deactivation of aluminum chloride is visible. Lot of hemiacetal was also present in the
reaction mixture when using zinc chloride, but this was caused by the low activity of this catalyst because the
reaction was terminated after 3 h and from the course it was obvious that the formation of substituted
tetrahydropyranol and dihydropyranes still took place. The influence of reaction temperature was tested using
ferric chloride and the reaction at 40 °C was performed, because lower temperature had a positive influence
when using Broensted acids. When using ferric chloride at lower temperature the significant decrease of
reaction rate (as it was expected) was observed. Due to the longer reaction time the dehydration of Florosa to
undesired dihydropyranes was observed resulting in lower selectivity. With ferric chloride the highest amount
of chlorinated product was obtained compared to the other Lewis acids. Due to the fact that this catalyst was
not totally deactivated by water formed in the reaction mixture the addition of 5 mol.% of water was tested.
The slight decrease of the conversion and the concentration of chlorinated product were observed under these
conditions, but also decrease of the concentration of hemiacetal.

The best results (highest selectivity 70 %, highest ratio Florosa/dihydropyrans 8.8, lowest hemiacetal and
chlorinated product concentration) were obtained surprisingly when using hexahydrate of ferric chloride. The
explanation of this fact could be the decomposition of this catalyst under reaction conditions to hydrochloric
acid and ferric oxides that did not neutralize the acid necessary for the cyclization. When using anhydrous ferric
chloride, the decomposition of this catalyst to hydrochloric acid and ferric hydroxides was supposed. Formed
hydroxides neutralized the acid and the reaction was stopped.

Other catalysts used for Prins cyclization are the heteropoly acids, namely phosphotungstic (HPW) acid and
phosphomolybdic (HPMo) acid. The conditions offered in the literature describe the amount of catalyst in the
reaction mixture 20 mol.% e.g. calculated on our conditions 0.5 g of catalyst on 0.2 g of organic phase (both
substrates) and 2.5 ml of water. So large amount of catalyst was unacceptable for us and the optimization of
reaction conditions leading to the significant decrease of catalyst amount was performed.

Reaction condition optimization is described elsewhere'/, but the highest selectivity 93 % and ratio
Florosa/dihydropyrans 16.5 was obtained using HPW as a catalyst. Moreover the heteropoly acids are often
used supported on solid materials and may be possibly reused.

Table Il offers the comparison of the catalyst tested for the Prins cyclization of isovaleraldehyde and isoprenol
for the formation of 2-isobutyl-4-methyl-tetrahydro-2H-pyran-4-ol. In this table the most promising catalysts
are depicted.

Table Il
Comparison of the catalyst tested for the Prins cyclization; molar ratio of the isoprenol:isovaleraldehyde 1:1
.. Florosa/ Conversion Catalyst Amount of
Selectivity . Temperature
Catalyst (%] dihydropyran  (aldehyde) amount C] water added
[-] [%] [%] [mol.%]
(S;';Li/”)c acid 96 22 75 8 mol. 4 50
Amberlyst 15 76 3 79 5 wt. 30 10
FeCl;*6H,0 70 9 78 5 wt. 70 0
HPW 93 16 96 0.8 mol. 80 30
HPMo 90 12 83 1.7 mol. 80 300

The highest selectivity was obtained using sulfuric acid and using this catalyst the experiment in larger scale
was performed. The results were confirmed and after distillation Florosa of the 95.6 % purity was obtained. The
problematic step in the purification was the separation of dihydropyrans from desired compound. Due to the
availability and the price of this catalyst its use in the industry is now the more probable. The Amberlyst 15,
even though that the lowest ratio Florosa/dihydropyrans was obtained, could be used because this
heterogeneous catalyst may be repeatedly used without any treatment. Lewis acids were the worse catalysts
for the Florosa preparation. Heteropoly acids are also promising catalysts for the preparation of desired
compound, because the selectivity values obtained when using these catalysts were comparable with
selectivity obtained when using sulfuric acid. The next step in our work will be the heterogenization of these
catalysts and the use of their heterogenized forms in the studied Prins cyclization. The preliminary experiments
are very promising.
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Abstract

Partial oxidation of hydrocarbons produced carbon black, which was depending on the used raw material
contaminated with heavy metals. Cleaning of carbon black could be carried out with inorganic acids, which
largely removes iron, nickel and vanadium. Acid treatment led to changes in surface characteristics of carbon
black including the specific electrical conductivity.

Introduction

The most important property of carbon black was the size of the primary particles and surface area. The
particle size of carbon black was in the range 2-20 nm, the surface area of a particle from 800 to 1300 mz/g. An
important characteristic was also the surface chemistry of carbon black. On the surface of carbon black were
presented chemisorbed complexes containing oxygen, such as carboxylic, quinone or phenolic groups.
Functional groups could significantly affect e.g. chemical reactivity, wettability, catalytic properties, electrical
conductivity etc. The concentration, chemical origin and the physical distribution of surface groups depend on
the nature of the raw materials, preparation method of carbon black and could be fundamentally modified by
the type of surface treatment. Certain functional groups had acid-base character (carboxyl groups are weakly
acidic, phenolic groups are very weak basis), some have redox properties (e.g. pair quinone-phenol) and others
are neutral or non-reactive under normal conditions of pH (ketones, esters) - figure 1.

Acidic Groups

/lf" &\—R____* Basic Groups

Figure 1. Acidic and basic surface functional groups of carbon blacks®

Carbon black contained certain amount of metals originating from raw material or from material of production
equipment. For special applications of carbon black, such as adsorbents or catalysts was required minimum
content of the metals. The presence of metal oxides, whether on the surface or in the internal structure of
carbon black affected their basic characteristics. Reduction of metal content expanded the use of carbon black
and had a positive effect on its market value. Reducing the content of metals in carbonaceous materials were
often published in connection with an increase of market value of recycled materials e.g. carbon used as a filler
in tires.

Removal of metals from carbonaceous materials could be achieved in various ways. The most of published
processes for metal removing from carbon black was carried out in liquid phase. Used agents were chlorine gas
in aqueous solutionl, organic acid in the aqueous suspensionz, inorganic acids’. In literature sources were also
published dry methods of demetallization: under vacuum and heating to 900-3 500 °C with application of
chlorine and inert gas flushing4. Extraction and separation of nickel and vanadium from fly ash was published
by Al Ghouti®. In the first phase was removed nickel using NH,OH solution and precipitation in the form of
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nickel sulfide NiS, in a second phase was from the fly ash without nickel extracted vanadium, using Na,CO;
solution. Vanadium was extracted selectively from the other metal carbonates using triethylamine, again
extracted with Na,CO; and finally precipitated in the form of NH,VO; using NH,Cl.

Demetallization of carbon black was tested using so called wet way, with the use of aqueous solutions of
inorganic acids - HNOs, H,SO, and HCI.

Experimental

Demetallization

Demetallization tests were performed with sulfuric acid, hydrochloric acid and nitric acid. The untreated carbon
black contained 0.16 wt. % Fe, 0.18 wt. % Ni and 0.37 wt. % V. The content of Fe, Ni and V in acids prior
demetallization was in all cases below 1 mg /|, with the exception of the content of 1. 7mg / | Fe in 96% H,SO,.
Demetallization procedure was as follows: Carbon black was mixed with an acid solution of a selected
concentration in a weight ratio of carbon black:acid = 1:60. The resulting suspension was stirred on an
overhead shaker. After the time of demetallization was added 250 ml of white spirit for separating the carbon
black and the resulting suspension was filtered through a fritted funnel. Washing was performed with distilled
water. The carbon black was dried in an oven at 80 °C for 8 hours and then dried at 105 °C.

Effect of carbon black treatment with mineral acids on its physical and chemical properties was investigated by
determining the distribution of the proton affinity, FTIR and Raman spectroscopy, XRF, XRD, ICP-OES, and
measuring the conductivity of the composite carbon black - polyethylene.

Distribution of the proton affinity (pK, spectra)

Direct chemical method for the identification of surface functional groups of carbon black was based on acid-
base behavior of carbon black in aqueous electrolyte solutions. Distribution of proton affinity of carbon
materials (so. pK, spectra) was determined by measuring the pH of the carbon black suspension, after the
addition of controlled quantities of strong acids or bases by potentiometric titration. The result of the
measurement was PBI - proton binding isotherm that showed amount of a proton (H) released or bounded by
functional groups in equilibrium with a certain amount of carbon black, depending on the pH of the suspension.
From a mathematical perspective, the PBI was an average property of reactive functional groups on the carbon
black surface and was composed of the contributions of each individual group. The basic premise was that each
group was characterized by a distinct dissociation constant. Surface groups that bounded or released protons
at various pH values in accordance with their reactivity expressed by pK,. Major surface functional groups of
carbon black were carboxyl (pK, 3-6), lactone (pK, 7-9) and phenolic (pK, 8-11).

Potentiometric titration was performed at a constant room temperature (ca. 25 ° C) in the electrolyte solution
(0.1 M NaNOs;) with weighing 0.5 g7 of carbon black. After equilibration, a solution of 0.1 M HNO; or 0.1 M
NaOH was added to achieve pH 3.5 or 10.5. After equilibration (6 hours) was performed titration with acid or
alkali. Throughout the titration reaction vessel was flushed with argon. The pK, values were determined from
the course of the first and second derivative of PBI curves depending on pH (pK,).

FTIR spectroscopy

Infrared Spectroscopy with Fourier transformation was difficult to apply for carbon materials, primarily due to
significant infrared absorption of carbon. Infrared spectra were measured by Nicolet 380 FTIR spectrometer
using a transmission technique with parameters of the device as follows: 64 scans and a resolution of 4 cm™.
Samples were measured in mixed KBr tablets, due to the high absorption of IR radiation by carbon black,
optimal weight ratio for tablets was carbon black:KBr= 1:10 000. The total amount of material for one tablet
was 100 mg.

Raman spectroscopy

Raman spectroscopy gave a good picture of the presence of different modifications of carbon. The conductive
form of carbon - graphite was characterized by the so-called. G band at 1582 cm™ (sp2 hybridization), non-
conductive form of carbon - diamond had a strong band at 1332 em™ corresponding to sp3 hybridization.
Measurements were performed on a spectrometer DXR Raman Microscope. Individual measurements were
performed by 1000 scans with an exposure time 2 s at a wavelength of laser source 633 nm.

X —ray diffraction and X — ray fluorescence analysis

Diffraction phase analysis was performed on the X-ray diffractometer Philips MPD 1880 (crystal
monochromator) under standard conditions. Diffraction data were analyzed using the programs X'Pert (X'Pert
HighScore Plus software version 2.1b X'Pert Industry Software version 1.1 g).
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X-ray spectral analysis was performed on the X-ray spectrometer Philips PW 1404 (wavelength dispersive
device). Due to the high requirements on measurement accuracy (the contents of iron, vanadium and nickel),
measurement was carried out using external standard.

Emission spectrometry with inductively coupled plasma (ICP-OES)

Determination of the metal content of carbon black was carried out after the decomposition of carbon black in
concentrated sulfuric acid. The residue after the decomposition of H2504 was extracted with hot hydrochloric
acid and after dilution analyzed on a Perkin-Elmer device using optical emission spectrometry with inductively
coupled plasma.

Electrical conductivity
Electrical conductivity was measured using a Brabender instrument in polyethylene with a weight
concentration of carbon black 10%.

Results and discussion

Demetallization tests of carbon black with inorganic acids had shown that the use of HCI and HNO; could
reduce the concentration of metals in the carbon black to the values for Fe 0.014 wt. %, Ni <0.008 wt.% and V
<0.006 wt. %. Demetallization efficiency under different conditions was given in Table I.

Concentrations of the metals Fe, Ni, V, in the used acid after demetallization were in tens mg/kg, in the first
washing water in singles of mg/kg. V and Ni concentrations in the washing water after the second and third
wash received ICP detection limits (<0.0001 wt. % Ni, <0.0001 wt. % V).

Table |
Efficiency (%) of demetallization using inorganic acids
H,S0, 20% HCI 20%HNO; 40% HNO;
20% 40% 60% 20°C 50°C 20°C 20 5h 20min  5h
5h 5h 5h 20min  20min 5h min
Iron 71.88 87.50 92.50 90.00 88.75 89.23 96.63  97.75 97.06 97.38
Nickel 51.67 71.67 97.22 85.56 91.67 87.78 98.83  98.72 98.50 98.67

Vanadium 85.41 91.89 98.11 95.14 97.03 98.35 99.05 98.78 99.16 99.24

An important factor of demetallization of carbon black was modification of their surface properties. Change of
the properties of the dried carbon black after demetallization was assessed by measuring the electrical
conductivity, the X-ray diffraction analysis, distribution of the proton affinity and infrared and Raman
spectroscopy.

Electrical conductivity

Demetallization of carbon black by inorganic acids converted electrical conductivity of carbon black - see Table
Il. The product specification for the carbon black desired electrical value of the specific conductivity of at least
0.006 S.cm™. Using hydrochloric acid reduced conductivity to about half compared to the original sample, but
the conductivity was not below the threshold guaranteed by the manufacturer. When using HNO; conductivity
of carbon black was significantly reduced and measured value was outside the range of the device. Carbon
black treated by sulfuric acid had not been possible to test by this method because of non-standart behavior of
carbon black during measurement.

Table Il
Electrical conductivity of carbon black
Sample electrical conductivity (S-cm™)
Carbon black - original 0.074
Carbon black - HCI 0.032
Carbon black - H,SO, not measured
Carbon black - HNO; <<0.006

X —ray diffraction analysis
From the nature of the diffraction diagrams it was evident that samples of carbon black modified by mineral
acids were predominantly amorphous. Only one diffraction peak, corresponding to diffraction peak of carbon,
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could be observed. Borah Dipu6 described two broad peaks at an angle 26 = 20 ~ 24 ° and 44 °. In the
diffractogram of the untreated carbon black occurred only the first peak at 24 ° which moved due to the
modification by mineral acids to lower angles (20 °), at an angle of 10 ° appeared bland maximum that after the
modification almost disappeared. Lattice constant L. could be calculated according to Scherrer's equation Lc =
KA/BcosB. K was a Scherrer constant (0.89), A was the wavelength, B was the half width of the diffraction
maximum, and 8 was the diffraction angle. The results were shown in Table IlIl. It should be noted that the
diffraction peak was very broad and its expansion was measured in software interleaving maximum, so that the
values could not be sufficiently accurate. The values were significantly higher than that reported by Borah ¢,

Table 11l

Cristallite size
Sample L.(nm) L. (nm)°
Carbon black - original = 8.6 1.16
Carbon black - HCI 25.9 -
Carbon black - H,SO, 17.2 0.95
Carbon black - HNO; 6.0 1.49

Infrared spectroscopy

In the IR spectra appeared bands of carbon dioxide (doublet at 2300-2400 cm'l) which got into KBr tablets
during their preparation, and molecular water (region 1400-1700 and 3500-3800 cm-1), which was sorbed
either on the surface of carbon black or to inner spaces.

IR spectra of the untreated carbon black were almost not different from the spectra of carbon black treated
with acids, see Table IV. In area (A), 3700-3600 cm? appeared broad band of molecular water, which was in the
untreated carbon black represented by two wide featureless maxima. In all specimens appeared doublet with
lower intensity (B) at wave numbers 2925 and 2850 cm'l, which were symmetrical and asymmetrical vibrations
of CH; and CH, groups from the aliphatic hydrocarbon chains. The most intensive peak (C) was a doublet at
wavenumbers 2360 and 2340 cm ™ caused by absorption of carbon dioxide from the air. Other bands were from
moderate to very bland with low intensity. At wave number of 1740 cm™ it was a vibration of a carbonyl group
(D) (from ketones, aldehydes, lactones and carboxylic groups), and wave numbers (E) and (F) might be
attributed to skeletal vibration of the carboxyl ion COO’, which was characterized by two maxima, the first in
the 1610-1550 cm ™ and the second in the 1420-1300 cm™. In the area (E) were also the valence deformations
of bond C = C (1575-1550 cm"l) of the aromatic ring. The peak at 667 cm? (G) might be attributable to either
the aromatic ring, possibly condensed, or to the vibration of -OH groups attached to the aromatic ring (i.e.
phenols). Sulphates, respectively sulfo group -SOOH had a characteristic symmetrical and asymmetrical
vibration at 1260 and 802 cm™. Nitrates were characterized by symmetric vibration of -NO, group at 1539 cm™.
These bands were not observed in spectra of acid treated carbon black. Borah Dipu in his work® which referred
to modification of carbon black by acids found the bands of nitro and sulfo groups, but he performed the
modification with 20% acids (H,SO,, HNO; and their mixtrure) at 110 ° C under reflux for 90 minutes. The
reaction conditions were more drastic, and therefore it caused nitration and sulphonation of carbon black.
Untreated carbon black had in the region below 1500 cm‘l, a slightly different character of the spectrum, the
band (F) was shifted to a higher wave number, this corresponded to a planar distortion of -OH group, not to the
deformation of the carboxyl ion.

Table IV

Evaluation of IR spectra
Wave number H,0 -CHs, -CH, co, Cc=0 CoO COoO Ph-OH
(ecm™) c=C -OH

A B C D E F G

Carbon black - 3720;3620 2925; 2855d 2363; 2339 1744 1536w 1452 667
original ds w w m
Carbon black -  3700-3600 2923;2855d 2360; 2342 1748 1557w 1381 669
HCI b ds w w m
Carbon black - ' 3700-3400 2922, 2849 2360; 2337 1739 1550w 1386 669
HzSO4 b d ds w w m
Carbon black -  3700-3600 2925; 2852 d 2360; 2342 1740 1583w 1384 667
HNO; b ds w w m
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Characterization of the band:

b wide band (hydrogen bonds)
w low intensity

s high intensity

m medium intensity

d double band

Raman spectroscopy

From the Raman spectra was obvious partial change of carbon modification in carbon black due to the process
of modification by mineral acid. This caused the decrease of the ratio of intensity and area of a graphite band
(sp2 hybridization — 1582 cm'l) and the diamond band (sp3 hybridization - 1332 cm"l) - see Table V. The increase
of the percentage of less conductive modification corresponded to the results of electrical conductivity
measurement.

Table V

Evaluation of Raman spectra
Sample wavenumber intensity sp’/sp’ area sp’/sp’ ratio sp’/sp’

sp’/sp’

Carbon black - original 1591/1325 129.09/154.88 124.47/149.34 0.833
Carbon black - HCI 1593/1319 165.44/230.34 159.5/221.36 0.719
Carbon black - H,SO, 1592/1320 156.84/218.21 152.14/210.40 0.721
Carbon black - HNO; 1589/1320 178.4/245.85 172.03/237.06 0.726

Distribution of the proton affinity
From the distribution curve of proton affinity and both derivatives ApH/AV a A(ApH)/AV2 were determined the
pK, values, which were shown in Table VI.

Table VI
Evaluation of distribution of proton affinity

Range of pK, = pK, (carbon black @ pK, (carbon black pK, (carbon black - pK, (carbon black functional

- original) - HCl) H,S0,) -HNO;) groups
3-4 - 3.68 - - 1;,2;3
4-5 4.6 - 4.072 4.96 1;,2;3;4
5-6,5 5.17 - - 6.43 3
6,5-7,5 6.02; 6.96 - - - 5
7,5-9 - - - 8.71 6;7
9-10 - - - 9.66 7
10-11 - - - - 7;8;9

Functional groups:
1 Amino groups on the aromatic ring
2 Imino groups on the aromatic ring
3 Karboxyl group on the aromatic ring
4 Karboxyl group on the aliphatic chain
5 Aromatic thiols
6 Lactones
7 Phenols
8 Aliphatic amines
9 Aliphatic thiols

Untreated carbon black were acidic, functional groups were mostly represented by - SH groups bonded to an
aromatic ring (pKa 6.5-7.5). The acidic nature of carbon black was caused by carboxyl groups - COOH
(pKa 4-6.5). The original carbon black contained about 0.5% sulfur, which was during the modification by acids
displaced in the form of gaseous hydrogen sulfide. Thiols were not presented in the modified carbon black.

Modification by hydrochloric acid and sulfuric acid resulted in the disappearance of all the original functional
groups on the carbon black surface. Residues of acids used for demetallization were presented by strongly
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acidic groups with the pK, of about 4. Treatment of carbon black by nitric acid was surprisingly not as drastic as
by HCl and H,S0,. On the surface of the carbon black remained carboxyl groups on an aromatic ring, part of
which was oxidized to phenols with pK, approximately 10. Surface properties of carbon black treated with
HNO; was quite similar to the original sample, distribution of the proton affinities also indicated the presence
of phenolic groups, which were formed by oxidation of originally presented phenolic groups.

Conclusion

Inorganic acids treatment could remove a substantial part of the iron, nickel and vanadium from carbon black.
Neverthless this procedure influenced structural and surface properties of the carbon black. There was a
change of crystallite size and a fundamental change in the distribution of proton-affinity on the surface of
carbon black particles. Sulfuric acid and hydrochloric acid destroyed all original functional groups. Acid residue
that remained absorbed on the surface of carbon black became functional. Nitric acid did not disrupt the
functional surface to such an extent as sulfuric acid and hydrochloric acid, but a part of the functional groups
were probably oxidized and formed the phenolic groups on the surface of carbon black. Testing of the electrical
conductivity in the PE composite showed that the carbon black treated with mineral acids was less conductive,
or did not conduct electric current at all.
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CONCEPTUAL DESIGN OF A DIMETHYL CARBONATE PRODUCTION AND SEPARATION PROCESS PLANT
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Dimethyl carbonate (DMC) has become a green and environmentally benign chemical due to its multiple
reactivity and wide use in chemical industry. It has been used as a substitute to replace dimethyl sulfate and
methyl halides in methylation reactions and as a carbonylation agent to substitute phosgene in the production
of polycarbonates and urethane polymers. It is also valued as a non-aqueous electrolyte component in lithium
rechargeable batteries.

The phosgene-free route for the synthesis of DMC has been widely studied by academic and industrial
researchers, e.g. the oxidative carbonylation of methanol [1].

The presented work is focused on the conceptual design of a unit for DMC production. As DMC is obtained as a
mixture with methanol, DMC purification is an indispensable step in DMC manufacturing. Under normal
pressure, DMC and MeOH constitute an azeotrope; therefore, DMC/MeOH mixtures are difficult to separate.
Despite the newly developed membrane separation or adsorption processes, proper design of the traditional
DMC separation from the reaction mixture using a distillation tower considering the existence of the methanol-
DMC azeotrope in large scale DMC production [2] is very important.

Conceptual design of DMC production is based on oxidative carbonylation of methanol with carbon monoxide
and oxygen. This type of process was chosen because enough information on the reaction kinetics and
thermodynamics is available. The primary target of the presented work was to design a production and
separation unit allowing to produce 10 000 tons of DMP per year.

Thermodynamic analysis

To describe the gas-liquid and liquid-liquid system, a UNIQUAC model with the Soave—Redlich—Kwong equation
of state was used. The comparison of this model with experimental data can be found in [3], where the
experimental data were also confronted with other types of equations of state. The mentioned model was
used to perform thermodynamic analysis and, in a subsequent step, it was exported to the HYSYS environment.
The T-xy diagram for the system DMC/water is depicted on figure 1.

T-xy diagram for DMC/H20
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Fig. 1 T-xy diagram for the binary system DMC/water
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Primary problem of the DMC separation is the presence of several azeotropes in the quarterly system DMC-
water-formal-methanol. During the thermodynamic analysis, four azeotropes were identified and these are
summarized in table 1.

Table | List of identified azeotropes present in the quarterly system

Temperature | Classification | Component 1 Component 2
64.10 Saddle DMC: 0.0762 | MEOH: 0.9238
77.12 Saddle DMC: 0.5981 H20:0.4109
41.25 Saddle MEOH: 0.1317 | Formal: 0.6883
41.80 Saddle H20:0.0241 | Formal: 0.9759
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From the separation point of view, homogeneity of the azeotrope methanol-formal, formed at 101 kPa and 41
°C, is very important. The mole fraction of formal at this point is 87 %. To eliminate the problem of separation it
is necessary to increase the pressure to 1000 kPa, when equilibrium changes allow producing practically pure
formal (from the column bottom) and the distillate can be recycled. This thermodynamic change is depicted in
the following figures.

T-xy diagram for MEOH/METHYLAL
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Fig. 2 T-xy diagram for the binary system methanol-formal at 100 kPa and 1000 kPa

Description of production and separation process

Before the feed enters the reactor, temperature and pressure have to be adjusted. Fresh methanol flows from
pump P-101 to heat exchanger E-101 at the pressure of 2000 kPa and it is partially preheated by carbon dioxide
which exits compressor K-101. The heat exchanger is thus an intercooler in the two-stage compression of
carbon monoxide using compressor K-101 and K-102 to achieve the required pressure of 2000 kPa. Methanol
leaving this intercooler has to be heated to the final temperature of 130 °C in heat exchanger E-102. Carbon
monoxide from the two-stage compression is cooled to 130 °C in heat exchanger E-103. Air, entering the
process is also compressed in compressors K-103 and K-104, using intercooler E-104 and final cooler E-105.
Fresh air and carbon monoxide are mixed with recycled gases G-RT and the mixtures enter the reactor. Fresh
methanol is mixed (in MIX-102) with recycled methanol (MeOH-RT) from the separation part of the unit. Both
feed streams (F-L and F-G) enter the reactor where DMC and formal (as byproduct) are produced.
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Fig. 3 Flow sheet of the basic units in the reaction part of the plant

In the separation part of the unit in the first phase, gaseous components are removed from the product stream
leaving the reactor. The products are fed to heat exchange E-109, where the temperature decreases to 35 °C
and are subsequently separated in phase separator V-100. The pressure of liquid stream P-L1 is reduced to 500
kPa and enters column T-100, which is used to separate the gasses (mainly CO2) from the liquid phase. Gaseous
components from column T-100 are compressed (in K-105) to the pressure of 1900 kPa and mixied with
gaseous stream (PG-1) from the phase separator V-100. The of-gasses are separated in TEE-101 and removed
from the system to prevent the accumulation of nitrogen in the system. The major part of stream G is adjusted
to the required pressure (in K-106) and temperature (E-107) and is recycled back to the reactor.
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Fig. 4 Flow sheet of the basic units of the separation part of the plant

In the second phase of the separation, the liquid streams are separated. The liquid outlet (P-L2) from column T-
100 enters the main column for the separation of liquid components T-101. In this column, methanol and
formal are separated from DMC and water. Methanol and formal leave the column in the distillate, water and
DMC are mainly in the bottom outlet W-1. The distillate is reduced to the atmospheric pressure and is mixed
with the recycled stream from methanol and formal separation (D-3RP) and enters column T-102. Bottom
outlet from column T-102 is adjusted to the required pressure and temperature and is recycled back to the
reactor. Distillate from column T-102 contains an azeotropic mixture of formal and methanol. This mixture is
compressed to the pressure of 1000 kPa and enters column T-103, where pure formal is separated as the
bottom product and the mixture of methanol and formal leaves the column in the distillate, which is reduced
to the atmospheric pressure and returns back to column T-102.Bottom product from column T-101 is cooled (E-
110) to 50 °C and the pressure is reduced to the atmospheric pressure. Consequently, this stream is mixed with
the recycled stream which enters the three phase separator V-101. In separator V-101, the mixture of water
and DMC is separated into light liquid phase (LL) which contains more DMC and heavy liquid phase which
contains predominantly water. Stream LL enters column T-104, where DMC is obtained from the bottom
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stream. Stream HL enters column T-105, where water with a small amount of methanol is obtained, DMC and
water leave the column in distillate. Distillates D-4 and D-5 from columns T-104 and T-105 are mixed and
cooled to 50 °C and subsequently recycled to the three phase separator.

Conclusions

The main aim of the presented paper was to present a conceptual design of a technological unit for DMC
production and purification. The conceptual design was oriented on minimization of the problems with low
reaction conversion and to eliminate the problems of azoetropes formation during the separation process. The
basic output from the economic analysis shows that the payback of the presented unit is approximately 5,5
years.
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CHEMICAL ENGINEERING SIMULATION ON PARALLEL COMPUTERS
Labovsky J., Danko M., JanoSovsky J., Labovska Z., Jelemensky L.

Institute of Chemical and Environmental Engineering, Faculty of Chemical and Food Technology, Slovak
University of Technology, Radlinského 9, 812 37 Bratislava, Slovak Republic

Many computational problems in science and engineering require the most powerful computers available
today. The widespread deployment of multicore and many-core architectures has highlighted the need to
exploit parallel computing techniques. High Performance Computing (HPC) is a collective term describing
computational facilities that have the capacity to outperform the current high-end standalone machines. HPC
facilities can vary from massively parallel processing supercomputers to clusters of commodity personal
computers.

The main objective of the presented work was to highlight the advance of the high performance computing
technology in chemical engineering. Several examples of the benefits of HPC are presented and their
comparison with serial equivalents is provided.

Introduction

Not long ago, parallel computers were associated with fairly large machines, most of them running Linux,
dedicated to special computations requiring extreme performance, such as quantum mechanical calculations,
computational fluid dynamics, molecular simulations, and chemical process optimization, among other
applications relevant to chemical industries (Castierl et all. 2014). A considerable amount of work on better
numerical methods development taking full advantage of parallel computations has been in progress. Large
scale simulation of chemical processes is an application area where very large systems of coupled non-linear
equations naturally occur (Smith and Dimenna, 2004).

This case study refers about global optimization method exploiting parallel computers, which was used to fit
equation of state parameters. Sometimes, model developers wish to correlate experimental data as well as the
possible ones, which means that the global minimum of the objective function is a desirable target. Locating
the global minimum of complicated functions, with many state parameters or a massive number of
experimental data points, demands large computational effort and time consuming calculations, often carried
out using a single processor in a personal computer (PC). However, modern desktop, laptop, and tablet
computers and even mobile phones have multiple processors. Recent Windows versions of software such as
Mathematica and Matlab exploit such configurations to speed up the calculations. Nonetheless, many legacy
sequential codes exist in languages such as Fortran and C. Their adaptation for maximum performance in
parallel computers may require extensive reprogramming but substantial performance gains are possible in
certain applications with only a few changes to the existing codes. This paper shows that EOS parameter fitting
is one of such applications and compares two software utilizing the Simplex algorithm in parallel computers,
applicable both in single multiprocessor PCs and in cluster supercomputers.

In the second presented case study, the benefits of parallelization of a large system of nonlinear equation were
investigated. The main goal was to suggest a technique allowing utilization of existing codes, primarily designed
for serial execution. As an example of this approach, a model of a distillation column for ammonia purification
is presented.

Case study — Global optimization

Fitting EOS parameters is a seemingly routine problem in chemical engineering praxis. Probably the most
challenging task is related with multiple minima in objective functions, each given by a different parameter set.
The most straightforward procedure is based on running local optimization algorithms several times from
different initial estimates or using global optimization methods. It is important to underline that these local
minima have very often similar values of the objective function but significantly different values of the EOF
parameters. Another challenge of such approach is the selection of good starting points for the optimization
and an efficient subsequent multiple optimization processes.

In the presented work, the optimization of parameters of NRTL equation for systems ethanol-benzene and
diethylamine — ethanol was chosen as a case study. The objective function used in the presented case studies
was in the form:
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Comparison of the experimental and optimized data is depicted in Fig. 1.
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Fig. 5. t -x,y diagrams for binary systems used in the case studies, ethanol-benzen (right),
diethylamine-ethanol (left)
The presented case studies were run on an 80 cores computer cluster. To highlight the benefits of
parallelization, two different languages (platforms) were used. First chosen language was MATLAB, a
programming language developed by MathWorks. Matlab is currently very popular in engineering and scientific
disciplines, and is very often used as a teaching tool in many courses. An optional toolbox is the Parallel
Computing Toolbox™, which allows solving computationally and data-intensive problems using multicore
processors, GPUs, and computer clusters. High-level constructs—parallel for-loops, allows to parallelize
applications without CUDA or MPI programming. The presented strategy is based on the parallel for loop that
allows the code (objective function calculation) to be executed repeatedly. Basic quantitative parameter, which
compares the efficiency of the parallel algorithms, is the speedup defined as a ratio between the base serial
program's execution time and its parallel implementation execution time. Dependence of the execution time
on the number of cluster cores and the speedup of the parallel code are depicted on the next series of figures

(Fig. 2).
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Fig. 6. Execution time and speedup as a function of the number of cluster cores

The second chosen platform was the .NET Framework and the programing language was C#. To parallelize the
algorithm, the MPLNET library was used. MPI.NET is a high-performance, easy-to-use implementation of the
Message Passing Interface (MPI) for Microsoft's .NET environment. MPI is nowadays a standard for writing
parallel programs running on a distributed memory system, such as a compute cluster. Pl provides functions
and subroutines to control parallel computations and pass information from one process to another. In a
message-passing system, different concurrently-executing processes communicate by sending messages from
one to another over a network. Unlike multi-threading, where different threads share the same program state,
each of the MPI processes has its own, local program state that cannot be observed or modified by any other
process except in response to a message. Therefore, the MPI processes themselves can be as distributed as the
network permits, with different processes running on different machines or even different architectures.
Speedup of the parallel version is depicted in Fig. 3.
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Fig. 7. Execution time and speedup as a function of the number of cluster cores

From Figs. 2 and 3 it is clear that the speed of the parallel optimization is quite linear and the capacity
utilization of computer sources is higher than 90 % in both cases.

Case study — Large system of nonlinear equations
The second case study was focused on parallelization of solving a large system of nonlinear equations. This
problem occurs frequently in numerical methods in chemical engineering. To demonstrate the benefits of the
parallelization, the standard algorithm for solving a system of nonlinear equations implemented in Matlab was
modified.
The Newton’s method is a basic general purpose approach for solving nonlinear equations. It creates a linear
approximation to the nonlinear system based on a Jacobian matrix. In the general form of the Newton method,
the iterations and phases of each step have to be performed one after another in order to preserve the
correctness of the numerical algorithm. In general, the standard Newton’s method comprises three basic steps:

1. estimation of the Jacobian — determined by backward differential formulas,

2. solution of a system of linear equation (very often large and sparse),

3. improvement of the previous estimate.
If the Jacobian is determined in each iteration, it is always the most time consuming part of the algorithm. On
the other hand, parallelization of the estimation of the Jacobian is quite a trivial task as the columns of the
Jacobi matrix can be process independently.
The most universal solver for a system of nonlinear equations presented in Matlab is the function fsolve. Fsolve
uses a subspace trust-region method and is based on the interior-reflective Newton method. The default
version of the algorithm uses sequential approach for the determination of the Jacobian. However, it allows
overriding the estimation of the Jacobian via solver option settings. As our primary goal was to implement
parallelization of the default version the solver (without significant modifications of the existing code), the
sequential version of the Jacobian determination was replaced with a parallel version which is the most
straightforward procedure. This approach allows utilizing the benefits of parallelization without modifying the
existing users programs and default solver.
To demonstrate the simplicity and efficiency of the presented approach, a case study focused on the steady
state simulation of a distillation column was prepared. The mathematical model was described by MESH
equations. MESH being an acronym referring to the different types of equation: Material balances, vapor—liquid
Equilibrium equations, mole fraction Summations and enthalpy (H) balances. The main idea is in the
assumption that the vapor and liquid streams leaving an equilibrium stage are in complete equilibrium with
each other and thermodynamic relations can be used to determine the equilibrium stage temperature and
relate the concentrations in the equilibrium streams at a given pressure (Perry et al., 1997). A complete
distillation column is considered as a sequence of these stages. A distillation column model is an ideal
candidate for the presented case study, as it allows increasing the number of trays, which results in the
increase of the number of nonlinear equation to be solved. Table 1. summarizes the execution times for four
different numbers of trays. All execution times are in seconds.
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Table 1. Execution time as a function of the number of equations and cores

Number Number of cores

of trays 1 2 4 8 16 24 48 64 72 80
50 139 | 83 6.2 4.3 3.2 3.1 3.1 3.5 3.8 3.5
250 |219.2|1116| 61.0 | 345 | 19.7 | 15.7 | 10.5 | 9.9 9.5 9.6
1000 |1590.0| 798.8 | 428.3 | 221.4 | 119.8 | 83.8 | 52.4 | 41.2 | 38.7 | 35.5

15329.

2500 6 7697.314097.5|2099.8(1065.8| 750.7 | 401.7 | 324.0 | 292.3 | 269.2

For better visualization of the results, a speedup of the parallel code is depicted in Fig. 4. From the pictures it is
clear that the parallel version of the algorithm is faster than its serial equivalent. On the other hand, in case of a
50 trays column (200 nonlinear equations) the benefits of parallelization are evident, in case of utilizing eight
cores. Further increase in the core number did not provide a significant speedup increase. If the number of
equations is higher, the capacity utilization increases radically. In case of the largest system investigated in the
presented case study, the measured speedup was higher than 55.
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Fig. 8. Speedup of parallel code
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Abstract

Octahydrocoumarin, é-lactone, is a clear liquid with tonka beans and hay aroma that can replace toxic
coumarin. Octahydrocoumarin is an industrially desirable synthetic fragrance (Food and Perfumery) which can
be added for example to tobacco products to highlight the flavor and aroma of their smoke. Great advantage
of the octahydrocoumarin is that it is not toxic to rodents. The aim of this work was to test various types
of Ru-catalysts and study their deactivation in the octahydrocoumarin synthesis by hydrogenation of coumarin
(Figure 1).

Several types of commercial Ru-catalysts (from Johnson Matthey: Type 97 Paste, Type 600 Paste, Type 603,
Type 605 Paste, Type 619 Paste, Type 620 Paste; from Evonik Industries: Noblyst P3055, Noblyst P3060,
Noblyst P3061; from Strem Chemicals: Escat 4401) was tested for hydrogenation of coumarin in methanol
(3 :2) at temperature of 130 °C and pressure of 10 MPa to obtain octahydrocoumarin with high selectivity.
The highest selectivity of octahydrocoumarin 80% was achieved in the presence of catalyst Ru/C Type 605
from Johnson Matthey.

AN H,, Ru-cat. H,, Ru-cat.
_ —_—
Tp T
P
(0] 0] (0] @) 0] @]
coumarin dihydrocoumarin octahydrocoumarin

Figure 1. Hydrogenation of coumarin to octahydrocoumarin over Ru-catalyst
Keywords Coumarin, Hydrogenation, Ru supported catalysts, Dihydrocoumarin, Octahydrocoumarin

Introduction

Coumarin (1,2-benzopyron, o-hydroxycinnamic acid lactone) is a white crystalline solid which is used in Food,
Perfumery and medical industry1'3. For coumarin were found hepatotoxic properties in rodents and in large
doses, coumarin may cause cytotoxicity in humans™. For these reasons, legislative measures on the amount
of coumarin in food are introduced and looking for a suitable replacement.

Octahydrocoumarin is a clear liquid, which is not present in nature and is produced synthetically. It is similar
in fragrance and flavor properties of coumarin or dihydrocoumarin. It is used primarily as an additive
to the tobacco productss. Advantages of octahydrocoumarin are nontoxic and non-irritating properties.
Octahydrocoumarin can be synthesized by many way56'14. Depending on the cooperation with Aroma Praha,
a.s. it is desirable to find suitable conditions and catalyst for the preparation of octahydrocoumarin
by coumarin hydrogenation. Hydrogenation of coumarin in the presence of various catalysts (Raney nickel,
Adams catalyst, Ru/C) was investigated in several works™™.

The aim of this study was to test various types of Ru-catalysts and study their deactivation
in the octahydrocoumarin synthesis by hydrogenation of coumarin.

Experimental

Hydrogenation of coumarin was carried out in a stainless steel autoclave with the volume of 60 ml under
constant hydrogen pressure 10 MPa. Commercial Ru supported catalyst granted by Aroma Praha, a.s. (Table 1)
were tested for hydrogenation.
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Table |
Table of tested catalysts

Name Producer Support Ru content [%] Wetness [%]
Type 97 Paste 4.62 59.9
Type 600 Paste 4.90 49.9
Type 620 Paste active carbon 5.00 62.6
Johnson Matthey
Type 605 Paste 4.89 52.3
Type 619 Paste 5.10 56.5
Type 603 graphite powder 1.40 -
Noblyst P3060 5.00 58.5
active carbon
Noblyst P3055 Evonik Industries 5.00 58.5
Noblyst P3061 aluminium oxide 5.00 -
Escat 4401 Strem Chemicals active carbon 5.00 53.96

Coumarin (60 wt. %) in methanol solvent (40 wt. %) and the catalyst in the powder form (3 wt. % due
to coumarin) were inserted into the autoclave. The reaction was carried out at the temperature of 403 K
and hydrogen pressures equals 10 MPa.

The obtained samples were analysed using the gas chromatograph (SHIMADZU GC-2010 Plus) equipped
with ZB-5 column (60 m, 0.32 mm diameter, 0.25 um film). The injector temperature was 523 K, the column
temperature ramped from 283 K to 523 K at a rate of 10 K min™. Carrier gas rate was 471.8 ml min™.
FID temperature was 523 K.

Identification of reaction mixture samples was performed on a gas chromatograph (SHIMADZU GC-2010 Plus)
coupled with mass spectrometer (GCMS-QP 2010 Ultra) equipped with DB-1 column (50 m, 0.25 mm diameter,
0.5 um film). The injector temperature was 523 K, the column temperature ramped from 353 K to 523 K
at a rate of 10 K min™". Carrier gas rate was 0.66 ml min™. Quadrupole detector temperature was 523 K.

Result and Discussion

Hydrogenation of coumarin has been investigated using Ru/C catalysts (from Johnson Matthey: Type 97 Paste,
Type 600 Paste, Type 603, Type 605 Paste, Type 619 Paste, Type 620 Paste; from Evonik Industries: Noblyst
P3055, Noblyst P3060, Noblyst P3061; from Strem Chemicals: Escat 4401). The catalysts with the highest
catalytic activity and their deactivation have been searched for. The concentration profiles of coumarin
hydrogenation typical experiment are shown in Figure 2.

100 —m— Coumarin
80 | —&— Dihydrocoumarin
8 —A—
s 60 | Octahydrocoumarin
.g
@ 40 |
(8]
c
o
o
20 |
0 bmpfp——=i— =—g » == =8 - -

0 5 10 15 Time (h) 20 25 30 35

Figure 2. The concentration profiles of coumarin, dihydrocoumarin, octahydrocoumarin,
methyl-3-(2-oxocyclohexyl)propionate and other products; conditions: 130 °C, 10 MPa, 60 wt. % of coumarin
in methanol, 0.5 wt. % of Ru/C catalyst Johnson Matthey type 605
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It was demonstrated that octahydrocoumarin can be prepared by hydrogenation of coumarin on ruthenium
catalysts. From the achieved results and the available literature’ " was compiled simplified mechanism
of coumarin hydrogenation on Ru/C (Figure 3).

The main products obtained were dihydrocoumarin (/l, desired intermediate), formed by coumarin (/)
hydrogenation, octahydrocoumarin (/ll, desired product) formed by dihydrocoumarin hydrogenation,
methyl-3-(2-hydroxyphenyl)propionate (VI) and methyl-3-(2-hydroxycyclohexyl)propionate (VIIl) formed by
reaction of the appropriate lactone with methanol. A by-products (IV, methyl-3-(2-oxocyclohexyl)propionate;
V, 3-(2-hydroxycyclohexyl)propanal; VII, 3-phenylpropionic acid; IX, 3-cyclohexylpropionic acid;
X, methyl-3-cyclohexylpropionate) were also detected.
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2 %H3OH Hy, CNH?’OH %: cat.
X H,, cat. H,, cat. Oil
P — o —
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WO/ 3 w
OH

Vi
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Figure 3. Coumarin hydrogenation mechanism, 130 °C, 10 MPa, Ru/C catalyst Johnson Matthey type 605, 30 h:
I coumarin, I dihydrocoumarin, [l octahydrocoumarin, IV methyl-3-(2-oxocyclohexyl)propionate,
V 3-(2-hydroxycyclohexyl)propanal, VI  methyl-3-(2-hydroxyphenyl)propionate, VIl  3-phenylpropionic,
VIl methyl-3-(2-hydroxycyclohexyl)propionate, IX 3-cyclohexylpropionic acid, X methyl-3-cyclohexylpropionate

Catalysts testing

Commercial Ru supported catalyst were granted by Aroma Praha, a.s. (Table I). Series hydrogenation
of coumarin was performed on various types of Ru catalysts for comparison of their activity and selectivity
(conditions: 25 ml autoclave, 60 wt. % of coumarin i methanol, 5 wt. % of Ru catalyst due to coumarin, 160 °C,
10 MPa). For selected catalyst (Ru/C Type 600 JM Paste, Ru/C Type 605 JM Paste, Ru/C Type 619 JM Paste,
Ru/Al,0; Noblyst P3061) was achieved a high selectivity (over 75 %). The lowest selectivity of 55 % was
observed in the presence of Ru/C JM Type 603. By-products content of coumarin hydrogenation by catalysts
with high selectivity to octahydrocoumarin is shown in Figure 4.
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B Methyl-3-cyclohexylpropionate
B 3-Cyclohexylpropionic acid
B Dihydrocoumarin

Content of by-products (%)

Ru/C JM Type 605 Paste | Ru/C JM Type 619 Paste Ru/C JM Type 600 Paste Ru/AI203 Noblyst P3061 Ru/C Noblyst P3060
S=80% S=79% S=76% S=76% S=72%

Figure 4. By-products content of coumarin hydrogenation by catalysts with high selectivity (S)

to octahydrocoumarin; conditions: 130 °C, 10 MPa, 60 wt. % of coumarin in methanol, 0.5 wt. % of Ru/C
catalyst

Catalysts deactivation

To investigate the degree of catalyst deactivation was chosen catalyst Johnson Matthey Type 605.
First, the reaction was conducted with fresh catalyst (3 wt. % relative to coumarin) in a 160 ml autoclave
at a temperature of 130 °C and a pressure of 10 MPa. The reactor was charged mixture of 60 wt. % coumarin
in methanol. Progress of this reaction is shown in Figure 5a. The catalyst was then filtered off from the mixture
in bench equipment company Aroma Praha, a.s. where the catalyst after separation was repeatedly washed
with toluene. With this catalyst the reaction was conducted under the same conditions. The second reaction
time was 17 h to achieve higher conversion of dihydrocoumarin. Progress of this reaction is shown in Figure 5b.

1
100 I\ 5a 00 l\ 5b
‘\
g g ‘\ * Coumarin
‘g "Fé —+— QOctahydrocoumarin
..E 4;-;- —o— Dihydrocoumarin
g ] \ —3¢— 3-Cyclohexylpropionic acid
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\
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Figure 5. Hydrogenation of coumarin; conditions: 130 °C, 10 MPa, 60 wt. % of coumarin in methanol, 3 wt. %
of Ru/C catalyst — 5a fresh catalyst, 5b reused catalyst

From Figure 5 it is obvious that the hydrogenation of coumarin to octahydrocoumarin proceeds with reused
catalyst more slowly. The rate of hydrogenation of coumarin is comparable in both reactions. Hydrogenation

of dihydrocoumarin to octahydrocoumarin shows a decrease in catalyst activity. With the decrease in reaction
rate does not decrease the selectivity.
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Conclusions

The highest selectivity of octahydrocoumarin 80 % was achieved in the presence of catalyst Ru/C Type 605
from Johnson Matthey. This catalyst was tested for its deactivation. When the catalyst was reused
for the hydrogenation of coumarin on octahydrocoumarin, the reaction proceeds much more slowly, but it has
no effect on selectivity.
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Introduction

Several fragrant substances with floral or fruity notes are synthesized using aldol condensation. These reactions
are usually catalyzed by basic homogeneous catalysts (inorganic hydroxides). Such processes suffer from
production of big amount of waste salts. The use of basic heterogeneous catalyst is widely studied because of
the effort to decrease the amount of waste salts and for possibility of catalyst reuse. There are many types of
heterogeneous basic catalysts as inorganic oxides, inorganic mixed oxides, materials modified using silanol
grafting method, materials modified by inorganic alkaline media (potassium carbonate, potassium / sodium
hydroxide, alkylammonium hydrochloride) and also materials modified by some more special metals as cesium
or layered magnesium oxides™ . In this work, several heterogeneous basic catalysts were tested in 2-
butylcinnamyl aldehyde synthesis.

Experimental

Cesium modification was performed by impregnation method>. Solid support (3 g) was stirred with solution of
cesium acetate (0.864 g, Aldrich) in methanol (15 g, Penta) for 3 hours at 60 °C. After removing solvent under
vacuum using rotary evaporator, resulted material was calcined (500 °C / 5 hours / air). Used amounts resulted
in cesium concentration of 1.5 mmol/g of solid support.

Potassium modification was made by impregnation method". Solid support (3 g) was stirred at room
temperature with 10 wt.% water solution of potassium carbonate (Penta). Used amounts of potassium
carbonate corresponded to a potassium concentration of 1.5 and 4.5 mmol/g of solid support.

Temperature programmed desorption (TPD) of CO, was carried out using Micromiretics Instrument, AutoChem
Il 2920. For evolved gas detection both a thermal conductivity detector (TCD) and quadrupole mass
spectrometer (MKS Cirrus 2 Analyzer) with a capillary-coupling system were used. 0.1 g of catalyst sample was
placed in a quartz U shaped tube. Prior to adsorption of CO,, the catalyst was heated under helium flow (30
mL/min) up to 500 °C and kept at 500 °C for 2 hours to remove water from sample and “clean” the catalyst
surface. In the following step the sample was cooled down to adsorption temperature 40 °C. Measured pulses
of carbon dioxide (pulse volume 0.5 mL) were injected into helium gas and carried through the catalyst sample
until saturated adsorption. Then the sample was flushed with helium for 30 min to remove physisorbed carbon
dioxide. Afterwards the linear temperature program (10 °C/min) was started and sample heated up to
temperature of 900 °C. The desorbed amounts of carbon dioxide were determined by calibration of the
intensity of 44 a.u. MS response.

Acido-basic titrations were performed according to described proceduresﬁ’7 using different acido-basic
indicators.

Results and discussion

Catalyst basicity

Total amounts of desorbed CO, and benzoic acid amounts characterize material basicity. The most basic
catalyst was: 4.5-K- Al,05 according to titration results and 1.5-K- Al,05 according to TPD results. This difference
can be explained by pore blockage in the case of 4.5-K-Al,O; catalyst (Sger results, Table 1), which could cause
inaccessibility of some basic sites for CO, molecules during TPD measurement. On the other hand, titration was
performed in solution and because of observed catalyst leaching (AAS results Table Il), the majority of
potassium was leached into solution where it was available for benzoic acid molecules.
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Table |
Titration and TPD results

Desorbed Titrated benzoic acid amount [Mmol/gmateriall
Catalyst S'ZET amount of CO
2
[m“/g] [mmol/ Bromthy- Phenol- Thymol- Alizarin
gkat] . .
molblue phthalein phtalein yellow
CaO 3 - 0.04 - - -
MgO 45 106 0.14 - - -
MCM-41 495 - - - - -
Cs-MCM 94 26 0.15 - - -
HY 568 - - - - -
Cs-HY 452 - - - - -
NaY 673 - - - - -
Cs-NaY 148 256 - - - -
usy 750 - - - - -
Cs-USY 193 13 0.09 - - -
Al,0; 298 - - - - -
1.5-K- Al,O4 250 469 1.02 0.20 - -
4.5-K- Al,O03 93 289 1.29 1.66 1.29 1.48
Table Il
Metal leaching measured using AAS
Catalyst Leached metal amount (%)

Cs-MCM 56.6

Cs-HY 30.3

Cs-NaY 9.8

1.5-K- Al,05 80.3

4.5-K- Al,03 93.0

The highest leaching was observed for 4.5-K- Al,03; and the lowest for Cs-NaY because of ion-exchange which
was successfully performed during synthesis of Cs-NaY catalyst.

Reaction scheme

Aldol condensation of benzaldehyde (BA, Fig. 1) and hexanal (HX) provides two main products — desired
2-butylcinnamicaldehyde (I.,BCA) and undesired product of hexanal autocondensation — 2-butyloct-2-enal (/I.,
BO). In some cases trimer of hexanal or products of subsequent aldol reaction and polymerization were also
present in the reaction mixture. Reactions were base catalyzed, therefore in some cases products of Canizzaro
reaction — benzylalcohol and benzoic acid were detected in the reaction mixture in low concentration.

o
B . = D +
——
AN
L oz

Figure 1. Reaction scheme

Reaction course

It is visible from Fig. 2 that after 5 hours of reaction the maximal conversion was obtained. Slight decrease in
selectivity to 2-butyloct-2-enal was caused by increasing of high-boiling products origination (e. g. trimere of
hexanal and polymerizations products).
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Figure 2. Reaction course (solvent DMF, 120 °C, 20 wt.% of catalyst MgO, HX:BZ = 1:2 (molar))

Influence of used catalyst

Reaction was performed under constant conditions (solvent DMF, temperature 120 °C, 20 wt.% of catalyst,
molar ratio HX:BZ = 1:2). Several types of heterogeneous catalyst were used (Table IIl). The highest conversion
was obtained using MgO and CaO (Table Ill, rows 1,2), but in the case of CaO a significant part of the products
were high-boiling products. In case of non-modified Si and Al based catalysts (Table Ill, rows 3-6,11) aldol
condensation also occurred. Modification of y-Al,0; by potassium resulted in increase of hexanal conversion
and in change of BCA:BO ratio in reaction mixture. Modification of materials by cesium (Table lll, rows 7-10)
caused preference of autocondensation products formation.

Table llI
Reaction results using different catalysts (solvent DMF, 120 °C, 20 wt.% of catalyst, HX:BZ = 1:2 (molar), 5 h)
Hexanal Selectivity to Selectivity to
Row Catalyst conversion [%] 2-butyloct-2-enal [%] 2-butylcinnamylaldehyde [%] Others [%]

1 CaO 99 6 37 57
2 MgO 97 31 66 3
3 MCM-41 63 72 23 5
4 USY zeolite 65 54 19 27
5 HY zeolite 45 62 33 45
6 NaY zeolite 77 44 52 4
7 Cs-MCM-41 63 45 37 18
8 Cs-USY zeolite 63 75 25 0
9 Cs-HY zeolite 76 23 10 67
10 Cs-NaY zeolite 80 49 47 4
11 y-Al,O03 21 56 43 1
12 1.5-K- Al,O3 69 44 53 3
13 4.5-K- Al,O3 67 43 47 10

Influence of the reaction conditions

Hexanal conversion increased with increasing temperature. The significant increase was detected on the case
of less active catalysts. Partly acidic properties may cause the increase of rate in under higher temperatures.
BCA:BO ratio in reaction mixture increased with increasing temperature using catalysts MgO and 1.5-K,COs-
Al,O;. Using Cs-MCM as catalyst, an opposite trend in BCA:BO ratio was observed together with increase of
high-boiling products formation (Fig. 3). No straight trend in reaction result was observed using different
amounts of catalyst (Table IV, rows 1-6) or reactant molar ratio (Table 1V, rows 7-12). Use of different solvents
(Table IV, rows 13-15) resulted into almost the same hexanal conversion, significantly higher BCA:BO ratio was
observed in case of DMSO, but also the higher formation of higher boiling product.
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Figure 3. Influence of temperature (solvent DMF, 120 °C, 20 wt.% of catalyst MgO, HX:BZ = 1:2 (molar))

Table IV.
Reaction results changing selected reaction conditions (120 °C, 5 h; DMA = N,N‘-dimethylacetamide)
Catalyst Molar Hexanal  Selectivity to Selectivity to 2-
Row Catalyst amount ratio Solvent conversion 2-butyl-2-  butylcinnamylaldehyde Otoher

[wt %] HX:BZ [%] octenale [%] [%] (%)

1 MgO 10 1:2 DMF 97 27 64 9

2 Cs-MCM 10 1:2 DMF 88 35 52 13

3 1.5-K- Al, 05 10 1:2 DMF 77 39 38 23

4 MgO 30 1:2 DMF 99 28 57 15

5 Cs-MCM 30 1:2 DMF 85 33 62 5

6  1.5-K- AlLO; 30 1:2 DMF 83 37 58 5

7 MgO 20 1:1,1 DMF 71 45 49 6

8 Cs-MCM 20 1:1,1 DMF 95 43 53 4

9 1.5-K-Al,03 20 1:1,1 DMF 48 59 41 0

10 MgO 20 1:3 DMF 98 24 72 4

11 Cs-MCM 20 1:3 DMF 73 48 37 15

12 1.5-K-Al,03 20 1:3 DMF 71 45 50 5

13 MgO 20 1:2 DMA 98 32 65

14 MgO 20 1:2 Toluene 99 23 73

15 MgO 20 1:2 DMSO 97 7 70 23

The reactions of benzaldehyde with pentanal (PE, Fig. 4) were made for comparison (Table V). It is worth to
mention the boiling points of hexanal (131 °C) and pentanal (105 °C). Because of lower boiling point of
pentanal, the decrease in reaction rate was observed, which was caused by pentanal reflux under reaction
temperature, therefore lower relative concentration of linear aldehyde was present in reaction mixture during
the reaction period. This caused slower reaction rate, but also remarkably suppressed undesired
autocondensation comparing the reaction with hexanal. The higher reaction temperature in the case of
hexanal would be desirable, but these reactions were not performed as it would require more tight laboratory
equipment (e. g. autoclave).
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Figure 4. Aldol condensation of benzaldehyde and pentanal forming 2-propylcinnamyladehyde (/ll) and 2-
propylhept-2-enal (IV)

Table V
Reaction results of aldol condensation of benzaldehyde and pentanal using different catalysts (solvent DMF,
120 °C, 20 wt.% of catalyst, PE:BZ = 1:2 (molar), 24 h)

Row Catalyst Pent‘?\nal Selectivity to 2- Sglectivity to 2- Others (%)
conversion (%) propylhept-2-enal (%) propylcinnamylaldehyde (%)

1 Cao 98 3 48 49
2 MgO 100 8 79 13
3 MCM-41 66 6 61 33
4 USY zeolite 69 1 67 32
5 HY zeolite 73 20 63 17
6 NaY zeolite 73 5 56 39
7 Cs-MCM-41 82 3 68 21
8  Cs-USY zeolite 61 2 74 24
9 Cs-HY zeolite 93 2 35 63
10 Cs-NaY zeolite 91 5 70 25
11 y-Al,0; 69 1 90 9
12 1.5-K-Al,03 89 2 91

13 4.5-K-Al,0; 61 2 87 11

Conclusion

Several catalysts modified by cesium and potassium were prepared. Prepared catalysts were used with other
heterogeneous catalysts in aldol condensation of benzaldehyde and hexanal. Influence of catalyst type and
amount, temperature, reactants ratio and solvent type were monitored. Comparison with reaction of pentanal
and benzaldehyde was performed. Catalyst leaching was monitored using AAS.

The best obtained results in 2-butylcinnamylaldehyde synthesis (hexanal conversion 98 %, selectivity to 2-
butylcinnamylaldehyde 70 %) were observed under following conditions: 140 °C, 20 wt.% of catalyst MgO,
HX:BZ = 1:2 (molar), solvent DMF, 5 h . The best obtained results in 2-propylcinnamylaldehyde synthesis
(pentanal conversion 89 %, selectivity to 2-propylcinnamylaldehyde 91 %) were observed under following
conditions: 120 °C, 20 wt.% of catalyst 1.5-K-Al,03, PE:BZ = 1:2 (molar), solvent DMF, 24 h.

The most basic catalyst was: 4.5-K- Al,O3 according to titration results and 1.5-K- Al,05 according to TPD results.
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Introduction

The amount of waste tires worldwide keeps increasing every year becoming thus a significant environmental
problem. The number of used tires is estimated in the range from about 55 000 to 70 000 t / year in the Czech
Republic. About 20% of this amount is further processed, the rest being landfilled. Storing tires in landfills is not
only demanding in terms of landfilling volume, but there are also problems with the tires behavior in the
landfill body. There are only few possibilities of utilising the waste tires, which are economic and
environmental-friendly at the same time. One of them is the vacuum pyrolysis which seems to be most
promising way of the used tires disposal both from economic and from environmental point of view. This
process converts waste tires mixture to carbon, oil, gas and metal scrap. From this products portfolio, mainly
the pyrolysis oil has a high potential to become an interesting chemical intermediate. Its composition depends
on the temperature in pyrolysis, but, with no regard to the pyrolysis conditions, there is always significant
content of valuable aromatics, in particular benzene, toluene, xylenes, and naphthalene. The residue after the
separation of BTX and naphthalene could be used as fuel component. But high content of sulfur compounds is
the main disadvantage of the oil from the waste tires pyrolysis. These compounds have to be removed prior to
further oil use.

Literature study about the possibilities of utilization of oil products from waste tires pyrolysis

Generally, tires are composed of mixtures of natural and synthetic vulcanized rubber (about 50w.%), carbon
black and other fillers (silica) ( about 26w.%) and the remaining part consists of other fibers (14w.%) admixture
of antioxidants, plasticizers (5%) and steel wires (w.5%) [1].

As for elemental composition, tires contain big amount of carbon, nitrogen and sulphur which is appropriately
reflected by the composition of the oil from tires pyrolysis. Water content in the rubber is another complication
as it makes the thermal processing difficult, additional complication being the water content in pyrolysis oil
[2].

In general, pyrolysis product consists of pyrolysis gas, oil and solid residue. Thecomposition of each product
phase depends first of all on pyrolysis temperature and the starting material composition. The gas phase
contains predominantly hydrogen, methane, ethane, butadiene and H,S. As its heat of combustion is around
37 MJ/m3, it can be used as fuel in the pyrolysis itself [4].

The residue after pyrolysis contains besides carbon metals and their oxides. The amount of carbon initially
increases with increasing pyrolysis temperature, but above 500 °C, carbonization is speeded up and the carbon
amount starts increasing. Yield of hydrogen, unlike that of carbon, initially increases with the temperature
increase and starts decreasing at higher temperature as a result of long chain hydrocarbons cleavage, the
products of which (lower hydrocarbons) come into the gaseous phase [3].

Pyrolysis oil composition depends also, first of all, on the starting material character and pyrolysis temperature
[5].

The pyrolysis oil from waste tires is a mixture of alkanes, alkenes and aromatics which contain 6-24 carbon
atoms, the latest being the main oil components. The most significant components are aromatics, representing
53.4 to 74.8 mass %, they are formed by Diels-Alder reactions during pyrolysis. Benzene, toluene, xylenes, and
styrene represent important monocyclic aromatics in the pyrolysis oil, naphthalene being the most important
representative of polycyclic aromatic hydrocarbons. Additionally to hydrocarbons, there is relatively high
content of nitrogen compounds (2.5 — 3.5 mass %) as well as oxygen components (2.3 — 4.8 mass %). Typically
more than 30 % of hydrocarbons have boiling points between 70 and 210 °C so they can be used as gasoline
components. Another 60 % of hydrocarbon boiling between 150 and 370 °C i.e. can be used as middle
distillates components. [4,5,6,7]. However, high sulphur content (0.5 — 1.5 mass %) is a considerable obstacle
for this way of utilization [5]. The amount of both Sulphur and nitrogen in the product is almost independent
on the pyrolysis temperature. Sulphur has been disclosed as being present in the form of heterocyclic
compounds like alkyl thiophenes e.g. 2-methylthiophene, 3-methylthiophene, 2-ethylthiophene,
benzothiophene e.t.c. [8] Nitrogen is present in the form of amines, amides, nitriles, pyridine and its
derivatives, pyrrole, quinoline and (mainly) indole [9].
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Experimental

Methods of analyses

Density was determined by means of DMA 48 (Anton Paar) density meter. Sulphur content was determined by
means of SW-Trace SN Cube device, while nitrogen content was measured by Total Nitrogen Analyzer TN-100
(Mitsubishi). Selective analyses by both of these Mistubishi devices,is based on sample gasification and
subsequent measurement of chemoluminescence (N) or UV fluorescence (S) respectively.

Simulated distillation of the samples was performed by HP 7890 GC equipped with FID detector and on-column
injection.

The composition of particular distillation fractions was determined by GC/MS method with the use of Thermo
Scientific, Trace ITQ 1100 device

Fractionation of the oil from waste tires pyrolysis by distillation

The crude pyrolysis oil was separated to narrower fractions by a combination of atmospheric an
vacuum distillation by means of a double mantle distillation column (vacuum in between the mantle walls). The
atmospheric distillation continued up to 210 °C in reboiler as polymerization of some unsaturated compounds
could have taken place above this temperature. Four distillation cuts had been obtained before the
temperature limit was reached.

After interruption the distillation and cooling down the reboiler content, the
distillation continued at decreased pressure, at the range of 12 to 2.6 kPa (90 to 9 mm Hg). 7
distillation fractions were obtained. Polymerization in reboiler was observed at the end of
vacuum distillation at 210°C.

Results and discussion

The oil from waste tires pyrolysis is very similar to the pyrolysis fuel oil from conventional steam cracker. It is
apparent from Table |, in which its basic physical properties are compared with those of gasoline, diesel and
typical oils from steam cracker (PGO, PFO)

Table I: Characteristic parameters of oil from pyrolysis of waste tires in comparison with the characteristics of
the oils from steam cracking of hydrocarbons and automotive fuels.

unit PGO PFO ::Ie from waste gasoline diesel
density 20°C kg/m3 920-985 |1045-1150 900-915 (15°C) 720-775 80-845
flash point °C 70-95 101-140 40-50 >55 -25
viscosity 100 °C mmz/s 25-50
sulfur % hm. [max.0,5 |[max.1,0 1,5 <0,001 <0,001
water % hm. |max.0,1 |[max.0,1
Distillation
IBP °C 180-200 | min. 200 85 30 198
50% vol. °C 205-220 | min. 300 225 279
FBP °C 230-270 | min. 300 550 215 360
calorific value MJ/kg |40 40 38-42 46,4 43,8

By the combination of atmospheric and vacuum distillation , altogether 11 narrow fractions were obtained.
Based on GC analyses, with respect to potential utilization, wider fractions were created by joining (mixing)
some of original distillation cuts. By mixing cuts no 1 to 5, the fraction with boiling in the range of 48 to 152.1
was created. Its composition (see Table Il) is quite similar to that of petrochemical BTX fraction. It can be
therefore used as a source material for benzene production by hydrodealkylation, after the sulphur content is
substantially decreased. Joined fraction 6-7 ranks among middle distillates by its boiling point range (152 —
216 °C). However, it contains relatively big amount of aromatics (see Table IlI) and it potential utilization is
unclear at the moment. The distillate No.8 was naphthalene concentrate which can be used for naphthalene
production by distillation or by crystallization. Higher fraction (joined distillates 9-11), with boiling point in the
range of 240 to 299 °C, can hardly find utilization in petrochemical production but can be used as feedstock for
hydrocracking.

Boiling point range and composition of joined distillation fractions are presented in Table II.
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Table 1I: Composition of single fraction from atmospheric and vacuum distillation of pyrolysis oil from waste

tires.
fraction 1-5 fraction 6-7 | fraction 8 fraction 9-11 feedstock

weight [g] 402.48 171.86 86.83 268.29 1513.55
weight % 26.59 11.35 5.74 17.73 100
distill.range [°C] 48.5-152.1 155.8-216 217.8-239 240-298.8 49 - 550
compound [w.%] w.% in feedstock
benzene 17.46 4.64
toluene 28.32 7.53
ethylbenzene 6.14 1.63
styrene 2.84 0.98 0.92 0.41 0.99
xylenes 16.47 1.6 0.03 4.56
ethylbenzenes 0.31 0.51 0.02 0.14
methylstyrenes 0.23 9.79 0.6 1.21
trimethlstyrenes 14.18 0.03 0.14 1.64
indane 3.36 0.02 0.38
indene 0.87 0.78 0.22 0.18
ethylstyrenes 0.26 0.01
dimethylstyrenes 0.52 2.28 0.02 0.19
methylindanes 2.1 1.07 0.3
methylindenes 5.02 9.66 0.04 1.13

1,2 dihydronaphtalene 0.47 1.19 0.12
naphtalene 5.36 45.28 4.5 4
dimethylindenes 4.96 1.1 0.48

2 methylnaphtalene 1.57 10 1.86

1 methylnaphtalene 1.02 4.71 0.89
trimethylindenes 0.62 0.11
biphenyle 4.45 0.79

2 ethylnaphtalene 2.44 0.43

1 ethylnaphtalene 0.7 0.12

2,6 dimethylnaphtalene 3.26 0.58
methylnaphtalenes 3,33 0.59
difenylmethane 4,73 0.84
acenaftylene 0,87 0.16
methylbiphenyle 2,3 0.41
others 28,23 55,24 30,31 56,16 64.06

The oil from the pyrolysis of waste tires contains large amounts of sulfur. The main source of sulfur in fraction
1-5 is probably thiophene (b.p. 84°C) and its alkyl derivatives, in fraction 8-9 there is probably benzothiophene
(b.p.222°C) and in fraction 10-11 there can probably be alkylderivatives of benzothiophene. The main source of
nitrogen in fraction 6 is probably benzonitrile (b.p. 190°C) while it is indole in fraction 9-10. Content of sulfur
and nitrogen is presented in Table Il
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Table I1l: Content of sulfur and nitrogen in particular pyrolysis oil fractions.

. S N
fraction
[w.% ] [w.% ]
1-5 0.46 0.22
6-7 0.29 0.6
9-11 1.39 0.6
dist. rest 1.204 0.4

High content of sulphur and nitrogen is characteristic for all distillation fraction which can be separated from
the oil fraction from spent tires pyrolysis. These fractions, though very promising in terms of further utilization,
have to be desulphurized prior to subsequent processing. Conventional hydroprocessing on sulphidic form on
metal catalyst might be a suitable method but needs further research study.

Conclusions

Pyrolysis oil, obtainable from waste tires seems to be very promising raw material for the use in both
petrochemical industry and refineries. It can be an important source of diversity of aromatics and it can be
comprehensively used. The oil fraction with boiling point ranging between 48 and 218°C, can be an interesting
source of valuable petrochemical commodities like benzene, toluene, xylenes and naphthalene. The heavier
fraction, of boiling range between 220 and 300°C can be used as a component of diesel fuel and the heavier
residue can be the feedstock for hydrocracking. Single fractions obtained from pyrolysis oil from waste tires
must be pre-treated prior to final processing. The proposed methods of treatment are summarized in following
figure.

Selective hydrogenation
— desulfurization,

Distillate 1-5 / conservation of
(48,5 - 152,1 °C) aromatics
Distillate 6-7 Not processed
I H/ (155,8 - 216,0 °C) Selective hydrogenation
Feedstock _ desulfurizati
Distillate 8 desulrurization,
iml _];____E\ (217,8 - 239 °C) E— conservation of

Distillate 9-11
(240,0 — 298,8 °C)

Distillation
residue
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Abstract

The study deals with technological aspects of the direct hydration of cyclopentene to cyclopentanol. The
catalytic properties of the MCM 22 zeolite were studied in the case of cyclopentene hydration both in liquid
and gas phases. MCM-22, unlike other solid acid catalysts, is highly selective for the formation of cyclopentanol
in the liquid-phase hydration in the slurry arrangement. It suppresses completely the undesirable etherification
of cyclopentanol and allows obtaining cyclopentanol with almost 99% selectivity. But the liquid-phase
hydration was found to lead to rapid deactivation of the zeolite. The deactivation is caused mainly by a
formation of carbon deposits in the pores of the zeolite. When hydrating in the gas phase on the fixed bed of
granular catalyst, it could be easy to periodically reactivate the catalyst in situ. However, it has been found that
the exceptional selectivity of MCM-22 to the cyclopentanol formation is characteristic only for the liquid-phase
hydration; the reaction in the gas phase is unselective. Furthermore, the equilibrium conversion of
cyclopentene to cyclopentanol in the gas-phase hydration has been found to be industrially unusable - below 1
% (e.g. under atm. pressure, at 120 °C and with a molar ratio of cyclopentene to water 1:5, it is as low as 0.3 %).

Introduction
The present study deals with technological aspects of the direct hydration of cyclopentene (CPEN) to
cyclopentanol (CPOL) and represents a part of a broader research aimed at alternative possibilities of the
production of cyclopentanone and other cycloC5 derivatives from accessible petrochemical materials"”. The
hydration of cyclopentene is a potential intermediate in their production3’4’5.
Basically, the cyclopentene hydration or, generally, olefin hydration are simple chemical reactions but their
implementation in industrial scale brings considerable complications. There are several variants of how to solve
the olefin hydrations:

e so-called indirect two-stage process using a mineral acid

e direct process with phosphoric acid deposited on a solid carrier

e oraliquid-phase process catalyzed by an cation exchanger or zeolites.
Each of the variants has its drawbacks and complications to be eliminated or solved. For example, a common
negative feature of the so-called direct processes catalyzed by cation exchangers or phosphoric acid deposited
on a solid carrier is the releasing of the free acid into the reaction mixture which requires its neutralization.
During the indirect process using sulfuric acid, cyclopentene first reacts with the acid to yield alkylsulfates
which are, in the next step, hydrolyzed by water to cyclopentanol. In this way, 60 % of the theoretical yield of
cyclopentanol is achieved. Significant drawbacks of this technological solution are:

e corrosion of the device caused by the presence of the acid

e necessity of an energy consuming concentration of the diluted acid prior to reusing

e undesirable dehydration of cyclopentanol during its isolation by a rectification of the reaction mixture

after hydrolysis.

An unfavorable shift of the reaction equilibrium is another important negative feature of all direct processes of
hydration of cyclopentene. The hydration equilibrium is strongly shifted toward reactants, much more than in
case of, e.g., hydration of cyclohexene. For the hydration in the liquid phase at 120 °C and water:cyclopentene
5:1 molar ratio, the equilibrium conversion of cyclopentene is as low as 4 % (cit.)e. Another complicating factor
of the hydration of cyclopentene is that the reaction system consists of two phases, organic and aqueous,
wherein each of them contains a part of the product. Moreover, cyclopentanol forms an azeotrope with water
(b.p. 96.6 °C, 43 vol.% cyclopentanol) which makes the industrial solution to the problem of the product
separation complicated and costly.
Hydration of cyclopentene catalyzed by cation exchangers, alumina, amorphous alumosilicates and common
types of commercial zeolites (ZSM-5, Beta, Mordenit, Ferierit) is totally non-selective®’. Large amounts of
undesirable by-products are formed, especially dicyclopentylether and cyclopentylcyclopentene (Figure 1). At
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achieving the reaction equilibrium, the selectivity for desirable cyclopentanol is lower than 80 % (120 °C, molar
ratio H,O/CPEN = 5).

Figure 1. Reaction mechanism and formation of main by-products

Direct hydration of cyclopentene is selective only with zeolite of the type MCM-22 which suppresses totally the
etherification of cyclopentanol, and can be used to produce cyclopentanol with a selectivity (ScpoL) close to
99 % (cit.e's). MCM-22 is a zeolite with a medium porosity and a three-dimensional channel structure. Similarly
to ZSM-5, it contains two 10-MR pore openings which, unlike ZSM-5, do not intersect and are independent of
each other. Moreover, within the channel structure of MCM-22, cavities larger than the pores themselves are
present. The size of the pores of MCM-22 is only by ca. 1 A smaller than for ZSM-5, and such a difference is
sufficient to influence dramatically the selectivity of the hydration of cyclopentene. While in the pores of ZSM-5
a more spacious by-product, i.e., dicyclopentylether, can be formed, no such formation takes place in the pores
of MCM-22. The MCM-22 zeolite is used industrially in several technologies of the benzene alkylation with
propylene and ethyleneg.

In the past, we have dealt in detail with the liquid-phase hydration of cyclopentene in the batch slurry
arrangement7’8. We have also tested the extent of deactivation, namely in the form of the reuse of the catalyst
in the next batch hydration cycle. No such information has been published for the MCM-22 catalyst in the
literature so far. Our research revealed an essential weak point in the use of MCM-22 and other zeolite
catalysts for this reaction: their rapid deactivation. Already at the first repeated use of MCM-22 in the next
hydration batch cycle, the reaction rate of hydration drops to half. The reason is a formation of carbon deposits
in the pores of the zeolite. Also cyclopentadiene present as an impurity in the raw material is partially
responsible for the rapid deactivation, but the activity of the zeolite substantially decreases also when
cyclopentene freed from dienes is used. Oligomeric deposits in the pores of the catalyst are probably formed
also by an acid-catalyzed reaction of the olefinic cyclopentene. Furthermore, also a partial undesirable
dealumination of the zeolite contributes to the drop of its activity. It was found that the catalytic activity of the
MCM-22 zeolite can be restored to original value neither by its reactivation by air oxygen in the calcination
oven at 550 °C, nor by wet oxidation using hydrogen peroxide (Table 1).

Table |

Repeated use of the MCM-22 catalyst for the batch hydration of cyclopentene in a liquid phase8
Catalytic cycle Catalyst use degree  Reaction time [h] Xcpen [Mol. %] ScroL [Mol. %]
1. Fresh 72° 4.24 (equilibrium) 98.22
1. Fresh 8° 2.35 97.21
2. 1x used 8° 1.93° 95.42
3. 2x used 8° 1.52° 92.08
4. 3x used 8° 1.45° 92.88
5. Reactivated” 8° 1.41 93.33
6. Used 8° 1.04° 91.74
7. Reactivated" 8° 0.46° 85.82

120°C, weight ratio CPEN/H,0O/catalyst = 34/45/1,8; 10 ppm of cyclopentadiene in starting cyclopentene
“ Corrections on catalyst weight loss

b Catalyst reactivated by air oxygen at temperature programme 1 K.min"/823 K/9 h

¢ Catalyst reactivated by liquid hydrogen peroxide at 353 K

a long-term experiment to determine the equilibrium conversion of cyclopentene

¢ short 8h-experiments to monitor changes in the catalyst activity

Hence, an alternative variant of the realization of the direct cyclopentene hydration was tested, namely the
process running in the gaseous phase of the reactor with a fixed bed of the granulated MCM-22 catalyst. Under
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such conditions, the catalyst could periodically be reactivated in situ. The results of this experimental research
are the subject of this paper.

Experimental

Na® form of zeolite MCM-22 was prepared using a method published by Corma et al.’®. Catalyst was transferred
into NH, form using the conventional ion-exchange method: A calcined catalyst sample was treated with 0.5M
NH4NO; solution (100 ml of solution to 1 g of catalyst sample) for 4 hours at 293 K four times under vigorous
stirring. The ion exchanged catalyst sample was filtered, washed with distillate water, and dried. Catalyst was
activated (transferred into H* form) by calcination at temperature of 823 K (1K/min, and maintained at 823 K
for 6 hours). Thus, a sample with Si/Al ratio of 15 and with an average grain size of 1 um was obtained. For the
reaction in the gas phase, the catalyst powder was further tabletted (using 3% graphite), crushed and
granulated to final size of 1 mm.

The research of the hydration in the gas phase was performed in a laboratory through-flow reactor with a fixed
bed of the catalyst grains, at 120, 140 and 160 °C. A heated, tube integral reactor with controlled jacket
temperature was used. The inner diameter of the reactor was 1.5 cm and the length of the catalyst bed was
12 cm. The catalyst bed contained 5.6 g of the MCM-22 zeolite in a form of granules with the size of 0.8-
1.2 mm. Cyclopentene and water were injected on the top of the reactor in mole ratios of 1/1, 1/5, 1/15 and
1/30 (using independent pumps). A condenser was placed on the reactor outlet. After attaining a steady state,
the reaction mixture behind the condenser was collected into a solvent, namely isopropylalcohol, with which it
was simultaneously homogenized. The content of organic substances in the reaction mixture was determined
by the GC analysis. The assessment was performed by the method of inner normalization. By-products were
identified using GC/MS. The content of cyclopentadiene in cyclopentene used for the experiments was below
10 ppm.

Results

One of the aims was to find out how the reaction conditions (temperature, cyclopentene/water mole ratio,
catalyst load) affect the selectivity of the reaction and the degree of conversion of cyclopentene. The next task
was to follow the deactivation of the catalyst and to verify if it can be reactivated in situ. Hydration
experiments in the gaseous phase were performed under atmospheric pressure. During the hydration reaction,
the molar number decreases. Therefore, a higher pressure should be favorable for the equilibrium but there
was no pressure apparatus at our disposal. Nevertheless, even the results obtained under atmospheric
pressure can yield useful information about the extent of the catalyst deactivation and the effect of reaction
conditions on the course of the hydration.

Since it was found out that the catalyst deactivates only very slowly, the effect of the reaction conditions
(catalyst load, cyclopentene/water mole ratio, reaction temperature) was tested in a single continuous
experiment without the necessity of the catalyst reactivation. To verify the possibility to reactivate the catalyst,
the catalyst deactivation was accelerated by adding first 0.1 % and then 1 % cyclopentadiene to cyclopentene
being injected into the reactor. The catalyst reactivation was performed in situ: first by the nitrogen/air mixture
and then by air only at 480 °C for the time period of 10 hrs.

Effect of catalyst load

At 120 °C and the cyclopentene/water molar ratio of 1/5, hydration experiments were performed with the
catalyst loads of 0.54, 0.89 and 1.79 g....hr/gceen, and it was followed if, under the chosen conditions, the
equilibrium conversion of cyclopentene was achieved. Concentrations of cyclopentanol in the reaction mixture
in the reactor outlet were virtually the same for all the three loads. It follows that, in the range of the catalyst
load under study, the obtained values of the outlet cyclopentanol concentration can be considered as
equilibrious. Regrettably, the equilibrium conversion of cyclopentene is very low: below 1 %. This was
confirmed also by experiments performed in the same apparatus and the same reaction conditions with
another catalyst (ZSM-5).

Effect of the cyclopentene/water molar ratio

To assess the effect of the cyclopentene/water molar ratio on the course of the hydration of cyclopentene in
gaseous phase on the MCM-22 zeolite, experiments were performed with the cyclopentene/water molar ratios
of 1/1, 1/5, 1/15 and 1/30. Reaction temperature was 120 °C. Results are presented in Table II. A higher excess
of water in the feed has a favorable effect on the selectivity to cyclopentanol. With the change of the
cyclopentene/water mole ratio from 1/5 to 1/30, the concentration of the most significant by-products, i.e.,
1-cyclopentylcyclopentene and dicyclopentylether, decreased markedly. On the contrary, the equilibrium
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concentration of cyclopentanol increased from 0.36 to 0.53 %. When the hydration of cyclopentene in the
gaseous phase is to be done on the industrial scale, a high excess of water in the inlet to reactor cannot be
applied because its evaporation would consume a large amount of energy. This problem could be solved by
recycling cyclopentene and water in the gaseous phase. However, this is complicated by the formation of the
water-cyclopentanol azeotrope with a minimum of the boiling point (96.6 °C at atmospheric pressure).
Cyclopentanol (b.p. 140 °C) should be removed from the column base. If, instead of this, all cyclopentanol
together with recycled cyclopentene leaves from the column head to the reactor, its separation would be
hindered and, moreover, the equilibrium of the hydration reaction would be unfavorably affected.

Table Il.

The effect of the CPEN/water ratio on the composition of the hydration product in the gaseous phase
Molar ratio CPEN : H,0 1/1 1/5 1/15 1/30
Catalyst loading [get- hr /gcpen] 1.79 0.89 0.71 0.39
Qun(cpen) le/h]’ 10 5 4 2.2
Qun(wate) [8/0]° 2.6 6.6 16 18
Compound Composition [wt. %]b

Cyclopentene 99.30 99.17 99.41 99.36
cyclopentanol 0.19 0.36 0.48 0.53
1-cyclopentylcyclopentene 0.07 0.07 0.01 0.01
dicyclopentylether 0.30 0.30 0.04 0.04
others 0.15 0.11 0.05 0.07
Xcpen [Mol.%] 0.40 0.52 0.44 0.49
ScpoL [Mol.%] 38.50 55.25 86.56 85.63

Scror - Selectivity to CPOL defined on molar basis, T=120°C, 5.6 g of MCM-22, equilibrium conversion of CPEN
reached;
? feed rate into the reactor, ® related to the organic part

Effect of temperature

The hydration of cyclopentene is an exothermic reaction. Therefore, the value of the equilibrium constant
decreases with increasing temperature. The effect of temperature on the conversion of cyclopentene and the
selectivity to cyclopentanol was studied at 120, 140 and 160 °C. In all cases, the water/cyclopentene molar
ratio was 1/5. It is evident from Table lll that increasing temperature has a very unfavorable effect on the
selectivity to cyclopentanol. Upon increasing temperature from 120 to 160 °C, the equilibrium concentration of
cyclopentanol decreased from 0.36 to 0.08 %.

Table Il

Effect of temperature on the product composition

Reaction temperature [°C] 120 140 160
Compound Composition [wt. %]°
cyclopentene 99.17 98.94 98.18
cyclopentanol 0.36 0.18 0.08
1-cyclopentylcyclopentene 0.07 0.14 0.3
dicyclopentylether 0.3 0.52 1.02
others 0.11 0.22 0.43
Xcpen [Mol.%] 0.52 0.58 0.89
ScpoL [Mol.%] 55.25 24.77 7.35

Scror - Selectivity to CPOL defined on molar basis, molar ratio CPEN/H,0 — 1/5, 5.6 g of MCM-22,
equilibrium conversion of CPEN reached; ° related to the organic part

Deactivation of the catalyst
The extent of the deactivation of the MCM-22 catalyst was studied at the reaction temperature of 120 °C and
the cyclopentene/water molar ratio of 1/5. The value of the cyclopentanol concentration decreased with

3" International Conference on Chemical Technology | ICCT 2015

[63]



increasing time of the catalyst exposition only very slowly. After 60 hrs of continuing the experiment, during
which approx. 300 g of cyclopentene was processed, the concentration of cyclopentanol at the reactor outlet
dropped from 0.36 to 0.31 %. To check the possibility of the catalyst reactivation, the deactivation of the
catalyst was enhanced by injecting cyclopentene with cyclopentadiene added which is responsible for a rapid
deactivation of the zeolite catalysts. Shortly before dosing cyclopentene containing cyclopentadiene, the
concentration of cyclopentanol in the reaction mixture was 0.31 %. After 6 hrs of dosing cyclopentene with
0.1 % cyclopentadiene, the outlet concentration of cyclopentanol decreased to 0.26 %. In order to attain an
even higher decrease of the cyclopentanol concentration, the content of cyclopentadiene in injected
cyclopentene was increased to 1 %. After further 6 hrs, the reactivation of the catalyst was started. The catalyst
reactivation in situ can be performed by various methods. Low-temperature processes using hydrogen
peroxide or ozone as the oxidation agents represent one of the possibilities. In our case, the catalyst
reactivation was done by an oxidation of the carbon deposits by air at 480 °C. The heating in order to achieve
the required temperature lasted 4 hrs. During this process the flow rate of air was 20 mL/min and that of
nitrogen 10 mL/min. Upon attaining 480 °C, the catalyst was reactivated for the period of 10 hrs with
30 mL/min air flow rate. The experiment with reactivated catalyst was performed under identical conditions as
the preceding experiments. Reactivation of the catalyst restored fully its activity. The concentration of
cyclopentanol in the reaction mixture increased to 0.38 % (Table V).

Table IV.

Course of the catalyst deactivation and restoring its activity by air oxygen

Status of catalyst fresh )? After reactivation
Content of CPD in starting CPEN <10 ppm <10 ppm 1% <10 ppm
TOS [h] 6 64 76" 80°
Compound Composition [wt. %]°
cyclopentadiene <10 ppm <10 ppm 1.3 <10 ppm
cyclopentene 99.11 99.56 97.91 99.14
cyclopentanol 0.36 0.31 0.26 0.38
1-cyclopentylcyclopentene 0.08 0.007 0 0.06
dicyklopentylether 0.33 0.036 0 0.26
others 0.12 0.08 0.54 0.17
Xcpen [Mol.%] 0.54 0.31 - 0.55
ScpoL [Mol.%] 53.0 76.07 - 54.47

T=120°C, 5.6 g of MCM-22, molar ratio CPEN/H,O — 1/5; catalyst loading 0.89 g..:.-hr /G ceen

Reactivation in situ by air at 480°C (heating of 4hr to 480°C, flow rate 10 ml N, /min + 20 mL air /min, then 30
mL air/min for 10 hrs); © 300g of CPEN processed, b after 12 hrs feeding CPEN with CPD, © 4hr on stream after the
reactivation by air,

? related to the organic part

It is interesting that, with increasing period of the catalyst exposition, the concentration of the main by-
products in the reaction mixture, that is, 1-cyclopentylcyclopentene and dicyclopentylether, gradually
decreased. When cyclopentene with cyclopentadiene added was dosed into the reactor, during 12 hrs these
compounds disappeared completely from the reaction mixture. The reactivation of the catalyst resulted in
increasing the formation of 1-cyclopentylcyclopentene and dicyclopentylether to the original values. Gradual
drop and repeated rise of the concentration of the discussed substances is evident from Table IV. The reason
why the spacious molecules of by-products of the cyclopentene hydration disappeared is probably the
presence of carbon deposits which can diminish the catalyst pores and thus prevent the formation of these
compounds. Such a phenomenon is described in a paper11 by M. W. Kim et al. dealing with a selective
alkylation of 2-isopropylnaphthalene by isopropylalcohol on the MCM-22 zeolite. Also zeolites of the type Beta,
mordenite and Y were studied. Of all catalysts under study, the increase of the selectivity to
B,B-diisopropylnaphthalene with increasing time of catalyst exposition was observed only for the MCM-22
zeolite. Another possible explanation of this phenomenon is that the carbon deposits can block the acidic
Brgnsted centers of the catalyst located predominantly on its outer surface. These acidic centers are “shape
non-selective” and can be the cause of the formation of spacious molecules of the by-products. In a paper12 by
Z. Shanga et al., the number of acidic Brgnsted centers on the outer surface of the MCM-22 zeolite is
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intentionally reduced in order to increase the selectivity of the catalyst to isobutane during the isomerization of
n-but-1-ene. For this purpose, a method of chemical deposition of organic substances onto the catalyst surface
was used. The best results were gained for the deposition of tetraethoxysilane.

Conslusion

During the cyclopentene hydration in the liquid phase, zeolites are gradually deactivated. The catalytic activity
of MCM-22 cannot be restored to the original state by the reactivation of the catalyst, be it by air oxygen in a
calcination oven at 550 °C or by the wet oxidation using hydrogen peroxide. An alternative variant of a direct
cyclopentene hydration was therefore checked, namely the process running in the gas phase in a reactor with a
fix bed of the MCM-22 granulated catalyst. Under such conditions, the catalyst could periodically be
reactivated in situ. It was found out that also during the reaction in the gas phase the catalyst activity decreases
with the time of the catalyst exposition. Nevertheless, the activity can completely be restored by the catalyst
regeneration in situ using air oxygen at 480 °C. However, it was proved experimentally that the exceptional
selectivity of the MCM-22 catalyst to the cyclopentanol formation is characteristic only for the hydration in the
liquid phase; the reaction in the gas phase is non-selective. Moreover, it was found experimentally that the
equilibrium conversion of cyclopentene to cyclopentanol during hydration in the gas phase under atmospheric
pressure, at 120 °C and with the cyclopentene/water molar ratio of 1/5, is as low as 0.3 %. An increase of the
reaction pressure which would shift the equilibrium composition toward the product would be impossible in
this case due to the condensation of the reaction components in the catalyst bed. As we found out, the
condensation of the components in the catalyst bed leads to a perceptibly more rapid deactivation of the
catalyst. In order to eliminate the condensation, the effect of the increased pressure can be compensated for
by an increase of the reaction temperature but, in case of the direct cyclopentene hydration, it leads to a
dramatic drop of the reaction selectivity and to a repeated shift of the equilibrium to the reactants. It can be
concluded that the gas-phase arrangement of the direct hydration of cyclopentene to cyclopentanol is
unsuitable.
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Introduction

Steam-cracking is very important industrial process for large-scale olefins production. The most of ethylene,
substantial part of propylene, butenes and butadiene production is obtained by cracking hydrocarbons.
Aromatic compounds, such as benzene, toluene or naphthalene are also important products of steam-cracking.
Ethane, liquefied petroleum gas (LPG) or gasoline are commonly processed type of feedstock but the
importance of atmospheric gas oils and other refinery streams grows. Processing of heavy hydrocarbons
feedstock has certain disadvantages, firstly a significant fraction of products is formed by pyrolysis oil which is
not desired in such quantity for its limited consumption. The commonly known fact that coke-forming process
running on the reactor coil wall is much faster during heavy feedstock cracking which makes reactor operation
period significantly shorter is another significant disadvantagel.

Ethane gives the best results of cracking, providing high yield of ethylene, negligible yield of heavy pyrolysis
products and the coke-formation is very slow, which allows longer operational period. However, it is common
knowledge, that steam cracking of ethane is very energy-intensive. Optimal cracking conditions (high
temperature, minimal pressure-drop and specific spent time) are on the edge of industrial coils construction
limits and still the conversion of ethane approaches at most 65 %. Non-converted ethane is usually separated
and recycled to the cracker. Cracking of LPG meets similar troubles even not of such range. Explanation of this
fact is in the cracking reaction mechanism"”.

The hydrogen abstraction reactions are the rate-controlling step, which determines the total conversion
reached by the feedstock in non-equilibrium conditions. The rate of this reaction is determined by the
concentration of active radicals which are formed by initiation reaction and then renewed by the propagation
chain. Ethane is difficult to crack due to higher energy of its C-C bond (in comparison to heavy feedstock) which
causes low rate of initiation reaction. Corresponding concentration of active radicals in the reaction mixture is
therefore low and thus H-abstraction reaction rate is also low. So in the case of light feedstock, slow initiation
reaction is slowing down entire reaction chain. One of possible way to accelerate entire cracking under
constant reaction conditions is to support total radical’s activity in reaction mixture by presence of a better
radical source than original feedstock. This principle is well known. For example, LPG is often blended by
gasoline fraction to accelerate the cracking of LPG because the gasoline provides significantly higher level of
radical’s activity4’5. But we decided to explore another way. In the scale of ethane cracking, there is no
possibility for bending of hydroperoxides or similar initiator usually utilized for industrial processes. Direct
dosing of oxygen or air would transform the cracking process into “oxidative pyrolysis” which requires
significant modifications of entire production unit. Our preliminary research® indicates that alcohols are a good
type of candidate for this purpose. Moreover, possible ways of utilization of alcohols is in the center of interest
in the last decade.

However, there are only few mechanistic models of alcohols pyrolysis in the literature in contrast to wide
palette of hydrocarbons cracking models. To the best our knowledge, there is no study which presents a
mechanistic model describing the cracking behavior of mixtures, comprising hydrocarbons and alcohols.
Therefore as an initial step, we decided to compile available mechanistic models of cracking of pure
components. This study is aimed at developing the combined model to describe the behavior of
ethane/methanol mixture.

Modeling methodology
Kinetic model utilized for this study is a compilation of published models of ethane and methanol cracking.

Ethane cracking model

A comprehensive mechanistic model of ethane cracking published by Sun and Saeys3 was designed to describe
the behavior of ethane under industrial cracking conditions. The model involves all molecular species H, - C,
and all possible radicals up to Cs. C, radicals include but-3-en-1-yl, 1-butyl and 2-butyl radicals, 20 species in
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total and 150 chemical reactions forming 75 pairs of reversible reactions that can be grouped to following
classes:

e Initiation and corresponding termination reactions

e Hydrogen abstraction caused by an attack of radical to a molecule and the reversed one

e  [-scissions of single C-C and C-H bonds in radicals and reverse radical additions

e Reversible isomerization of C; and C, saturated radicals
Kinetic parameters of reactions considered to be in forward directions (exothermic direction) were originally
estimated by theoretical tools, such as CBS-QB3, W1U, etc. (for more details see the original paper). Kinetic
parameters of those reactions in reverse direction were determined using previously determined forward ones
and equilibrium constants of reversible reactions. Therefore kinetic parameters are thermodynamically
consistent in this model.
Simulations were compared to experimental results specifically for following reactions conditions:

e Three different reactors

e  Reactor inlet temperature 925-750 K

e Reactor outlet temperature 1110-1135 K

e Reactor inlet pressure 200-350 kPa

e Reactor outlet pressure 160-240 kPa

e Ethane reached conversion 51-61 %

Maximum deviation in predicted conversion of ethane was 1.5 % (relative error 3 %). Maximal deviations in
predicted mass fraction of ethylene 1.8 wt. % (rel. 4.3 %), methane 1 wt. % (rel. 30 %).

Methanol cracking model
A detailed model of methanol thermal decomposition, published by Norton and Dryer7 considerers 23 reaction
species and 66 elementary reactions including bond scission, radical recombination, hydrogen abstractions,
radical additions and more specific reactions always in a pair with its antagonist form. Kinetic parameters of
these reactions were also estimated using theoretical tools considering extended Arrhenius dependency of rate
parameters and its pressure dependence. Developed model was tested for agreement with experimental data
obtained on static, flow and shock tube reactor under conditions:

e Three different reactors

e  Reaction temperature 973-2000 K

e Reactor modes: isothermal and adiabatic

e Reaction pressure 35-100 kPa

e Residence time 140 ps-120 s

e Methanol reached conversion 60-99 %

Deviations in predicted reaction mixture composition are comparable with the ethane model.

Combined model

Reproduced model maintains the reactions rates being of the first order with respect to all reactants for each
given chemical reaction. Eventually, in the case of third body interfering, model respects original models
definitions. Rate coefficients are also considered in original form using the Arrhenius, respectively extended
Arrhenius, expression. High-pressure limits of the rate coefficients were considered and the dependency of
reaction coefficients on total pressure was neglected for its low significance in the range of reaction conditions
for which this study is interested in. Connection of both models is provided via small active radicals, due to the
interaction of both feedstock molecules (ethane and methanol) with these small radicals (H, O, OH, HO,, CH3,
CH,0, ethyl, vinyl, allyl). Moreover, these radicals are connected via mutual interactions, such as hydrogen
abstraction.

Reactor model

The aim of this theoretical pre-study is to evaluate the impact of alcohol (methanol) presence to conversion
reached by hydrocarbon (ethane) which is difficult to be cracked individually and to delimit reactions
conditions range for future experimental verification. For easy future experimental verification, we have
chosen to utilize the apparatus of pyrolysis gas chromatograph; therefore it is needed to define reactor in this
apparatus and its model. We have already established appropriate model of this equipment that was verified in
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recently published paperss’g. For model equation see ibid. Simplifying assumptions that can be applied in this
reactor are summarized below:

e  Steady state in time

e  Plug-flow of reaction mixture

e Isobaric mode

e Temperature profile typical for heating regulator settings (independent on all other conditions)

Results

The main subject of this study is to evaluate the influence of methanol initial concentration to the conversion
reached by ethane during cracking (co-pyrolysis) and specify appropriate area of reaction conditions for future
experimental investigation, therefore a figure 1 is offered.

0 0.25 0.5 0.75 1 790 810 830 850
wO(MeOH) T,°C

Figure 1. Predicted ethane conversion (blue) and methanol conversion (red). Left: Dependence of conversion
on the initial mass-fraction of methanol in the feedstock for temperatures: 820 °C (solid), 840 °C (dashed) and
800 °C (dotted). Right: Dependence of conversion on the temperature for mixtures: 20 wt. % (solid), 30 wt. %
(dashed), 10 wt. % (dotted) of methanol. Other conditions stays constant: reaction pressure 4 Bar, inlet volume
flow 100 Nml-min™. Modelled for the laboratory pyrolysis reactor PYR-4A (Shimadzu) 1.75x75 mm

Under selected reactions conditions pure ethane conversion is quite low (~ 20 %) on selected equipment as it
was already experimentally verified in contrast to pure methanol conversion which is significantly
higher(~ 80 %). Those conditions are selected purposefully because it is needed to investigate the mixture
behavior under the conditions, where the kinetics of both species is “alive” (the ethane cracking is just running
but the methanol cracking cannot finish along the reactor). Under these conditions, easily initiated methanol
provides radicals for self- and co- pyrolysis with ethane which is more difficult to be initiated. As initial
concentration of methanol in feedstock increases, conversion of ethane increases as well, as it could be
expected because methanol produces active radicals more easily than ethane. These radicals interfere with
ethane as well as methanol and shifts total conversion of ethane higher. Methanol conversion is lower in the
mixture with ethane in comparison to pure methanol cracking because active radicals are partially drained by
ethane and cannot be consumed by methanol. As the concentration of methanol in feedstock rises more, this
effect seems to be equalized because methanol conversion rises too (rising probability of interaction) and the
increase of ethane conversion is reduced as its concentration in feedstock is lower. And finally, when the
concentration of ethane in methanol is low, radicals draining is not so significant and methanol cracking rate is
less affected.

The next figure shows further investigation of the mixture behavior under varying reaction conditions. As it can
be expected, with growing inlet flow of the feedstock, the residence time falls down and therefore conversion
of ethane and methanol decreases. For shorter residence time (higher inlet flow), the conversion of ethane
seems to be more affected by the presence of methanol than for longer residence time. Increasing reaction
pressure causes small increasing of conversion because the concentration of reactions species grows which
also illustrates the fact, the conversion is directed by the kinetics and not by the thermodynamics because the
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on the thermodynamic limit, the conversion must generally fall down with increasing pressure in the case of
cracking reaction.

1T r 1

0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
wo(MeOH) wo(MeOH)

Figure 2. Predicted ethane conversion (blue) and methanol conversion (red) on the initial mass-fraction of
methanol in the mixture. Left: for settings of inlet feedstock flow 100 Nml-min™ (solid), 50 Nml-min™ (dashed)
and 200 Nml-min™ (dotted). Right: settings of reaction pressure 4 Bar (solid), 5 Bar (dashed) and 3 Bar (dotted).
Reaction temperature constantly 820 °C. Modelled for the laboratory pyrolysis reactor PYR-4A (Shimadzu)
1.75x75 mm

The next figure shows concentration profiles of selected radicals along the reactor length coordinate during
pure ethane cracking in comparison to a mixture (80 wt. % ethane, 20 wt. % methanol) cracking. As it can be
expected, level of active radicals is higher in the case of mixture cracking because methanol is more active than
ethane. Nor only radicals provided by methanol (such as CH,0OH, HCO, etc.) are increased, but hydrocarbon
radicals as well (such as ethyl, allyl or methyl radical). This is caused by the fact active radicals can abstract
hydrogen atom to transfer the radical center to each other, therefore the presence of radical source
(methanol) increases the total radical activity in the reaction mixture. This changes in the radical levels
influence the rate of hydrogen abstraction reactions which affects total conversion of both reactants.

x10° x 10

25

0.5

0.08 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Figure 3. Predicted profiles radicals mass-fractions along the reactor with pure ethane cracking (solid line) and
the cracking ethane containing 20 wt. % of methanol (dotted line) mixture under referential conditions (820 °C,
4 Bar, 100 Nml/min), Left: ethyl (green), allyl (magenta), methyl (blue), right: CH2OH (aqua), HCO (blue), vinyl
(red), butenyl (magenta), hydrogen (green)
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Conclusions

A mechanistic model of methanol-ethane mixture has been created by a compilation of individual compounds
cracking models. Using previously verified reactor model, a final model has been developed for this theoretical
pre-study.

The presence of methanol in the ethane affects the total conversion reached by the ethane significantly.
Conversion of ethane is increased with increasing initial concentration of methanol in the mixture under
constant cracking conditions. And in opposite, the conversion of methanol is lowered by increasing initial
ethane concentration in the mixture. This interfering effect seems to be depended on reaction conditions only
faintly. The effect is more significant for lower temperature and shorted residence time.

Analysis of concentration profiles indicates that presence of methanol causes increase of radicals concentration
along entire reactor under selected conditions.

Limits of reaction conditions area has been established in this study specifically for PYR-4A (Shimadzu)
laboratory pyrolysis reactor for future experimental investigation. Kinetic study should be initiated in the
temperature range 760-820 °C, under constant reaction pressure 4 bar and possibly with variable inlet gas flow
50-100 Nml/min. Appropriate range of methanol concentration for considered study could remain on
0-20 wt. % of methanol.
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Introduction

Carbon dioxide capture, transport and storage (CCS) is one of the tools that can help to continually lower CO,
emissions from large anthropogenic point sources. The whole CCS chain should be tailored to the conditions
and needs of a certain country and designed with regard to local specifics. In the Czech Republic, there is an
ongoing national research project no. TA02020205 supported by the Technology Agency of the Czech Republic.
One of the main goals of the project is the development of an experimental device for a long-term study of the
adsorption process and materials for CO, separation from flue gas in operational conditions of a power plant.
Experiments with model gas mixture and real flue gas have already been conducted, using the commercially
available activated carbon AP4-50 (Chemviron Carbon). Experiments with model gas mixture were focused on
testing different conditions of adsorption and setting the optimal conditions for subsequent experiments with
real flue gas.

Experimental settings and results: Model gas mixture

The model gas mixture was prepared by mixing pure CO, (calibration gas, class lll.) with laboratory air, mixing
volume ratio air:CO, varied approximately from 9:1 to 6:1 depending on required gas flow. Concentration of
CO, in the gas mixture varied from 10% to 14% v/v. The model gas mixture was free of SO, and NOx. Humidity
of the gas mixture was determined by water content in the air. The course of adsorption and desorption is
significantly affected by temperature and the following parameters which were changed during the
experiments: height of adsorption bed, gas flow in adsorption and desorption part of the rotational adsorber
and time of rotation. Settings of operational parameters are in Table I.

Table |
Operational parameters, model gas mixture
Exp. Bed Adsorbent Adsorption Temp. Temp. Air Air Cco, Time of
height weight per bed ADS DES flow flow flow rotation
[cm] 1 column volume [°C] [°C] ADS DES [I/min]  [s]
[ke] [m’] [m®/s] _[m’/s]
PEZ14/08 10,5 2 0.0033 50 120-150 10 60 21 120
PEZ15/08 10,5 2 0.0033 50 200 10 60 21 240
PEZ19/08 10,5 2 0.0033 50 200 10 60 21 120
PEZ22/08 22.92 3.75 0.0072 50 200 10 60 21 360
PEZ25/08 22.92 3.75 0.0072 50 200 10 60 21 180
PEZ26/08 22.92 3.75 0.0072 50 200 10 60 21 300
PEZ27/08 2292 3.75 0.0072 50 200 10 60 21 360
PEZ28/08 22.92 3.75 0.0072 50 200 10 60 21 480
PEZ29/08 22.92 3.75 0.0072 50 200 5 60 12 240
PEZ03/09 22.92 3.75 0.0072 50 200 5 60 12 360
PEZO5/09 22.92 3.75 0.0072 50 200 5 60 12 120
PEZ0O8/09 22.92 3.75 0.0072 50 200 5 10 12 240
PEZ12/09 2292 3.75 0.0072 50 200 10 10 21 120
PEZ16/09 2292 3.75 0.0072 50 200 10 10 21 240
PEZ17/09 2292 3.75 0.0072 50 200 10 30 21 120

Activated carbon was regenerated before each experiment at 150°C for 2 hours. At the beginning of each
measurement, the adsorber was tempered in the air regime for 2 hours to ensure stable operational
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conditions. Amount of adsorbed CO, and CO, capture effectiveness was evaluated on the basis of obtained
data. The results are in Table II.

Table Il
Results — adsorption capacity and CO, capture effectiveness, model gas mixture
Exp. Adsorbed  Adsorbed  Adsorption Adsorption  Capture Capture Average
CO, MAX CO, MIN capacity capacity effectiveness  effectiveness  CO,
[g] [g] MAX MIN MAX MIN conc.
[% w/w] [% w/w] [%] [%] [% v/v]
PEZ14/08 33.457 26.313 0.558 0.439 57.39 -10.71 11.9
PEZ15/08 60.387 45.239 1.006 0.754 66.07 4.94 10.4
PEZ19/08 29.471 24.188 0.491 0.207 58.49 0.00 10.8
PEZ22/08 136.857 99.693 1.215 0.885 75.23 25.00 10.6
PEZ25/08 9.243 4.217 0.082 0.037 67.68 35.48 10.4
PEZ26/08 111.755 82.108 0.993 0.729 68.14 33.66 11
PEZ27/08 131.778 104.529 1.170 0.928 69.37 29.21 10.7
PEZ28/08 189.061 150.332 1.679 1.335 76.58 34.07 10.6
PEZ29/08 43.571 33.255 0.387 0.295 66.07 30.38 10.6
PEZ03/09 81.721 60.901 0.726 0.541 98.08 35.90 10.4
PEZO5/09 34.522 21.880 0.307 0.194 97.20 59.68 9.6
PEZ08/09 43.571 33.255 0.387 0.295 66.0 30.38 10.6
PEZ12/09 63.970 46.638 0.568 0.414 84.13 57.89 11.4
PEZ16/09 110.396 97.989 0.980 0.870 75.41 44.95 11.7
PEZ17/09 42.912 32.987 0.381 0.293 69.39 29.59 10.3

The best capture effectiveness was found in case of PEZ12/09, considering the gas flow of 10 m3/h in the
adsorption part. The course of effectiveness of CO, capture is in Figure 1, adsorbed amount of CO, in each step
(120 s of rotation) is in Figure 2.

CO,capture effectiveness, time of rotation:120 s

120
100
80
60

40

CO, capture effectiveness (%)

20
0
0 720 1440 2160 2880 3600 4320 5040 5760 6480 7200 7920 8640 9360 10080 10800 11520 12240 12960 13680 14400 15120 15840

Time (s)

Figure 1. CO, capture effectiveness, experiment no. PEZ12/09

3" International Conference on Chemical Technology | ICCT 2015

[72]



Amount of adsorbed CO, per 120 s (g)

0,000 2,352 4,702 7,057 9,404

Adsorbed amount of CO,, time of rotation: 120 s

Gas volume (m?)

Figure 2. Adsorbed amount of CO,, experiment no. PEZ12/09

Experimental settings and results: Real flue gas
The following experiments with real flue gas were set according to the optimal operational conditions given by
the results from model gas mixture experiments. Operational parameters were: bed height: 22.92 cm;
adsorbent weight per 1 column: 3.75 kg; adsorption bed volume: 0.0072 m>; adsorption temp.: 50°C;
desorption temp.: 200°C; flue gas flow: 10 m3/s; air flow-desorption: 30 m3/s; time of rotation: 120 s. The
results are in Table III.

11,756 14,105 16,470 18,833 21,198 23,564 25921 28,281 30,644 32,989 35,334 37,671 40,021 42,371 44,706 47,056 49,391 51,734

Table Il
Results — adsorption capacity and CO, capture effectiveness, real flue gas
Exp. Adsorbed  Adsorbed  Adsorption Adsorption  Capture Capture Average
CO, MAX CO, MIN capacity capacity effectiveness  effectiveness  CO,
[g] [g] MAX MIN MAX MIN conc.
[% w/w] [% w/w] [%] [%] [% v/v]
PEZ23/10 57.321 13.266 0.509 0.118 100 45.24 8.05
PEZ29/10 44.801 8.873 0.398 0.018 100 65.52 5.45
PEZ30/10 34.283 2.850 0.304 0.025 100 79.17 4.97
PEZ31/10 52.119 3.201 0.463 0.004 100 46.25 6.98

During the experiments with real flue gas the concentration of CO, and other compounds in inlet flue gas
varied in time. It was caused by conditions at a pilot desulphurization unit where flue gas from power plant
were pre-treated before entering the adsorber. In case of experiment no. PEZ23/10, the conditions of inlet gas
were the most similar to this from power plant after desulphurization. The course of effectiveness of CO,
capture is in Figure 3, adsorbed amount of CO, in each step (120 s of rotation) is in Figure 4.
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Figure 3. CO, capture effectiveness, experiment no. PEZ23/10
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Adsorbed amount of CO,, time of rotation: 120 s
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Figure 4. Adsorbed amount of CO,, experiment no. PEZ23/10

Conclusion

Adsorption of CO, from model gas mixture and real flue gas after desulphurization using activated carbon was
tested. Rotational adsorber with a system of relevant measurements (temperature, pressure, gas flow, gas
concentration) was designed for this purpose. CO, capture effectiveness and adsorbed amount of CO, during
the experiments was evaluated. In case of model gas mixture, the best operational parameters were set in case
of experiment no. PEZ12/09. These parameters were used for the experiments with real flue gas. From the
Figure 3 (experiment no. PEZ23/10), it is obvious that the minimum of the CO, capture effectiveness was lower
compared to the experiment no. PEZ12/09.

These experiments will be further extended by analyses of adsorption of other compounds in flue gas and the
main results will be published in the final report of the project TA02020205.
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Introduction

The New Refinery Kralupy (NRK) has been commissioned stepwise within the years 1974 — 1975. In this time, it
was the biggest investment project in the chemical industry of the Czech Republic (CR). The project has been
noted for certain break-through solutions, which anticipated features of the next chemical investments in CR.
In 2001, NRK has been expanded by a new modern FCC complex and has become to produce modern clean
motor fuels, including also biocomponents.

On the occasion of 40" anniversary of NRK commissioning, the paper introduces the most interesting solutions
of the original NRK project and the consequent important development milestones of the refinery, until now.

The project and commissioning of the new refinery Kralupy n.VIt.

The history of NRK is in details described in the book “The Century of Petrol”’. Thirty years development of NRK

summarizes presentation prepared for APROCHEM 2005 conference’. Material facts dealing with development

of NRK after privatization in 1995 comprises paper in the journal “Paliva”’.

Decision to construct a new, fully modern crude oil refinery, constituted a response to the next past challenges:

e  Ambition to complete in CR the transition phase from coal to crude oil as a key raw material source for
production of fuels and petrochemical products.

e Since 1962, availability in CR of crude oil from pipeline Druzhba, without any hindrance.

e Existence at this time in the CR only technologically obsolete and small refineries, as concerns capacity.

e The rapid development of motorization and the related increase in motor fuels consumption.

e To feed growing production of poly-olefins, polystyrene, PVC, synthetic rubber and other petrochemical
products.

e A relatively high share of fuel oils on energy portfolio in CR. Infrastructure for natural gas supplies has only
begun to develop in this time.

The decision to build a new refinery just in Kralupy n.VIt. was enforced by possible synergies with the activities,

infrastructure and human resources here already operated state enterprise “Kaucuk”. For the construction,

there was also available the necessary grass — route plot.

At the time of construction, NRK represented the biggest and really break - through chemical project in the

post-war country. Challenges mentioned above were transformed into a bright concept of a new refinery and

this concept was implemented at the right time, on the right place and with the significant features as follows:

e Based on the visits of the newest oil refineries and consultation with renowned multinational engineering
company Foster Wheeler, the modern concept and the best available technologies have been
implemented.

e Deeply integrated facility (as mono-block) with only one Crude oil distillation unit (CDU) capacity of 3
million t/a was big at that time.

e To supply crude oil, Druzhba pipeline located since 1965 near Kralupy n.VIt and delivering crude oil to
Litvinov, has been used. NRK was therefore designed to process the West Siberian oil.

e  Four modern oil floating roof storage tanks, capacity of each 30 thousand m3, have represented the largest
facility of this type in CR at all.

e The hydroskimming technology scheme has been implemented, i.e. hydrotreating of the entire gasoline
pool and all middle distillates. Therefore, NRK has produced Mogas with 1 mgkg-1 S 20 years ahead a EU
Clean Fuels policy. Due to relatively high consumption and mild quality of fuel oils in CR at this time, it was
not necessary to consider neither a Vacuum distillation unit nor conversion of petroleum residues, as part
of NRK. However, in the long view it was considered to add a lubes factory and in the late 80s also a new
Hydrocracker.

e The central NRK unit featured a Semi-regenerative catalytic reforming (SRR), with a capacity of 300 kt/a,
producing high-octane reformate as a component of Mogas and hydrogen for all hydrotreating units. The
SRR’s peculiarities represented a preheater, consisting of three chambers equipped in the radiant section
with vertical U-tubes. Further, single-way heat exchangers equipped with a bellow compensator of the
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tube bundle thermal expansion and, in particular, the first application of a bimetallic Pt - Re catalyst (CK
433, Ketjen) in Europe, which in comparison to the previously used Pt catalysts was characterized by a high
stability, excellent selectivity, and good activity. Important part of the SRR was also solution how to star-up
the unit — a battery of four horizontal pressure vessels (20 MPa each), to store electrolytic hydrogen.

e Facilities to dose modern technological and product additives were installed.

o Despite the existing embargo on import from US, NRK managed to buy a new IBM 1800 computer, which
than processed all important technological data, controlled technological processes, inclusive of control
loops (pre APC phase) and the modern "in-line" blender of motor fuels. A relatively high number of
automatic analyzers have been employed to monitor and control the processes. With the computer, it was
possible to solve variety of chemical - engineering problems. A linear programming package was also
available.

e  Four operators controlled NRK from a Central control room.

e Integral and important part of NRK constituted the automated Road and rail — tank loading facilities, the
liquid products tank-farm, including also LPG, and modern chemical laboratory.

For technological scheme of NRK in 1975, see fig. 1, not-interrupted black line boxes only. At that time, NRK

design was very modern also in terms of environmental protection:

e All production facilities were placed on a relatively small construction area of 200 times 200 m. This was
achieved putting individual facilities into multi — store steel structure platforms.

e To be hydrocarbon-proof, technology units” background areas and tank-farm backyards were concreted
and treated using special impermeable and resistant to hydrocarbons coatings and sealants.

e All technology units were deeply thermally integrated, i.e. exchanged mutually the heat and were feeded
by hot streams without intermediate cooling or storing.

e All hydrogen sulfide in gases from crude oil distillation and hydrotreating units was absorbed in DEA
scrubbers and then converted in a Claus unit to liquid sulfur.

e Radiation - convection heaters were equipped with analyzers of oxygen in the flue gas, to minimize excess
of air. Moreover, some of them were equipped with a steam generator. The thermal efficiency of these
devices was > 85%.

e The central technological fuel represented desulfurized refinery gas (mixture of hydrogen, methane, and
ethane), and light fuel oil.

e  With the aim to disperse emissions over the larger area, flue gases from all technology heaters were led via
two horizontal flue gas ductings, provided with inner lining, to a central 160-meter high chimney.

e To cool the reaction products, primarily modern air coolers were used on the place of water coolers.
Performance of air coolers could be partially regulated turning blades.

e For water cooling was, instead using one — through river water, built up a closed circuit, which part was a
concrete hyperbolic cooling tower. This concept facilitated to monitor any leak of coolers as well as to
control the quality of cooling water.

e |t was built sewer system splitting the different types of water.

e All water contaminated with hydrocarbons was drained into a new Wastewater treatment plant, equipped
with a biological stage. Sludge from the wastewater was centrifuged, dried and used as fuel.

e In case of accidental leak of hydrocarbons into groundwater, there was a system of wells with continuous
water draining, creating a hydraulic trap.

Chemoprojekt Brno prepared NRK project documentation, in cooperation with Kralovopolska machinery Brno

(KS), lJiskoot and Premaberg companies. Majority of construction and electrical works were carried out by

Czech companies. The larger part of the apparatus, equipment, and instruments was made in the Czech

engineering companies - KS Brno, Skoda Pilsen, and ZPA Prague. Some special compressors, pumps, automatic

analyzers, and computers were imported.

To manage construction works and commissioning of units, critical path method (CPM) was used.

NRK units were put into operation stepwise. CDU was started - up in Nov. 1974, but after a few weeks was

shut-down due to leaking bearing surfaces of heat exchangers. Some of them had to be replaced finally. In the

summer 1975, SRR was put into operation. However, Pt - Re catalyst has coked rapidly and had to be
regenerated soon. Second start - up of SRR was already without problems. Other issues associated with NRK
start - up were:

e Corrosion of steel air coolers on CDU (were later replaced by brass ones), kerosene and gas oil
hydrotreaters.

e Such rapid increase of pressure drop in the hydrotreating reactors that was necessary after several months
of operation to shut — down the unit and to replace the top layer of the catalyst. A procedure has been
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developed to replace the top layer of the catalyst in nitrogen atmosphere and upper catalyst layer design
was significantly improved.

Vibrations and frequent trips of SRR turbo-compressor.

Vibrations caused by reciprocating compressors with horizontally moving pistons, circulating hydrogen at
hydrotreating units.

Because CR at that time was a big exporter of refinery equipment, specialists of Chemoprojekt and VUCHZ Brno
verified design parameters on all technology units put into operation, to improve design methods of chemical
equipment for the next similar projects. In parallel, this procedure has also provided number of valuable
information for the next operation of the units. Therefore, it was very beneficial for all parties.

Development of the new refinery Kralupy n.VIt within time period 1975 - 2014
Within 40 years period of operation, NRK had to face very fundamental changes of business environment,
which have principally influenced its development, especially after 1989 year. These were:

Significant changes in the economic (taxes and depreciation) and environmental (REACH, BAT, and BREF)
legislation and in the rules how to operate chemical enterprises.

Liberalization of petroleum market, which opened fully the CR to foreign competitors.

Fluctuating refinery margin, increasing generally economic risks of refinery business and specifically,
complicating justification and approval of new investments by shareholders. However, the refiners not
investing in the conversion technologies lost quickly competitiveness.

Since 2008, based on the emerging economic crisis, legitimated requirements of refinery shareholders on
significant reduction of variable and fixed costs.

Changes in ownership of refineries - the major oil companies stepwise left this business, focusing on up —
stream activities.

Tightening of quality standards of refinery products in the key technology parameters, such as the ban on
the use of Pb additives into Mogas, reduction of sulfur and aromatics content in motor fuels etc.
Significantly changing market of petroleum products, at first increasing motor fuels consumption generally,
then, after 2005, declining Mogas demand and stagnant consumption of Diesel, shift to consumption of
high octane Mogas, significant drop in deliveries of fuel oils because of natural gas, growing demand for
LPG, etc.

Launching and growth of bio-components blending into motor fuels (bioethanol and FAME) and the quick
entrance of alternative motor fuels (especially CNG, LPG, and recently electricity), which compete with
petroleum hydrocarbons more and more.

Growth in prices of electricity, catalysts, additives, chemicals and other utilities, which are indispensable
for the operation of refineries.

Additionally to the construction and commissioning of NRK, important milestones for the NRK operation were

The cessation of activities of the Czech chemical concern Chemopetrol in 1990 (inter alia owner of
refineries).

The privatization of the Czech refining industry in Apr. 1995

The transformation Czech refining Co (CRC) to processing refinery in Aug. 2003,

Currently changes in ownership structure of CRC.

Crucial mandatory requirements to NRK over the discussed period summarizes exhibit 1.

Table I: Central mandatory requirements on NRK activities

Mandate Valid Mandate Valid
from from
Max. 3500 mgkg‘1 S in Diesel 1983 Max. 1% hm. S in fuel oils 2001
Max. 1500 mgkg™ S in Diesel 1987 Max. 50 mgkg ' S in Mogas and Diesel 2005
Max. 500 mgkg‘1 S in Mogas and Diesel 1995 Max. 35% vol. of aromatics in Mogas 2005
Quality audit of motor fuels performed by 1996 Max. 10 mgkg'1 S in Mogas and Diesel 2009
an independent authority
Mandate to produce motor fuels in line 1998 FAME into Diesel min. 2.5% vol. 2007-09
with valid Czech Norms only min. 4.5% vol. 2009-01
min. 6.0% vol. 2010-06
CAPPO ecologic initiative (Mogas max. 1998 Bioethanol into Mogas, min. 2.0% vol. 2008-01
300 mgkg‘1 S, max. 3 % vol. benzene; min.3.5% vol. 2009-01
Diesel max. 400 mgkg'1 S and max. 11 % min 4.1% vol. 2010-06
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wt. of poly-aromatics)

Mandatory recuperation of hydrocarbons’ 1999 REACH 2008

vapors

Max. 150 mgkg"1 S in Mogas 2000 Max. 8% wt. poly-aromatics in Diesel 2011

Phase — out of Pb additives from Mogas 2001 CO, emissions reduction from motor fuels 2014
min. 2 %

Max. 1% vol. of benzene in Mogas 2001

Table II: New, revamped and modernized units

Unit Commissioned
New MTBE unit (Huls) [Complex project 2] 1981
Air preheating for NRK heaters [8] 1987
Replacing of the control computer IBM 1800 for HONEYWELL 2000 [7] 1989
New Font reactor RO on SRR [7] 1988
New n - pentane / i - pentane splitter [7] 1990
Connection to Ingolstadt — Kralupy pipeline (IKL) [3] 1996
New Recuperation unit [1] 1997
New Isomerization unit (UOP, PENEX) [2] 1997
New Re-distillation of reformate [2] 1997
Additivation of Mogas RON 91 with additive protecting valve seats [2] 2000
New Vacuum distillation unit, as integral part of the FCC complex [3] 2001
New Semi-residual fluid catalytic cracking — FCC (UOP) [3] 2001
Revamp of MTBE [1, 7] 2001
New SULFREEN unit [9] 2001
New second stage De-salter [7] 2001
New Central control room and new control system FOXBORO [7, 11] 2001
Refurbishment and revamp of Gas oil hydrotreater [4] 2001
Refurbishment of Naphtha hydrotreater [4] 2001
New 3-cut-splitter of FCC gasoline [4] 2004
New facility to unload, store, and blend bio-ethanol to Mogas and FAME to Diesel [5] 2006
New Selective FCC heard-cut desulfurization unit (Axens, PRIME G+) — PETROL award 2008 2007
(4]

The first phase of FCC complex revamp — increase of propylene production. PETROL award 2009
20009 [6]

Slurry oil filtration [7] 2011

Majority of the investments were part of certain complex projects, which were often related not only to NRK as

such, but the whole CRC. The important projects and investments can be commented as follows:

1) "Minimization of hydrocarbon emissions (1995 — 2000)": It included the installation of secondary seals of
floating roof tanks, a new Recovery unit of hydrocarbon vapors from the road- and rail-tank loading and
fixed roof storage tanks.

2) "Reduction of Pb content in Mogas and phase - out of leaded Mogas (1995 — 2000)": It was managed
through the "National program of phase - out of leaded Mogas in the CR". The central part of the Pb phase
- out represented MTBE unit, built in 1981, primarily to convert i-butene from the pyrolysis C, fraction to
Mogas. It was the second MTBE unit in Europe. Moreover, MTBE unit was revamped in 2001. To balance
the loss of octanes related to Pb additives, components from the new Isomerization unit (PENEX), the new
FCC complex, and the new Re-distillation of reformate were also used. For a certain transitional period was
Mogas 91 “Special” treated with additives protecting valve seats. Mothballing of assets for Mogas
additivation with Pb additives represented a demanding, environmentally sensitive and therefore costly
activity.

3) "Deep crude oil conversion (1996 — 2001)": Implementation of this complex project was driven by
strategic requirements of the new shareholders, after privatization in Apr. 1995 and was focused on the
whole CRC, not only NRK. The major investment in Kralupy n.VIt. represented construction of a new semi-
residual FCC complex, see fig. 1, feeded with a mixture of atmospheric residue and vacuum gas oil. The
new FCC complex consists of several technology units and includes, inter alia, a new Vacuum distillation
unit and production of propylene. So, the original hydroskimming scheme of NRK was transformed into a
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conversion one. Prerequisite of this solution was the change in the quality of processed crude oil - from
Druzhba pipeline REB (high S content) to crude oil with low S content. This was possible based on the NRK
tie-in to the pipeline system IKL/TAL since 1996. The project also included a new Sulfreen unit,
refurbishment of the original NRK units and optimized management of storage tanks. As concerns scope of
the project, CAPEX and impacts, these were comparable to the original NRK project. New components of
FCC complex affected formulation and balance of all refinery products. Moreover, propylene of polymer
grade was added to the refinery products portfolio.
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4) "Clean Fuels (2002 — 2007)": The project aimed to meet the EU mandate regarding S content in motor
fuels gradually, to max. 50 (since 2005), and 10 mgkg " (since 2009). In Kralupy were included:

e  Construction of a new 3-Cut Splitter of FCC gasoline (3CS).

e Reconstruction of the existing gasoline hydrotreating unit (NHT) - the new "quench" in the reactor and
hydrogen gas booster compressor have been added, to have the possibility to hydrotreat the heart-cut
from 3CS and so to achieve max. 50 mgkg"1 S in Mogas.

e A new Selective hydrogenation of the heart-cut from the 3CS (Axens, PRIME G +) and relocation of
existing units - MEROX of light FCC gasoline and hydrogenation of heavy FCC gasoline (UNIONFINER,
UOP) downstream of 3CS, to achieve max. 10 mgkg'1 S in Mogas.

e Modernization and intensification of Gas oil hydrotreating unit (GO HDS), where in order to increase
the desulfurization were added a large second reactor in series with already existing one (to reduced
space velocity) and a new Membrane unit (to increase Py,). This has enabled not only to achieve 10
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5)

6)

7)

8)

9)

10)

11)

mgkg'1 S in the product, but also to continue to process light cycle oil (LCO) from FCC complex as a
Diesel component.

“Addition of biocomponents in motor fuels (2004 — 2007)”: In NRK were built new unloading and storage

capacities for bioethanol and FAME, and modified Blenders of Mogas and Diesel. Capacity anticipated

future concentration of bio-components in motor fuels of 10% vol., what looks as the right vision now.

“FCC Petrochemization (2007 — 2009)”: It aimed exploiting full design capacity of FCC complex and

significant increase of propylene production. The 1% phase of the project, i.e. removal of bottlenecks in the

gas separation section, was already implemented. For the 2" phase of the project was envisaged to
increase the production of propylene dosing ZSM5 additive, to construct a new parallel Propylene column,

a new Metathesis unit, and new Alkylation unit. These options are under scrutiny now.

“Development and modernization of existing technological units (implemented continuously)”: It

included:

e Installation of a new front reactor at the SRR in 1988, to solve the uneven heat loading of individual
sections of the reforming heater, and consequent revamp of this unit. From the technology point of
view, it was the worldwide unique solution, verified exploiting a proper SRR’s kinetic model.

e Regular modernization of the control system and the Central control room, as per exhibit 2.

e  Optimization of refinery operations - since 1996 was systematically developed an optimization model
based on the Aspen Tech., Inc., PIMS software

e Improved management of hydrocarbon streams — the project implemented within years 2007 — 2008,
in the tight collaboration with UOP.

e  Phase — out Mogas RON 91, leaded and unleaded as well.

e Reduction of benzene content in Mogas, exploiting components from Re-distillation of reformate and
Isomerization.

e  ETBE production on original MTBE unit commissioned in 1981.

e  Optimization of components for Diesel production — integration of FCC hydrocarbons.

e New Slurry oil filtration, as part of the FCC complex, to reduce mechanical impurities in fuel oil.

e  Substantial changes in management of NRK tank farm.

“Energy savings”: Achieved based on continuous evaluation of NRK energy performance, in collaboration

and applying methodologies of Solomon, Inc., Shell Global Solutions, Inc. (SGSI), KBC and Linhoff’s PINCH.

Consumption of energies was included into PIMS model. As concerns concrete facilities, these where

mainly:

e Preheating of air for refinery heaters.

More effective control of electric motor of SRR turbo-compressor (a 2.4 MW device).

e Stepwise efficiency increase of FCC steam boiler.

“Reduction of Green-house gases”: As important NRK activities have to be mentioned in particular a new

Sulfreen unit, processing off-gas from the Claus unit, which has increased the efficiency of H,S conversion

to 98.5% and modernization of burners in refinery heaters to a low-NO, type.

“Improved management of catalysts, additives, and chemicals”: These consumptions and scope grew —

up significantly in line with the implementation of FCC complex and "Clean Fuels" project. For example,

reactors in GO HDS unit are containing four times higher catalyst volume now, in comparison to the
situation before 2001. Nowadays, additives constitute an important part of modern refinery products and
are exploited as an important tool for marketing differentiation of individual distributors.

Increase of safety and reliability of facilities: First of all, it included the construction of a new Central
control room in 2001 resistant to any eventual fire or explosion, automation of start-up and shut-down of
the central NRK facilities, new cameras, monitoring equipment, installation of automatic gas leakage
detectors, modern tools of communication, risk assessment applying so called "Risk Assessment Matrix
(RAM)" etc.

Conclusions

The New Refinery Kralupy n.VIt. (NRK) project, put into operation stepwise within the years 1974 - 1975, has
significantly changed the capacity and scope of technologies of crude oil processing in the Czech Republic. It
has substantially influenced and surpassed the standards of investments in the Czech chemical industry. During
the next forty years of operation, NRK has undergone significant organizational and ownership changes and
essential technological development as well. NRK owners managed always to respond properly to all business
challenges and petroleum products market demands and so to maintain the role of refinery as an important
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supplier of motor fuels in the Central Europe. Several major development projects, great even on a national
scale, have been invented, prepared and implemented. Based on these projects, NRK has managed processing
of diverse crude oils to design, introduced clean motor fuels, implemented biocomponents, significantly
increased the output of Mogas, mastered the production of polymer grade propylene, and substantially
reduced production of fuel oil. This was because the long-term interests of the owners to operate the refinery,
strategic thinking of managers, and systematic effort and activities of the operators of NRK. To successful
operation of the refinery has also contributed a number of engineering, service, and consulting organizations.
Forty years history of NRK can be characterized as extremely successful and inspiring for the future activities
of the chemical industry in the Czech Republic and for the new generation of chemists as well.
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Worldwide we are confronted with the problem of waste streams and thus with the development of new
technologies, such as SCWG (super critical water gasification) to deal with them. The main principle of this
process is thermochemical conversion, where the organic substances are converted into gaseous products in
water under high pressures and temperatures. This conversion represents a potential application for the
technology on degradation of liquid organic wastes to produce energeticaly usable gases (methane, hydrogen,
CO, higher hydrocarbons) along with the treatment of waste water™.

Supercritical water (SCW) under supercritical conditions, that means at temperature above critical temperature
(374°C) and at pressure above critical pressure (22,1MPa). Under these conditions dramatic changes in water
properties can be observed, which is no longer a mixture of ions, but clusters of water molecules. For example
the dielectric constant with increasing temperature decreases significantly to as low as 5, as shown in Fig. 1.
Under normal conditions the dielectric constant of water is 80.Thus SCW behaves as a non-polar solvent.
Therefore SCW dissolves organic substances and the solubility of inorganic substances decreases. Additionally
important characteristics are low density, viscosity and surface tension that positively affect dissolution of
organic compounds, macromolecular structures and the course of gasification reactions’.
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Figure 1. Changes in the properties of water in the transition to the supercritical conditions.

It is fundamental to SCWG process to bring the input of organic materials into the supercritical reactor in an
aqueous suspension. Water acts during the conversion as solvent, reagent and gasifying medium at the same
time. Processing liquid organic materials, preferably waste, is a major advantage of hydrothermal gasification
over conventional methods which often require a dry substrate’.

SCWG proceeds either at lower temperatures (around 500 0C) or at higher (above 600 0C) differently,
according to literature. At the lower temperatures occurs a higher production of tars. Thus is crutial to use
catalyst to prevent formation of tars, chars and other undesirable products. Due to carbon monoxide and
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carbon dioxide hydrogenation is the yielded gas rich on methane. Higher temperature prevents the formation
of tar and the yielded gas is rich on hydrogen due to water-gas shift reaction’.

In this work this process was examined in a laboratory unit using a horizontal continuous flow reactor. The
scheme of the laboratory unit is shown in Fig.2. The reactor worked under the following conditions: pressure
settings at 25MPa, temperatures in the reactor was in the range off 500 - 650 0C, residence time in SCW 57-226
s, concentration of substrate 5-10 % wt. On this apparatus were performed a series of experiments with two
different model compounds: glucose and glycerol. The experiments were carried out under various working
conditions. The influence of temperature range, residence time of the substrate in the reactor and catalyst
(K,CO3 concentration range 0,5-4%wt.) were tested. The results of this work will be discussed and compared
with literature.

ce ?
Air cooler Furnace 3 Fumnace 2 Furnace 1 Valve
- 300 mm 410 mm 440 mm
| ] | ] ) X
(. [ —— Il ] | 1
) To TS T3 T4 2 K
Back-pressure T2 a Pumps
regulator Drain valve

Figure 2. Schema of laboratory apparatus.

All published experiments were also performed on a continuous flow reactor. A comparison of output values
from this work and literature on SCWG experiment with glucose was carried out. Experimental conditions are
depicted in Tab. I. Compared were CE (carbon efficiency) values, which is ration between the amount of carbon
in the input organic substrate and the amount of carbon in output gas. Further composition of emerging gas,
especially content of hydrogen, methane and carbon dioxide were compared. From the results is can be seen
that CE has higher values in the published experiments, even though their experimental conditions were similar
to the ones applied in this work and residence time was only half the time . Furthermore even at higher
temperature was not possible to achieve high hydrogen yield in the product. It was observed that neither at
low temperature was not achieved high methane yield in the product. These results contradict literature
statements as be seen in the published experiments.

The influence of the catalyst has been tested also on glucose, since this model compound showed the highest
production of tars, even at higher temperatures. Without adding a catalyst liquid product was dark brown and
opaque. As catalyst amount was increased colouring disappeared, so the tars formation was prevented and
gasification efficiency increased. However higher catalyst concentration is not appropriate, since efficiency of
the process at concentrations above 2 % wt. of K,CO;is no longer significantly increased. Inorganic catalyst can
also, due to poor solubility in supercritical water, cause plugging of the reactor.

Table |
Comparison of experimental results with studies from the gasification of glucose.
Glucose
Laboratory exp. Laboratory exp. Published exp4. Published exp4.
Output [25MPa, 600-680°C,  [25MPa, 480-550 °C, [25MPa, 600 °C, [25MPa, 750 °C,
values 5%wt. glucose, 5%wt. glucose, 3,6%wt. glucose, 1,8%wt. glucose,
residence time in SCW residence time in SCW residence time in SCW  residence time in
57 s] 57 s] 305s] SCW 2,6-26,3 s]
CE [%wt.] 56.9 40.2 80 81
H, [%wt.] 19.3 17.2 68 52.5
CH, [%wt.] 12.7 13.6 2.1 -
CO, [%wt.] 24.7 25.3 24.8 -

In Tab Il. is compared output values from our research and literature of SCWG experiment with glycerol, which
differ even more than in comparation with glucose. Published experiments were also performed on continuous
flow reactor. As you can see published experiment reaches almost same value of carbon efficiency as ours, but
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in considerably less residence time. Also production of hydrogen is more than 10%wt. higher against obtained
values from our laboratory apparatus, despite lower temperatures in reactor.

Table Il
Comparison of experimental results with studies from the gasification of glycerol.
Glycerol
Laboratory exp. Laboratory exp. Published exps.
Outputvalues  [25MPa, 580 °C, 10%wt. [25MPa, 580 °C, 10%wt. [25MPa, 567°C, 10%wt.
glycerol, residence time in glycerol, 1%wt. K,CO3, glycerol, residence time in
SCW 226 s] residence time in SCW 226 s] SCW 4,2-7,3 5]
CE [%wt.] 86.4 89.2 80
H, [%wt.] 43.2 45.9 58
CH, [%wt.] 12.1 12.9 6
CO, [%wt.] 34.8 35.1 18

In conclusion SCWG is a technology with high potentials for the treatment of liquid organic waste materials. Its
main advantage are energy recoverable gaseous products. The Main parameters — temperature, residence
time, catalysts that influence the process, were examine and compared with literature. Increasing temperature,
and catalyst addition have positive effects on conversion of organic substrate and prevents char, tar and other
undesirable products formation. Residence time is one of the most important parameters of the technology
and it is essential to be long enough so that the desired conversion reaction proceeds. However the results
obtained in this work from the laboratory continuous flow reactor, especially residence time are not in
agreement with the results found in literature. Composition of the gas produced by the technology also does
not entirely agree with the publications, which produced much more hydrogen in notably shorter residence
time. More information on the technology, can be seen on the results obtained from the pilot-scale plant build
in the Framework of the same project, which is not discussed in this paper. In addition it must be stated that
hydrothermal gasification is a very complex process due to the challenging process conditions (high
temperature, pressure), thus is necessary its further and detailed examination.
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Introduction

The hydrodesulphurization (HDS) of motor fuel is important refining process. Often it is supported by
laboratory-scale testing facilities with a big benefit. Laboratory trickle bed reactors are frequently used for the
prediction of catalyst performance, especially for the verification of catalyst HDS activity under specific
conditions. HDS catalysts are important industrial catalysts. Their activity significantly affects the quality of the
diesel fuel and any inappropriate choice would have a negative impact on the economy of diesel productionH.
The successful industrial catalytic system is dependent on the data obtained in the laboratory scale. They help
to predict the behavior of the processing unit. The significant progress has been achieved in the development
of new HDS catalysts in the recent years4. The research and development of the new catalysts increases the
importance of testing for catalyst producers to verify catalytic activity and other properties.

Frequently, only the initial catalytic activity is tested. The result of the initial catalyst activity informs how the
catalyst will perform during the first weeks of an operationS‘G. However, the initial activity does not express
how the catalyst could be operated under the specified conditions in a given industrial reactor. The catalysts,
mostly based on Ni, Co, Mo and W sulphides, are susceptible to several deactivation mechanisms during their
life cycle. The deactivation is going to be more critical due to the ongoing trend in increasing HDS severity and
maximizing the catalyst performance. The deactivation of the catalyst is attributed to the three main causes: (i)
the coke deposition (including both — the pore plugging and the catalytic site blocking), (ii) the metals
deposition and (iii) the segregation of the active phase4.

In the industrial reactors the catalyst deactivation is compensated by temperature increase to the maximum
permissible end-of-run (EOR) to maintain the catalyst performance7'8. Deactivation rate is different for each
catalyst and depends on several factors — such as textural characteristics of used catalyst and their
composition, process parameters, feedstock source and its quality. Hydrorefining reactors are usually operated
under a constant performance to achieve the desired product specifications. The determination of the long
term activity of HDS catalysts is not often applied to incorporate time constraints and economic factors. The
HDS catalysts are so stable, that the change of their activity in a laboratory scale reactor is not observed during
the length of a test for about 1-2 month’. Hence our research is focused on the creating of a new experimental
accelerated methodology which can be used for the prediction of the long term activity during the test length
of about 14 days.

Experimental
The HDS catalyst activity determination was carried out in a trickle bed reactor. The diagram of the pilot plant
unit, which is heart of the experimental accelerated method, is described in Figure 1.
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Figure 1.The detailed diagram of a pilot plant unit

where: (1) — The feedstock container, (2) — The container for deactivating agent, (3) — The pump, (4) — The
mixer, (5) — The reactor, (6) — The heat exchanger, (7) — The stripper and separator
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The reactor (length 0.9 m, diameter 0.03 m) was placed in a mixed salt bath. The bath ensured the isothermal
operation of the experiments. A thermo-well with the outer diameter of 0.009 m was mounted in the centre of
reactor. The temperature inside the reactor was monitored by three thermocouples. Their positions were
adjustable and they were placed at the top, middle and bottom of the catalyst bed. The reaction mixture was
cooled down at the reactor outlet. The products were withdrawn after were stripped with hydrogen to remove
dissolved hydrogen disulfide. The raw material (AGO) and also the deactivating agent (LCO) are described in
detail (analytical results can be seen from Tab. 1.)

Table I. The detailed characterization of injected raw materials (AGO, LCO)

Feedstock AGO LCO Feedstock AGO LCO
Density 15°C, kg.m'3 857.1 977.8 Distillation curve — D86 - -
Refractive index 20°C 1.4763 1.5637 IBP, °C* 215 142
Color — ASTM D1500 0.9 2.6 5% v/v 257 205
Sulphur, ppmw 12 900 5000 95 % v/v 373 340
Nitrogen, ppmw 201 800 FBP, °C** 380 349
GCxGC, wt. % - - IR spectroscopy, wt. % - -
parafins 29.8 4.7 aromatic carbon 16.9 85.4
isoparafins 37.1 8.1 paraffinic carbon 62.5 7.1
naphthenes 23.5 1.7 naphthenic carbon 20.6 7.5
monoaromatics 5.8 18.1 Cloud point, °C -1 +13
di+polyaromatics 3.9 67.4 Cetane index 55.8 20.8

The testing reactor was loaded with 100 mL of HDS catalyst. The catalysts were tested in the original form.
Before loading into the testing reactor the catalyst was diluted 1:1 volumetric with an inert (silicon carbide -
SiC, MESH 80) to ensure the proper hydrodynamic conditions over the catalytic bed. SiC (MESH 12) was placed
below and on the top of the catalyst bed too. SiC in the lower part of the testing reactor fixed the catalyst bed
in the isothermal zone of the reactor. SiC in the upper part of the reactor ensured the preheating and proper
mixing of the feedstock and hydrogen before the entering on the catalyst bed.

The catalyst activation was realized inside the testing reactor. A standard catalyst activation procedure using
AGO with dimethyl disulfide (DMDS) was used. The activation procedure consists from several steps. (1) — the
reactor was heated up to 120°C (rate 20°C/h) under nitrogen flow rate. After reaching 120°C the gas flow from
nitrogen to hydrogen was switched and at the same time the injection of sulphidation feedstock (AGO + 3%
DMDS) was started. (2) — the reactor was heated up to 220°C (rate 10°C/h). At 220°C was first stabilization
period, 10 hours. After stabilization period, the reactor was heated up to 280°C (rate 10°C/h). At 280°C was
second stabilization period, 10 hours. (3) — the last step was increasing of temperature up to 360°C still with
feeding AGO + 3% DMDS. At 360°C was finished activation procedure, and all reaction parameters were
switched to the first reaction condition, the feedstock as well.

The catalysts were also placed in a special basket into the industrial reactor and kept there over operating
period for the real deactivation (i.e. 16 months). The industrial reactor was operated under conditions: AGO,
2.85 MPa, WHSV 1.0 h™, 200 Nm®*/m?® and temperature in the ratio 360 — 380°C (see from Fig. 5). After catalysts
removing from the industrial reactor, their residual activity was determined in pilot plant unit.

CoMo-Al,0O3 (FRESH) NiW-Al,05 (FRESH) Special CoMo-Al,O3 (AGED)
basket (SB)*

——

Figure 2.The tested catalysts and special basket
*SB from stainless steel, resistant to aggressive hydrogen disulfide, cylinder shape, ¢ 120 mm, length 350 mm
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Results and discussion

The verification of experimental accelerated deactivation method for the testing of long-term activity of HDS
catalysts was divided into three parts. The first part focused on the initial activity of fresh catalysts and residual
activity on the industrially deactivated catalysts. The second part was focused on the deactivation step
(experimental accelerated deactivation method). Finally, the differences in activity were calculated and
compared. The developed method of experimental accelerated deactivation was completed by the detailed
structure characterization of the aged catalysts.

INITIAL AND RESIDUAL ACTIVITY OF INDUSTRIALLY DEACTIVATED CATALYSTS

The initial and residual activity determinations of two commercial HDS catalysts based on CoMo-Al,0; and
NiW-Al,O; were performed under the typical conditions for the deep HDS: atmospheric gas oil (AGO) as a raw
material, pressure 4.5 MPa, weight hourly space velocity (WHSV) 1.0 h‘l, ratio of hydrogen to feed 300 Nm3/m3.
The HDS reaction was realized at temperature 350 — 410 °C and the activity of tested catalyst was derived from
the results of sulphur value. The initial HDS activity was expressed as the temperature, where the reaction
liquid product contained less than 10 ppmw of sulphur. This value was obtained at 364 °C for the catalyst based
on CoMo-Al,0; and at 375°C for the NiW-Al,O; catalyst. The sulphur content result on each tested
temperature is described in Tab. Il and Tab IlI

Table Il. The HDS activity results determined by
CoMo-Al,0O; catalyst

Table. lll. The HDS activity results determined by
NiW-Al,0; catalyst

. Fresh cat. Aged cat. . Fresh cat. Aged cat.

Reaction Reaction
R Sulphur, Sulphur, R Sulphur, Sulphur,
temperature, °C temperature, °C
ppmw ppmw ppmw ppmw

350 47.7 - 350 153.0 -
360 18.9 - 360 42.1 -
365 8.9 66.5 375 9.9 61.4
380 - 233 395 - 17.7
390 - 7.9 410 - 9.9
10 ppmw, °C 364 388 10 ppmw, °C 375 410

The residual activity of 10 ppmw sulphur was obtained at 388 °C for the catalyst CoMo-Al,O; and at 410 °C for
the NiW-Al,0; catalyst. Te effect of initial and residual HDS activity on the temperature is described in Figure 3.
From the well-know combination of catalysts industrial operated period, knowledge and comparison of initial
and residual activities, the rate of activity decrease can be calculated. It was 1.44 °C per month for the catalyst
based on CoMo and 2.18 °C per month for the catalyst NiW. From the figure can be seen that the catalyst
based on NiW was deactivated much faster than the CoMo catalyst. This fact is important for the verification of
the developed experimental accelerated deactivation methodology.

& CoMo - Fresh catalyst
M CoMo - Industrially deactivated
=10 ppmw - Legislative requirement

A NiW - Fresh catalyst
@ NiW - Industrially deactivated
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Figure 3.The initial and residual HDS activity determined on the CoMo and NiW catalysts
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Deactivation step

The accelerated experimental deactivation method included (i) testing of the initial activity (ii) deactivation
step and (iii) determination of the decreasing rate of activity. The deactivation step with different time length
was implemented by the injection of highly aromatic raw material “LCO” with a coking tendency under the
conditions (temperature 360°C, atmospheric pressure, hydrogen flow 10-15 Nm>/m?®, WHSV 3.0 h™).

Before and after the deactivation step the typical HDS conditions were set (the feed —AGO, pressure 4.5 MPa,
hydrogen flow 300 Nm3/m3, and WHSV 1.0 h'l). Subsequently, the reaction temperature for sulphur level
10 ppmw was determined. All measured data, denoting the initial and residual activity of the industrially
deactivated CoMo catalyst and the initial and residual activity of the CoMo catalyst deactivated by
experimental deactivation methods with time length (1 hr., 1+1 hr., 2 hrs., 4 hrs.) can be seen from the Fig. 4.
The activity of the catalysts from the experimental deactivation was higher compared with the activity of the
catalysts from the industrial reactor.

The length of experimental method has big effects on the rate of HDS activity (see Fig. 4). The deactivation
procedure with a length 1 hour has a negligible impact on the long-term HDS catalyst activity, while the
deactivation procedure with a length more than two hours has significant impact on the HDS activity change.
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Figure 4.HDS activity set for CoMo catalyst vs. time length of deactivation step

Comparison of experimental and industrial deactivation

The long-term HDS activity, which catalysts exhibits after approximately 7 and 11 months in an industrial
reactor, can be predicted by the experimental accelerated method with the length of two, respectively four
hours. The experimental accelerated deactivation method can be optimized also for the simulation of the

longer operating period. From the Fig. 5 can be seen, that carbon content determined on the aged CoMo and
NiW catalysts correspond with the result of HDS activity as well.
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Figure 5.HDS long-term activity predicted based on the results from the accelerated deactivation methods
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Basic physico-chemical properties of fresh and aged catalysts

The catalyst structure was characterized by several analytical methods. The evaluations of physic-chemical
properties of the fresh catalysts and also the catalysts after experimental respectively industrial deactivation
are shown in Tab. IV.

The fresh catalyst was characterized in oxides form, i.e. before sulfiditation step. The fresh CoMo catalyst is
characterized with the highest pore volume, i.e. 359.9 mms/g. The content of carbon and sulphur was
characterized by optical emission spectrometry (ICP-OES) and the carbon was higher in the catalyst deactivated
in the industrial reactor. The carbon content in the catalyst based on CoMo was 9.0 mass %, while the carbon
content in the catalyst deactivated by experimental accelerated methodology was 6.0 mass %. The content of
sulphur bounded in the active form was same for both catalysts.

The pore volume and distribution of pore size was determined by Hg porosimetry. The gradual decrease of the
total pore volume during deactivation was observed. This decrease is due to causes by clogging the pores by
carbonaceous deposits. The preferential clogging was seen in the pore sizes from 8.4 to 11.6 nm (Tab. IV). The
results of physicochemical properties were in accordance with the results of HDS activity determination.

Table IV. Basic physic-chemical properties of HDS catalysts

CoMo-Al,05
Quality parameter Fresh  Industrial Accelerated . Fresh
Quality parameter
catalyst deact. deact. catalyst

Content of sulphur, wt. % - 10.2 10.3 Content of cobalt, wt. % -
Content of carbon, wt. % - 9.0 6.0 Content of Mo*, wt. % -
Pore volume, mm’/g 359.9 282.8 310.0 **CBD, kg.m” 792
Pore size 11.6 — 9.8 nm, mm3/g 178.6 84.4 148.3 Length, mm 3.26
Pore size 9.8 - 8.4 nm, mm3/g 56.2 36.6 48.2 Diameter, mm 1.30
Pore size 8.4—-6.0 nm, mm3/g 56.8 55.9 51.6 Strength D4179, N 5.2
Average pore size, nm 9.4 10.5 10.4 *** 0l at 600°C, wt. % 1.3

*Mo — molybdenum, **CBD — compact bulk density, ***LOI — loss of ignition

Carbon deposits on deactivated catalysts

The characterization of the carbon deposits was realized by thermogravimetry (TGA-IR), Raman spectroscopy
and by SEM-EDS microscope technique.

The Raman spectroscopy allowed characterization of carbon hybridization — sp2 bonds (graphite like) and sp3
bonds (diamond like). The Raman spectra of disordered graphite showed two quite sharp modes, the peak
around 1580 — 1600 cm™ and the peak around 1350 cm™. The carbon structures were almost the same for
experimental and industrial deactivation for both catalysts. The different intensities of response were found
because the catalysts deactivated by experimental accelerated method were not clogged by carbon deposits so
much as the industrially deactivated catalysts. The results from Raman spectroscopy correspond with the
residual HDS activity of tested catalysts.

TGA-IR was used for the characterization of the carbon deposits type. From the Fig. 6, can be seen two peaks
with different intensities. These peaks characterize the two basic types of carbon, i.e. soft-coke, which is during
operation gradually transferred to the hard-coke. For the catalyst deactivated in the operating plant dominates
hard-coke, while the catalyst deactivated by the specially developed accelerated method dominates soft-coke.

— WWeight change (a.u.) N

——— CO2 evolution (a.u.) FAN

(a) normal cycle

(b) artificial aging

50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 6.TGA-IR analysis of carbon deposits on the HDS catalysts based on CoMo-Al,0; deactivated in the
industrial reactor (a), respectively by experimental accelerated method with the deactivating agent (b)
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Visualization of carbon deposits was realized by SEM-EDS. The samples were coated with platinum in an argon
atmosphere at 50 Pa, 18 mA, for about 180 seconds. The scanning of a sample was carried out with energy of
5 keV and current of 300 mA.

From the Fig. 7 can be seen, that the catalyst deactivated by experimental accelerated procedure was clogged
in some places, whereas the industrially deactivated catalyst was clogged much higher, but it was also in line
with other results.

CATALYST DEACTIVATED BY CATALYST DEACTIVATED IN THE INDUSTRIAL HDS REACTOR
ACCELERATED METHOD

SEM HV: 20.0 kv \ LYRAZ  SEM HV: 5.0 kV | LYRAS TESCAN  SEM HV: 5.0 kV
View field: 1.50 mm 2 View field: 1.50 mm 200 ym View fieid: 1000 ym
anospac Performance In nanospace Performance In nanospace

Figure 7.The carbon deposits by SEM-EDS microscope on aged HDS catalysts

Conclusion

The described accelerated method of experimental deactivation can be used for the estimation of the HDS
catalysts deactivation rate. The long-term HDS activity, which catalysts exhibits after approximately 11 months
in an industrial reactor, can be predicted by the experimental accelerated method with the length four hours.
The experimental accelerated deactivation method can be easily optimized for the simulation even longer
operating period. With a optimizing of the deactivation step length can be achieved the similar deactivation
level like in an industrial reactor.

The results of physico-chemical characterization of the aged catalysts confirmed that the deactivation in the
industrial reactor occurred especially due to the fouling of catalyst surface by carbon or dust. Simultaneously
with this, the average pore size and the total pore volume were decreased. Evaluation of both deactivation
procedures were realized by TGA-IR, Raman spectra and SEM-EDS. The results indicated that both deactivation
occurs from the same cause (deactivation by carbon deposits) and the same way (sp2 and sp3 bonds of
disordered carbons). Important fact is that all mentioned facts and dependencies were valid for both types of
deactivation — industrial and experimental.

Acknowledgment

This publication is a result of the project no. FR-TI3/084, supported by the Ministry of Industry and Trade of
Czech Republic, which is being carried out in the UniCRE centre whose infrastructure was supported by the
European Regional Development Fund and the state budget of the Czech Republic.

Literature
1. H. Topsge, B. Hinnermann, J.K. Ngrskov, J.V. Lauritsen, F. Besenbacher, P.L. Hansen, G., Hytofit, R.G.
Egeberg, K.G. Knudsen, Catal. Today 12 (2005) 107-108.

2. T. Fujikawa, Top. Catal 52 (2009) 872.

3. K.G.Knudsen, B.H. Cooper, H. Topsge, Appl. Catal. A. Gen 189 (1999) 205-215.

4. A. Stanislaus, A.Marafi, M.S. Rana, Catal. Today 153 (2010) 1-68.

5. G.F. Froment, G.A. Depauw, V. Vanrysselberghe, Ind. Eng. Chem. Res. 33 (1994) 2975.

6. V. Tukaé, A. Prokesovd, J. Hanika, M. Zbuzek, D. Kubicka, Reliability of HDS Catalyst Tests in Trickle-bed
Reactor, EuropaCat-XI, Lyon (France), 2013, pp. 1-6.

7. S.K.Sahoo, S.S. Ray, L.D. Singh, Appl. Catal. A: Gen. 278 (2004) 83-91.

8. J.A. Moulijn, A.E. Diepen, F. Kaptein, Appl. Catal. A: Gen. 212 (2001) 3-16.

9. Zbuzek M., Kubi¢ka D., Kundertovd N., Vyvoj metodiky pro zrychlené testovani dlouhodobé activity
odsifovacich katalyzatord, APROCHEM 2012, Kouty nad Desnou (2012).

3" International Conference on Chemical Technology | ICCT 2015

[90]



STABILIZATION OF ASPHALTENES IN FUEL OILS
Vrablik A., Cerny R.

Research Institute of Inorganic Chemistry (VUAnCh), Department of Efficient Refining Technologies (UniCRE-
EFFRET), Chempark Litvinov, 436 70 Litvinov, Czech Republic
Ales.Vrablik@vuanch.cz

Abstract

The stability or incompatibility of the fuel oils depends on the presence, amount, and character of asphaltenes
tendency to precipitation. The significant technical problems during transport as well as storage or final
processing can be connected with this fact.

The stability of fuel oils is classified by the determination of the total sediment content. The method for
assessment of the accelerated total sediment (TSA) is a very good tool for determination of the fuel oil stability
or compatibility. In the TSA chemical ageing procedure the asphaltenes in fuel oil are gradually flocculated
using n-hexadecane (cetane).

Our work is focused on the comparison of the laboratory prepared fuel oils containing different amount of
resin-based material. The effect of resin-based material on final stability is showed and described. The TSA
method was optimized and verified for fuel oils containing higher content of the resin-based materials. The
positive impact of the resin-based materials on the TSA parameter was detected.

Introduction

The surplus of heavy fractions is formed during crude oil processing. These fractions are usually used for the
production of bitumens or fuel oils and the useless residues are utilized by this way. However, viscosity of
heavy residues must be reduced before their subsequent utilization. One of the possibilities for viscosity
reduction is thermal cracking process — visbreaking.

Under the natural circumstances all the components of petroleum, bitumen and heavy oils are in an ideal
balance. The balance can be deterirated by physical or chemical processes during the processing of crude oil in
the refinery. The changes in this equilibrium system can be followed-up by asphaltenes precipitation, phase
separation or sediment formation.’ Many changes are also caused in the external structures of the asphaltenes
during the visbreaking process. It can lead to the formation of sludge, sediments and unstable structures.’

The asphaltenes precipitation may cause incompatibility of the whole mixture. This incompatibility induces
many technical problems during transport, storage and final processing.3 The asphaltene precipitation is very
complex process often described as an intricate colloidal dispersion."’5 Molecules of asphaltenes are in this
structure in micelles form and are affected of many factors.® These factors include the peptisability of the
asphaltene core, the peptising power of the resins, the relative amounts of asphaltenes and resins and the
aromaticity of the oil phase.6

One of the possibilities of fuel oil production is the use of streams from thermal cracking (visbreaking). The fuel
oil is produced from heavy vacuum residues. The heavy residues are usually blended with low-boiling crude oil
fractions to the achievement the required properties and meet the relevant standards. While respecting the
requirements the minimal content of diluents should be used because of the stability of the resulting mixture.”
The stability of asphaltenes can also be disrupted by using different residues for fuel oil production.6

The fuel oils are often characterized using the specific parameters connected with their stability.8 For the fuel
oil characterization and classification it is very important to know for example their viscosity, pour point,
content of particles insoluble in toluene or total sediment content. All these parameters can identify technical
problems during their processing. Last but not least the total time of production, transportation and processing
affects the stability of petroleum products.1

Asphaltenes in the crude oil are characterized as a fraction insoluble in n-heptane but soluble in toluene. The
content of asphaltenes can vary depending on the type and origin of the crude oil. The same situation is in the
case of fuel oils.”

The quality of the fuel oil which is used as a marine fuel must be in accordance with ISO 8217, Petroleum
products — Fuels (class F) — Specifications of marine fuels.” In this standard all the required parameters as well
as relevant test methods are prescribed. The method for content of total sediment accelerated (TSA) is a very
good tool for determination of the fuel oil stability and compatibility. In the TSA method the asphaltenes are
gradually flocculated by the addition of n-hexadecane.'""?

This study is focused on the possibility of fuel oil stabilization by the addition of resin-based material. Samples
of fuel oil with different content of resins were prepared in the laboratory scale. The samples were evaluated
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for stability using the sediment determination by hot filtration after chemical ageing. The positive impact of
higher resin content on the TSA parameter was detected and described.

Experimental

The fuel oils were prepared using a heavy residue and a relevant diluent. All the components were preheated
and carefully homogenized. Two different fuel oils with different content of the resin-based material were used
for the final blending in this study. The final content of the resin-based material in this blend was calculated.
The stability was assessed using the hot filtration according to 1ISO 10307.

Methods and materials

Total Sediment (TS) was assessed using the hot filtration according to I1ISO 10307-1. A sample was filtered
through the preheated apparatus at 100 °C and after solvent washing and drying the total sediment on the
filter was weighted. This determination was performed in duplicate and the total sediment by hot filtration is
reported as the average of the two determinations. The mass percentage of the total sediment for each test
specimen was calculated using Equation (1).

_ (ms —m,) — (m3 — m,)
5= 10 -m, (1)

where S is the total sediment, expressed as a percentage by mass; m, is the mass of the test portion, expressed
in grams; m, is the mass of the lower filter before filtration, expressed in milligrams; m; is the mass of the
lower filter after filtration, expressed in milligrams; m, is the mass of the upper filter before filtration,
expressed in milligrams and ms is the mass of the upper filter after filtration, expressed in milligrams.

The difference between the satisfactory test results, expressed as the average of duplicate determinations,
obtained by the same operator with the same apparatus under the constant operating conditions on the
identical test material would, in the long run, in the normal and correct operation of the test method, exceed
the values below in only one case in twenty. The repeatability, r, for residual fuels was calculated according to
Equation (2)

r=0,089 -Vx (2)
where x is the average of the test results, expressed as a percentage by mass.

Total Sediment Accelerated (TSA) was carried out in accordance with 1ISO 10307-2. TSA is determined after the
accelerated ageing where a sample of residual fuel oil is diluted with a specified amount of n-hexadecane
(cetane) under carefully controlled conditions. The sample is then heated to 100 °C for 1 hour, followed by hot
filtration in accordance with 1SO 10307-1.

Wash solvent, consisting of 85 % (V/V) heptane (P. A., lach:ner) and 15 % (V/V) toluene (P. A. lach:ner).
n-Hexadecane in the purity > 99 %, Merck

Fuel Oil was blended in the laboratory scale from industrial streams. The fuel oil contained vacuum residue and
a lighter component for dilution. Two types of fuel oils were used in this work. The fuel oil with the resin-based
material in the content of 35 wt. % and the second one which had less than 1 wt. % content of the resin-based
material. The resulting quality of the prepared fuel oils was varied depending on the content as well as on the
properties of the diluting components.

Results and discussion

The manipulation with the filter papers, especially with the lower one, was the most problematic point of the
stability verification during this study. The higher content of the resin-based materials in the fuel oil caused the
clogging of the lower filter paper (Fig 1). The resin-based materials are clearly visible in the following figure as a
darker spots on the right side.
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Figure 1. Comparison of the upper (left) and the bottom (right) side of the lower filter paper

The resin-based materials, which have passed through the filter paper but not through the frit, caused not
correct increase of the lower filter weight in the overall balance. This fact caused the unreal results of the total
sediment assessment as it can be seen in Figure 2.

This problem could be solved using the third filter paper as an auxiliary mechanism. The third paper is prepared
for the measurement by the same way as the others (according to ISO 10307) but it is not incorporated into the
final balance. The results with the third filter are illustrated in the Figure 2 as well.
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Figure 2. Comparison of TS obtained using of two or three filters

According to the Figure 2, the TS was closer to the reality using the third filter. The result with the pair of filters
were in the negative values in the case of the higher content of the resin-based material - above 17 wt. %. In
the following Figure 3 the bottom sides of the lower and the third filter paper are illustrated. The higher
presence of the resin-based materials on the bottom side of the third filter paper is evident. The difference
between weight of the lower and the third (lowest) filter was ranged from 3 to 28 mg depending on the resin-
based material content. It must be pointed that there was also difficult handling during the taking off the filter
from the frit. The third filters were often damaged.
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Figure 3. Comparison of the bottom sides of the lower (left) and the third (right) filter paper

The effect of the addition of resin-based materials into the fuel oil was investigated using the third filter paper.
This procedure was in accordance with the method ISO 10307. In this method it is mentioned that the same
results are achieved by the use of a fine wire mesh support screen in combination with a third, disposable filter.
This third filter can be placed below the two test filters on the support screen and the same pre-drying regime
followed as for the test filters, but without weighing the third filter before placement, discarding it when
filtration is complete (NOTE 2 — part 9, Filter preparation).11

We found out that the results are different with the third filter when the resin-based materials content was
more than 17.5 wt. %. This fact is not in accordance with the note mentioned in the relevant standard.

All the prepared fuel oils as well as the measured TSA values are mentioned in the Table I. The maximum TSA
value according to ISO 8217 is 0.10 wt. %.

Table |
Stability (TSA) of the prepared fuel oils
Resin-based material content

[wt. %] <1 9 18 26 35
Fuel Oil A—TSA [wt. %] 0.10 0.06 0.04 0.03 0.01
Fuel Oil B —TSA [wt. %] 0.18 0.16 0.12 0.10 0.05
Fuel Oil C—TSA [wt. %] 0.15 0.12 0.11 0.09 0.06
Fuel Oil D — TSA [wt. %] <0.01 <0.01 <0.01 <0.01 <0.01

The TSA value is really related to the content of resin-based materials. These materials may affect the stability
of present asphaltenes because of their acid-base interaction with the micellar core in the structure of
asphaltenes. The resin-based materials wrap the micellar core which increases the overall stability of the whole
colloidal system. The stabilized molecules of asphaltenes are more resistant to precipitation. It should be noted
that the precipitation of asphaltenes is basis for the TSA parameter assessment.

The typical trends for TSA changes in connection with the increasing content of the resin-based materials were
constructed (Figure 4). The limit value according to ISO 8217 for TSA is mentioned in the figure as well.
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Figure 4. TSA vs. content of resin-based material

The increasing content of resin-based material had an observable effect on the TSA value. The increasing
content resulted TSA reduction. It was found there is a possibility to improve the fuel oil which is out of the
specific requirements (fuel oil B and C) for TSA value. This improvement was carried out by addition of the
resin-based materials. The TSA for fuel oils B and C met the relevant minimal value in the case of 26 wt. %
content of the resin-based material. The fuel oil A was improved by the same way as well. The fuel oil D (Table
1) was without any significant changes because of the very low initial TSA value.

Conclusions

The several fuel oils with different content of resin-based material and different stability (TSA) were prepared
in the laboratory scale.

The test method for TS/TSP/TSA assessment was optimized and tested on the fuel oils containing higher
amount of the resin-based materials. This method is reliable with application of the third filter paper as an
auxiliary tool. The prepared fuel oils were assessed and compared using the optimized method of the hot
filtration after their chemical aging (TSA).

The effect of the resin-based material content on the final stability of the prepared fuel oils was showed and
described in this work. We found out that there is a possibility how to improve the stability of fuel oils using the
higher content of resin-based materials. It was demonstrated that the individual prepared fuel oils (A; B; C and
D) were significantly different in the comparison of the TSA values.

All the prepared fuel oils were successfully treated with the help of resin-based materials to meet the minimal
TSA value according to ISO 8217. It should be noted that it really depends on the stability or quality of the initial
fuel oils and thus the effect of the resin-based material addition was varied, but still was effective. The specific
fuel oil should be tested in the real condition.
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ULTRA PURIFICATION OF ENERGETIC GAS FROM BIOMASS GASIFICATION

Machac P., Duong V. M.

University of Chemistry and Technology Prague, Prague, Czech Republic

1. Introduction

Solid fuels gasification provides opportunities for the bio-energy conversion, extraction and contribution to
electricity. The primary advantage is using high purified energetic gas in the combined cycle steam-gas turbine,
or another combined application is for the fuel cell. Combustible components of the produced gas mixture such
as CO, CH4 H, accompanied by H,S, COS and tar are dependent quantities, varied on the energy self-
gasification process, setting conditions and the type of selected solid fuel. However, these impurities must be
removed at the required concentration level for the specific use. The ultra-purification of generated gas using
selected solid oxide based sorbents was experimentally investigated in a series of experiments.

Wood constitutes one the most abundant agricultural bio-fuels for production of electric energy due to its
heating, calorific value and availability. Specific compositions, defining the contents of hydrocarbons, mainly
hydrogen and sulfur compounds, of energetic gas for the fuel cell must be conformed in terms of long-term
stable operation. Especially, the common operating value for high temperature fuel cell is at 1000°C in which
gas concentration required at the inlet of the fuel cell is below 1ppmv.

The research aimed to investigate the hot cleaning method of model gas simulating the composition of the raw
gas from the gasification of solid fuels. Purification was performed toward sulfur compounds H,S and COS to
select or develop and produce suitable sorbent of mentioned sulfur compounds. The application ensures an
optimum condition on the moist syngas at high temperatures (over 300°C), which properly meets up with the
operational requirements of SOFC - Solid Oxide Fuel Cells. A laboratory reactor for testing selected sorbents
was designed and tested to achieve this prior prerequisite.

2. Methodology

2.1 Fuel cell characteristics

The difference between the fuel cell and electric battery lies in the fact that the chemicals are not part of the
anode and cathode, but they are continuously fed from outside. Both electrodes act only as a catalyst, are not
reset during operation, and their composition is not changed. The fuel cell thus requires a very clean fuel,
which may contain only acceptable levels of sulfur compounds '

Table I. Electricity generators performance and their efficiency of conversion

Type of device Typical performance Conversion efficiency
Micro turbines 10 + 60 kW 20+ 25%
Gas engines 100 + 1000 kW 25 +35%
Gas turbines 3 000 + 5 0000 kW 25+ 35%
IGCC - Integrated Gasification Combined Cycles 30 000 + 120 000 kW 35+ 45%
MCEFC - Molten Carbonate Fuel Cells 500 + 8 000 kW 45 = 50%
SOFC - Solid Oxide Fuel Cells 750 + 10 000 kW 50+ 55%
SOFC + Turbine - Solid Oxide Fuel Cells Turbines hybrids 2 000 + 80 000 kW 55+ 65%

Different ways of electricity producing from the heat can be categorized according to their performance and
efficiency. Table 1 indicates that the SOFC working at high temperature reaches the maximum of efficiency 2,

2.2 Adsorbents consideration

In practical, the sorbents considered for hot removal of sulfur compounds (mainly H,S and COS) are oxides of a
certain metals like ZnO or binary metal oxides. Specific surface and mechanical properties are required to
improve the usability of the sorbents. Especially for the ultra-desulphurization, sorbents need high reactivity,
suitable texture (specific surface, porosity, and pore size distribution), mechanical and thermal ruggedness.
Sorption products also have to be stable in a variety of hot gas cleaning temperature (between 400 and 900°C).
The hot gas cleaning from sulfur compounds is based on reversible reactions:

Me,O, + xH,S +(y-x)H, <> xMeS +zH,0 (1)
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Me,O, + xCOS + (y-x)CO <> xMeS +zC0O, (2)

Reactions 1 and 2 produce solid sulfides and water or carbon dioxide. It is technically possible to regenerate the
spent sorbent by hydrolysis, partial oxidation or by reaction with sulfur dioxide, but not in gasification. The
feasibility of the sorbent regeneration depends on the initial sulfur content of the gas. Oxidation of H,S to S or
SO, at the expense of the metal oxides or even the thermal decomposition H,S to the S and H, catalyzed by
metal oxides. In the following paragraphs, the suitability of particular metals or their compounds as a sorbents
for the hydrogen sulfide removal will be discussed 4.

Alkaline Earth Metals

The only promising compound from this group is the CaO. The oxides of Sr and Ba would not be active at
temperatures below 1000°C as they form thermal stable carbonates. MgO is not suitable for high temperature
cleaning for its generally low affinity to hydrogen sulfide.

Zinc Oxides

The zinc oxide is used in industry already because of its high affinity to the H2S even at high temperatures.
There are nevertheless two problems in the zinc oxide usage. Firstly, the originating zinc sulfide is more
voluminous than the original oxide and therefore clogs the sorbent pores and limits its sorption capacity.
Secondly, at temperatures over 700°C and in the reduction atmosphere the zinc oxide susceptible to reduction
to elementary zinc which in turn has the vapor pressure of the order of 1Pa and therefore may appreciably
vaporize into cleaned gas. The reduction and vaporization of the zinc may be limited by the use of ZnO.TiO,
sorbent.

Manganese Oxides
The manganese may from several oxides in the reducing environment, final one being the manganese oxide
MnO which shows good desulphurization efficiency in the temperature range 500-800°C.

Copper Oxides

The copper oxide reacts with sulfur compounds in the oxidizing as well as in the reducing environment, but
bellow the temperature range of hot gas cleaning. The spent copper sorbent should be regenerated by air-
steam mixture to prevent the formation of the copper sulfate.

2.3 Experimental design
Laboratory equipment for measuring the sorption efficiency of sulfur compounds from an energetic gas from
biomass gasification is shown in Figure 1.
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Figure 1. Scheme of the apparatus for H,S and COS chemisorption
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2.4 Influence of moisture content

Two main factors disadvantageous to the process, the elevated temperature and moisture content of the gas.
Elevated temperature is required or seen as advantageous because it saves the sensible heat content of the gas
for application. Various authors set the lower limit of temperature differently (400-550°C) but in general, the
higher temperature is better process control. The moisture content of the gas is around 13vol. % at usual
temperatures in procedure processing the biomass (800-900°C). Water vapor as a product of sorption reactions
is substantially shifting the equilibrium to the higher concentrations of contaminants downstream of cleanup
equipment.

Water content in gas is parameter influencing the whole sulfur removal process. Residual concentration of H,S
as well as sorbent capacity is considerably affected by actual concentration of water in gas. Presence of water
vapor in gas influences also the distribution of sulfur forms in gas.

H,S + CO, <> COS + H,0 (3)
H,S + CO <> COS + H, (4)

Reactions 3 and 4 indicate that the water content in the gas may have great influence on COS creation from
H,S. Previous experiments show the applicable concentrations of H,S and COS for purification of hydrogen in
fuel cell are 0.02 ppm and 0.01 ppm 3 respectively.

Preparation of the gaseous fuel for the fuel cells plays a key role in the ultra-desulphurization. However, the
degree of desulphurization strongly depends on the concentration ratios for the H,/ H,0 and CO/CO,. Water
and CO, shift the equilibrium towards the reactants i.e. decreases the degree of desulphurization. Carbon
dioxide also decreases the decomposition of the carbonates (which is preliminary stage of the desulphurization
mechanism when using the carbonates as sorbents) in the same manner.

3. Result and discussion

Several solid sorbents in terms of efficiency of sorption of sulfur compounds H,S and COS present in the model
gas containing water vapor at elevated temperatures above 500°C were tested. Figure 2 shows that there are
two stages of sorption efficiency - at the initial phase the sorption is almost total, then follows the phase with
the outlet H,S concentration about half of the inlet concentration. Two effects immediately occured when the
moisture changed : (a) the outlet H,S concentration substantially fell down, ie. there was some more capacity
for the H,S sorption blocked by the water; (b) the COS began to develop from the H,S.

Sample: Al,O0; + MnO

200 -
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Figure 2. Breakthrough curves of H2S on sorbent ICT-Z2 (MnO 23.5%, MgO 23.5%, graphite 3%, Al203 50%)
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An important property of the solid sorbents is their mechanical strength in conditions of frequent heating and
cooling. Sample DI/500 has granular shape it is dolomite fine gravel, grain size about 4mm; composition: 58,75
%CaC03, 36,96 %MgC03, and 4,29% the residue is SiO2 + Al203. The stability of the sorbent particles prevents
the disintegration connected with an increase in pressure drop of model gas passes through sorbent. Hence,
the calcination of dolomite was treated at 500° C for 30min before the H2S sorption measurement.

Components H,S and COS were detected in the reaction mixture by chromatography. Results in Figure 3
indicate a breakthrough curve of H,S during the an adsorption process with 3 grams of solid sorbents in the
reactor and the flow rate of model mixture was 1.4 L [20°C; 101kPa] / min corresponding to the inlet
concentration 188ppm. Other volume fractions of CO, H,, CO,, N, were 19.97, 17.51, 17.66 and 44.86%
respectively.
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Figure 3. Detailed breakthrough curve of H,S (inlet volume fraction 188 ppm) during the adsorption process

Obtained results indicate that it is possible to operate a combined system of biomass gasification, a unit of
ultra-purification and a high temperature fuel cell in compliance with operational conditions. In addition, the
system could perform higher energy efficiency compared to the conventional production of electricity from
fossil fuels.

Keywords: fuel cell, H,S, COS, moisture, adsorption, purification
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Introduction

In a refinery, hydrogen supply, quality and management of its production costs and utilization efficiency
contributes singificantly to the overall crude refining costs. Commonly the heavy gasoline platforming and
steam methane (natural gas) reforming (SMR) contribute mostly to the refinery hydrogen pool, the latter
usually being its marginal source’. Even in case the given steam reforming process can accept only light
hydrocarbons as feed (e.g. the pre-reformer is absent), various hydrogen-rich refinery offgases (ROGs) can be
utilized in this process, thus partially replacing the natural gas feed” . ROGs can alternatively be processed in a
separate PSA (or membrane) unit, or fed to the refinery fuel gas network’.

The analysis of optimal ROGs utilization always has to consider local media (natural gas, water steam, electric
energy) prices as well as any technologic, capacity, reliability, hydrogen purity etc. constraints®’. Questions that
need to be correctly answered include following:

- Which of the available alternatives enables to produce most hydrogen? (In case the hydrogen
production capacity is or is to become the refinery's bottleneck in the near future.)

- What is the impact of each of the alternatives on the refinery's overall natural gas (NG) consumption
both from qualitative and quantitative point of view? (Natural gas usually is both the marginal
hydrogen production feed as well as the marginal refinery's fuel gas pool contributor)

- What is the impact each of the alternatives on the refinery's overall steam balance? (The SMR usually
is a net steam exporter.)

- How does the resulting refinery's steam balance shift further impact the refinery's fuel and electricity
costs? (E.g. what is the marginal steam source for the refinery and what type of fuel does it use? Is it
just a steam source or a cogeneration unit? Or, in case there is excess steam in the refinery, how does
the refinery's steam balance shift influence its marginal utilization? — F.e. on purpose electricity
production in condensing steam turbines, or excess steam venting into the atmosphere.)

- Isthere an impact of each of the alternatives on the overall refinery's electric energy consumption and
if yes, what is its magnitude?

- What is the true marginal cost of each of the media whose balances are impacted?

We thus see that, due to the possible study complexity, a correct balance border construction is essential as
each of the above mentioned aspects exclusion from the balancing process may seriously deform the resulting
economic balance®’. The second, equally crucial step is to determine the correct calculation basis for all
analyzed alternatives meaning that in all considered calculation cases:

- The total amount of hydrogen supplied to its consumers is the same;

- The refinery's fuel gas network is balanced in terms of the total fuel lower heating value, e.g. if any of
the considered alternatives increases or decreases the fuel gas production and/or consumption, the
balance has to be restored by the respective marginal fuel consumption change;

- The refinery's steam network is balanced in terms of total steam enthalpy (the applied balancing
principle is the same as in the fuel gas case);

- The refinery's electric energy balance needs to reflect each change imposed on it both from its
production (side effect of steam balance shift on cogenerated mechanical or electric energy) and
consumption point of view (changes in electric energy consumption due to more/less intense
operation of any significant compressor, blower, pump etc. included in the balance borders)

This contribution aims at providing an analysis procedure of optimal ROGs utilization by means of a case study,
considering the above aspects, each to the extent they deserve. In order to objectivize the calculation
procedure, the SMR design and operating data were used separately and the obtained results were compared.

System understudy
The analyzed system is depicted in the Figure 1. The correct balance borders have been constructed in
compliance with the aspects listed in the Introduction. The system specification is as follows:
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- The ROGs from two individual production units, containing 5 to 10 % wt. hydrogen and over 60 % wt.
of C2 and higher hydrocarbons can either be fed to the SMR unit or to an independent PSA units or
(exceptionally) directly to the fuel gas network;

- The SMR unit is the marginal hydrogen producer;

- NG s both the marginal feed to the SMR unit and to the fuel gas network;

- The SMR unit is a significant steam exporter, mostly on the high pressure (3.5 MPa) level; the marginal
source of steam is the combined steam and power plant (CSPP) that produces very high pressure
steam (9 MPa) that is expanded in steam turbines to different pressure levels and exported to the
refinery whereby electric energy is cogenerated;

- The refinery consumes all electric energy produced in the CSPP and imports the rest from the outer

grid
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Figure 1. Schematic depiction of the system understudy

Let us define two possible operational states, based on Figure 1:
A. ROGs are fed to the SMR unit, serving as co-feed with NG
B. SMR unit operates solely with NG feed; ROGs are processed in an independent PSA unit operating with
75% hydrogen recovery efficiency; PSA offgas is routed to refinery's fuel gas network
These two operational state possibilities are analyzed from the point of design as well as operational data point
of view.

Design data analysis

In following Tables | and Il we provide key parameters and input data needed to perform calculation procedure
based almost solely on SMR unit design data. As is obvious, the two SMR unit design states #1 and #2 exhibit
the same reactor outlet temperature and almost the same steam to process ratio that are the two most
important adjustable operational parameters. Except for feed composition both design states operate under
almost the same conditions and can therefore serve as platform for comparison.

In order to recalculate the SMR design state #1 operational parameters to lower hydrogen production, one
cannot use specific values but has to use the marginal ones. As the design documentation does not include
other operational states from which the needed marginal values could be calculated, we had to extract them
from operational data (natural gas consumption and steam export) that were plotted againts net produced
hydrogen. The data sets were fitted with linear dependences; the slopes of the linear fits representing the
marginal values. Obtained marginal values are listed in the lower part of Table I. Are the ROGs fed to the
independent PSA unit, they can be split into (virtually pure 99.9% vol.) hydrogen stream and PSA offgas. The
material balance of the PSA unit is provided in Table II.
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Table I. SMR unit design parameters and marginal values of NG consumption and steam export

. SMR design state #1:  SMR design state #2: NG
Operational parameter

pure NG feed + ROG mixture feed
Reactor outlet temperature, °C 850 850
Steam to process gas ratio, t/t 3.299 3.304
Net hydrogen produced, t/h 3.475 3.475
NG consumption (feed + extra fuel for SMR furnace), t/h 13.065 7.561
ROGs feed t/h 0 4.696
3.5 MPa / 0.4 MPa steam export, t/h 42.206 / 3.015 36.564 / 3.556

Marginal SMR unit values obtained by operational data linear regression; with pure NG feed to the SMR unit;
per 1 ton of net hydrogen produced

Natural gas consumption 4.42 tons
Steam (3.5 + 0.4 MPa) export 18.5 tons (56.5 GJ)

Table Il. ROGs mixture composition and material balance of its processing in the independent PSA unit.
Considered natural gas lower heating value is 48.86 GJ/t and its composition in % vol. as follows: Methane
96.66; Ethane 1.57; Propane 0.47; C4 and higher 0.2; Carbon dioxide 0.24; Nitrogen 0.84

Constituent, kg/h ROG mixture feed Hydrogen from PSA unit PSA offgas
Hydrogen 371.0 285.7 85.3
Methane / Ethane 1127.9/1036.7 - 1127.9/1036.7
Propane / Butanes 1086.1/701.8 - 1086.1/701.8
C5 and higher / Inerts 370.0/2.5 - 370.0/2.5
Total 4696.0 285.7 4410.3

NG equivalent in lower

heating value, kg/h 5098.3 699.0 4399.3

Table lll. Comparison of A. and B. states. Employed prices: NG 430 €/t; 3.5 MPa steam 32 €/t; 0.4 MPa steam
22 €/t. Steam prices already incorporate the cogenerated electric energy value in the CSPP

Operational parameter / state A. B.
Net hydrogen production, t/h 3.475 3.189 + 0.286 = 3.475
Natural gas fed to SMR unit (feed + extra fuel), t/h 7.561 11.802
Produced PSA unit offgas NG equivalent, t/h - 4.399
NG total consumption, t/h 7.561 11.802 —4.399 = 7.403
A NG total consumption B. minus A., t/h 7.403 —7.561 =—-0.158
3.5 MPa steam export from the SMR unit, t/h 36.564 36.92
A 3.5 MPa steam export B. minus A. , t/h 36.92 - 36.564 =+ 0.356
0.4 MPa steam export from the SMR unit, t/h 3.556 3.015
A 0.4 MPa steam export B. minus A. , t/h 3.015-3.556 =—-0.541
Variable hydrogen production cost B. minus A. , €/h +64

Since in both cases the same amount of hydrogen is to be generated (3.745 t/h), from Tables |,11 it is obvious,
that the SMR unit needs to produce just 3.475 — 0.286 = 3.189 t/h in B.. The SMR unit operation parameters at
3.189 t/h net hydrogen production are derived from Table 1, using the design state #1 definition and the SMR
marginal operational parameters. F.e. the total natural gas consumption in the SMR unit at 3.189 t/h hydrogen
production can thus be calculated as follows: NG consumption = 13.065 t/h — 4.42 t/t .(3.475 — 3.189) t/h =
11.802 t/h. In the same manner, the net 3.5 MPa steam export (supposing the 0.4 MPa steam export does not
change) at 3.189 t/h hydrogen production is as follows: 42.206 t/h — 18.5 t/t .(3.475 — 3.189) t/h = 36.92 t/h.
The following Table 3 provides the comparison between the 3.475 t/h hydrogen production by the operational
state A. and B. Obviously, both hydrogen AND PSA offgas are produced in B., whereas only hydrogen is
produced in A.. Thus the PSA offgas value in form of NG heating equivalent has to be incorporated into
calculations as an extra NG stream lowering the NG consumption in B.

As appears from Table 3, state B., compared to A., is accompanied by lower natural gas consumption and
slightly lower total steam export while keeping the net produced hydrogen flow the same. Expressed in
financial terms and using the model prices of energy media, hydrogen production by B., compared to A., is
cheaper by 64 €/h, e.g. it is cheaper to produce hydrogen from pure natural gas and process the ROGs in the
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independent PSA unit. Obviously this difference would further increase if the PSA efficiency were higher.
Recently, after adsorbent change, the given PSA efficiency has been reported to increase to 85 %, that in the
considered case would enable to recover additional 37 kg/h of hydrogen resulting in additional 10 €/h benefit.
The fact itself that feeding ROGs to SMR unit, instead of their separation in the independent PSA unit is
economically unfavorable is perhaps a bit surprising but it can be effectively explained considering the
stoichiometry and equilibrium data for the light hydrocarbons steam reforming:
- Per 1kg of produced hydrogen, consumption of C2 and higher hydrocarbons is higher than that of
methane (natural gas), due to lowering hydrogen content with increasing number of carbon atoms;
- Per 1kg of produced hydrogen, steam reforming of C2 and higher hydrocarbons consumes more water
steam than in the case of methane (natural gas) reforming;
- Hydrogen present in the ROGs shifts the reaction equlibrium back towards the reactants

Operational data analysis

The long term operational parameters of the SMR unit understudy differ from design: lower reactor outlet
temperature (790 to 820 °C) and a somewhat higher steam to process gas ratio (appr. 3.6) is applied. In order
to confirm the results obtained from comparing design states by real SMR unit operational states analysis, we
processed the operational states in the same manner as described above, with minor adjustments. The data
provided were in form of daily averages, comprising all relevant calculation inputs including the amount and
composition of ROGs processed in the SMR unit. The calculation procedure is shown in Table IV.

Table IV. Calculations example based on operational data.*: 11.9 €/h have been subtracted, representing the
by appr. 0.54 t/h lower design 0.4 MPa steam export (see Table 3) in B., compared to A.

Operational parameter / date 22.8.2010 29.10.2010

Net hydrogen produced, t/h 2.779 2.749

NG consumption (feed + extra fuel for SMR furnace), t/h 11.288 9.565
ROGs feed; hydrogen content, t/h 0 1.473;0.174

3.5 MPa steam export, t/h 36.61 35.49

Hydrogen obtainable in the independent PSA unit; PSA

offgas NG equivalent, t/h 0.131;1.305

Ajdusted 22.8.2010 operational state (= B.), matching the 29.10.2010 state (=A.)

Hydrogen to be produced in the SMR, t/h 2.749-0.131=2.618
Adjusted NG consumption, t/h 11.288 — 4.42.(2.779-2.618) = 10.576
NG consumption incl. the PSA offgas credit, t/h 10.576 - 1.305 =9.271
Adjusted 3.5 MPa steam export, t/h 36.61 —18.5.(2.779-2.618) = 33.63
Comparison of B. vs. A.
A NG total consumption B. minus A., t/h 9.271-9.565 =-0.294
A 3.5 MPa steam export B. minus A. , t/h 33.63-35.49=-1.86
Variable hydrogen production cost B. minus A. , €/h* 55.0

Generally the operational data analysis comprises:

- Alonger time period comprising days D;_, has been chosen when the ROGs have been processed in
the SMR unit (thus representing operational states A;_,.);

- An adjacent time period comprising days D; ,, has been defined when the SMR unit has been
operated solely on NG feed

- Forachosen i-th day from D; , period (representing the A, state) and a chosen j-th day from D;_,, the
j-th day SMR unit operational parameters have been adjusted to match hydrogen production from i-th
day, lowered by the hydrogen that could be produced in the independent PSA unit on the i-th day.
This adjusted D, operation defines the operational state B;.

- Comparison of B; vs. A; state yields differences ANG; and Asteam; and thus the financial effect F;
representing the variable hydrogen production costs difference

Average values ANG; ASteam were obtained by averaging all differences ANG; and Asteam;; over i and j (1a,b),

whereby in the end the average financial effect Fy. was obtained:

L iiANGij iiASteamy
G=""12 . ASteam="2122 (1a,b)
n.m n.m
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The folowing Figure 2. shows the financial effects F; for i = 29.10.2010. Its aim is to show that even within a
period when the SMR unit operates purely on NG, the variable hydrogen production costs vary within + 60 €/h
(or appr. £ 20 €/t produced hydrogen) that indicates the influence of other operational parameters and
certainly would merit further attention. It also includes autocorrelation of operational data within the D, ,
period, that show a similar pattern, but their values are lower by some 50 to 60 €/h on average.
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Figure 2. Financial effects F; for i = 28.10.2010. Solid dots: D, ., period; open dots: D;_, period

Table V. Results of operational data analysis for three individual time periods characterized by SMR unit
operation solely on NG compared to ROGs coprocessing in the 20.10.2010 — 30.11.2010 period

Parameter 31.7.2010- 1.12.2010-  23.4.2011-  20.10.2010 -
18.10.2010 26.3.2011 22.6.2011 30.11.2010
Average SMR unit hydrogen production, kg/h 2686 2686 3029 2711
Average reactor outlet temperature, °C 799 798 807 799
Average steam to process gas ratio, t/t 3.61 3.65 3.59 3.57
ANG, t/h -0.280 -0.140 -0.224 -
ASteam, t/h -1.51 0.4 -1.42 -
AFE , €/h +61 +37 +40 -

Table V. shows comparison of three individual time periods when the SMR unit has been operated solely on NG
with the 20.10.2010 to 30.11.2010 when the ROGs have been coprocessed in the SMR unit. These three
periods are characterized by varying process parameters, however in all three cases it is obvious, that pure NG
operation of the SMR unit yields lower hydrogen production costs compared to ROGs coprocessing.

It can be concluded that both in case of design data analysis and operational data evaluation, the obtained
impact of ROGs coprocessing on the SMR unit operation is similar: pure NG operation means lower total
natural gas consumption and lower steam export. In financial terms the hydrogen production by pure NG
operation and ROGs processing in the independent PSA unit is by 40 to 60 €/h less costly than that of ROGs
coprocessing in the SMR unit.

Due to limited space exhaustive electric energy balance is not provided. Its preliminary analysis yields the
conclusion, that the electric energy costs related to the problem understudy do not play an important role in
the variable hydrogen production costs. The calculated electric energy difference between state B. and A.
obtained from the design state analysis is in the order of tens of kWs. As the electric energy consumption in the
main process equipment within the balance borders is not measured separately, no quantitaive conclusions
can be drawn related to operational electric energy consumption difference between B. and A.

Conclusions
This contribution aims at elucidating the key importance of correct balance borders settings and correct
calculation base construction. In order to demonstrate this necessity a case study bearing on analysis of
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optimal hydrogen rich refinery offgases utilization is presented here. The ROGs can either be fed to the SMR
unit, respresented by operational state A. or be processed in a separate PSA unit in operational state B.. In
both cases hydrogen is produced, however in the second one a valuable by-product is obtained in form of PSA
offgas. The correct economic calculation includes hydrogen and fuel gas network balancing as well as correct
calculation of steam export change from the SMR unit. In the calculation process, marginal values of natural gas
consumption and steam export are made use of. Both the analysis of design SMR unit operational state and
operational data analysis confirm that the ROGs utilization in a separate PSA unit is economically favorable
over their feeding to the SMR unit. The typical benefit resulting from preferential B. operation ranges between
40 and 60 €/h for the considered media prices, resulting from lower overall NG consumption and lower steam
export. Such result can qualitatively be explained by combining the reaction stoichiometry, as ethane and
higher hydrocarbons present in the ROGs produce less hydrogen and consume more steam per hydrocarbon
unit, compared to methane or natural gas. Moreover due to the chemical equlibrium principle the hydrogen
present in the ROGs acts against additional hydrogen formation in steam reforming process.

Only the results of electric energy balance are presented in this paper due to limited space; they indicate that it
does play only minor role in variable hydrogen production costs and would thus afffect the above financial
effect only in terms of several €/h.

It must be remembered that A., e.g. feeding the ROGs to the SMR unit at the same time means decrease of
maximal hydrogen production capacity in the refinery: the design SMR unit cases enable 3.475 t/h hydrogen
production both from pure NG and from ROGs and NG mixture. In case B. the ROGs are processed in the
separate PSA unit, increasing the hydrogen production capacity by up to nearly 300 kg/h.

Concludingly there is one other aspect that deserves attention: the C2 and higher hydrocarbons in the ROGs
have been assigned value only as NG fuel substitute. However these might represent an interesting and
valuable feed f.e. for ethylene production in the adjacent Steam Cracker unit if separated from the ROGs. In
this case their value would be higher than their fuel value and would significantly contribute to preferential use
of B. operation over A.. Recently a project aimed at valuable C2 and higher hydrocarbons recovery has been
launched in the refinery, counting with the offgases form the separate PSA unit as one of their important
sources. It is thus expected that the operation A. will be preferred only in extraordinary cases for very short
periods, on the contrary to its preferential use in the past.
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Abstract

Electricity is a fantastic innovation to boost mankind productivity and creativity, however, there is no
miraculous way to produce it and every technology has a price to pay. To reduce CO2 emissions and fossil fuel
dependency, Europe is engaged to switch from mainly coal-based to low-carbon technologies for electricity
generation. Though determination of the different economic, social and environmental impacts belongs to
scientists and specialists, valuing them on a unique scale is of societal matter. Thus, physical impacts must be
distinguished from social assumptions that are scenario-dependent, to be chosen by the user. This is the aim of
ELEXTERN, freely available at www.elextern.eu.

Besides showing user-customized cost structures of different electricity technologies (including externalities),
ELEXTERN helps building, exploring, and comparing different virtual electrical mixes. To do so, additional
information are required, such as minimum, average and maximum demand for power. Indeed, electricity is
not intrinsically storable (storage requires expensive technologies), and power supply must be able to adapt to
the actual demand anytime. Demand-side management can also be considered, which reduces the constraints.
ELEXTERN is then a decision support tool for designing the future mix. It can also be used as a communication
tool, since people can transparently adjust their own parameters and explore different pathways.

Background

The Czech electricity mix (Figure 1) consists of various sources and technologies. About half of electricity
(including auto-production) is made out of coal in conventional thermal power plants. Another 36% share is
produced by Nuclear power plants, while gas-fired and hydro power plants are used for peak-demand and
compensate some intermittent production (mainly Solar Photovoltaic).

m Coal

m Autoprod

‘ = Wind

21.1 GW Installed capacity
7.5 GW average consumption

9.5 GW average production ' Photovoltaic
2014
B Nuclear

m Hydro
m Pumped

m Alternatives

Figure 1. Czech capacities (inner diagram) and average production (outer diagram) per source (CEPS 2014 )

Czech electricity infrastructure is besides interconnected with neighbouring countries and within the European
context, electricity market has been liberalized (96/92/EC directive 2). Thus, since July, 1st, 2007, all European
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customers are given the choice of electricity providers. Consequently, electricity is simply another commercial
product that must be generated for profit by private companies who desire a maximum return on investment.
The adequate tool to value different electricity technologies is then the LCOE criterion — Levelised Cost Of
Electricity — that represents the average cost of producing electricity for a given technology. It combines
investment costs (CAPEX), fixed operation costs (OPEX) and variable fuel costs.

However, electricity production also causes undesirable consequences which must be weighed against its
societal benefits. These externalities have impacts on the economic, social and environmental level and affect
the whole society, both present and future. Natural resources do not belong more to us than to our children
and resource depletion deprives future generations. Additionally, some technologies or resources may come
from abroad, endangering the energy supply security. Further, usage of some technologies leads to
environmental degradation, climate change, or impacts human health. All these externalities are not taken into
account by private actors when planning their next investments. However, administrative authorities can
compute the real cost of electricity for the society over the entire life cycle of the plant, determine the ideal
energy mix for a given territory, and then build incentives so that private actors meet these goals.

The different impacts from electricity technologies are well documented in the literature ** However, these
impacts are from different nature and must be compared on a unique scale to take decision, which is difficult.
Besides, though the determination of the physical impacts belongs to scientists, the social value of these
impacts is not necessarily unique and definite. The determination of this social scale belongs to the society.
Thus, ELEXTERN (www.elextern.eu) clearly distinguishes physical impacts from social assumptions, and the user
can adjust them to design his own optimal mix.

ELEXTERN Methodology
Following the methodology developed by Wertz et al. > first LCOE is computed according to

_CAPEX | (1+R)T-1
8,76-LF | 11— (14 R)" LT

where the discount rate R plays a prominent role. The operation rate OPEX% is used here to factor investment

costs CAPEX: Operation costs OPEX = OPEX% * CAPEX / (8.76 * LF). Life time LF and Construction Time CT are

also important factor for high value of R. Using data from IEA-OECD 6, Bloomberg 7 and Pila¥ 8, we can
reconstitute the cost structure of main used technologies in the Czech Republic (Table 1).

LCOE + OPEX% 1 Fuel

Table I. Cost structure of the different technologies for a discount rate of 1%

Technology  Unit Coal FBC+ Gas Nuclear Small Large Pumped Onshore Solar
FBC CCS CCGT Genll Hydro Hydro Hydro Wind PV
Load Factor % 40.4 404 212 85 45 14 8 15 12
Constructio  years 4 4 4 7 2 3 3 1 1
n time CT
CAPEX €/kW 2370 4262 955 3983 7886 1564 1564 755 1359
Grid €/kW 100 100 50 200 100 100 100 230 380
Connection
Lifetime LT years 40 40 30 60 80 80 80 25 25
OPEX% % 1.65 1.6 1.76 1.87 0.32 1.56 1.56 2.00 0.71
capex
Fuel €MW 140 194 413 4.8 29.3
h
Actual €MW 216 381 211 12.9 37.1 24.9 43.7 34.0 75.1
CAPEX h
Actual OPEX €/MW  11.0 17.6 9.0 10.0 6.4 19.9 34.8 11.5 9.2
h
LCOE €/MW 46.6 75.1 714 27.6 43.5 44.8 107.8 45.5 84.3
h

Electricity social value depends on the difficulty to match production and consumption every time. Some
technologies are said dispatchable when electricity can be generated on demand. Dispatchability is a key
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advantage as it allows a plant to adjust to the electrical demand. Thus electricity is traded at a higher price
when it is highly demanded. Dispatchable sources are given here an additional “flexibility Yield”. That is
subtracted to the LCOE of dispatchable electricity, and computed via the ELIX index (spot price electricity index
of German, French, Swiss and Austrian markets, Figure 2) for the years 2012-2013 (European Energy Exchange
EEX 9). The flexibility Yield corresponding to an X% load factor is computed as the mean of the X% most
expensive MWh minus the average MWh price. This Yield is also used for describing electricity storage. These
electricity generation devices use, as fuel, cheap MWh during periods of low demand. Depending whether the
technology has a yearly or daily cycle, annual or daily lowest prices are computed, as well as annual or daily
flexibility Yields. The daily cycle yields less than the annual cycle since the difference between low and high
prices is lower

50 €/MWh
40
30
20
10
0 ' Load
0% 20% 40% Factor gno 80% 100%
—— Annual Lowest Prices Annual Yield
Daily Lowest Prices Daily Yield

Figure 2. Expected Daily/Annual electricity yield (for dispatchable sources) and price (for storage)

Additional impacts are considered in the following sectors:
- Economic: depletion of natural resources, imports of fuels or technologies
- Social: impact on health due to air pollution, unplanned expulsions following disaster
- Environmental: loss of free services offered by nature when land is destroyed for electricity production
- Long-term: greenhouse gas emissions causing global climate change, storage of nuclear waste
Table Il summarizes all considered input parameters used in ELEXTERN.

Table Il. Input parameter summary

Socio-Economic parameters

Physical parameters

Discount rate R

Electricity price curve

Capital expenditures CAPEX
Operation expenditures OPEX
Decommission expenditures DECOMEX
Fuel Costs

Marginal Cost curve/Learning rate L
Value of Energy independency
Value of Statistical Life VSL

Health costs and Sick leaves

Value of Biodiversity

Costs of Climate Change

Costs of Nuclear wastes treatment
Value of other impact

Load Factor LF

Electricity demand curve
Life Time LT

Construction Time CT
Dispatch ability

Efficiency

Reference Capacity

Fuel and Technological Import share
Mortality (air pollution)
Morbidity (air pollution)
Land Use

GHG emission

Nuclear wastes production
Other Impact

Czech electricity technologies assessment with ELEXTERN
ELEXTERN allows the user to choose assumptions concerning the social value of different impacts. Most of
these values have a linear impact on the global costs. However, the discount rate plays a huge and non-linear
role in the technologies assessment. Figure 3 and Figure 4 use the following values:
- Economic impact: 15% of CAPEX is expected to be bought abroad for basic technologies, 30% for CCS
and Nuclear, 50% for Wind and Solar, 100% of fuels is reported as a loss (depleted or imported
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- Social impact: 45.6 €/sick days, 377 €/respiratory disease, 100 k€/cancer, 600 k€/death (VSL)

- Environmental impact: 0.5 €/m” for extended land use (including mining, nuclear incident...), 100 k€
for unplanned expulsion (nuclear incident)

- Long term impact: 4.5, resp. 2.86 €/MWh for nuclear waste treatment with a 1%, resp. 5% discount
rate. 74.3, resp. 16 €/tCO, for climate change adaptation costs.
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Figure 3. Czech electricity technologies assessment with a 1% Discount rate
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Figure 4. Czech electricity technologies assessment with a 5% Discount rate

Exploring different potential mixes with ELEXTERN
All mixes must respect some demand characteristics. Though bilateral trades with neighbours may help
balancing the grid, capacities must be capable to answer themselves to the demand, since other countries will
face similar constraints (sun, wind, peak demand). Figure 5 and Figure 6 use Czech 2014 demand characteristic:
5 GW minimum demand (except 5% extreme low demand), 7.5 GW average demand, and 10.3 GW maximum
demand (except 5% extreme high demand). Different explored electrical mixes (with LF Load Factor of backup)
are:

- Current 2014 Czech mix (40,4% Load factor for Coal, 21,2% for Gas)

- 100% Coal: 10.3 GW Coal (73% LF), with and without CO, Capture and Storage (CCS)
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- Nuclear as base load, Gas for flexible adjustment: 6 GW Nuclear Generation Ill, 5.2 GW Gas (46% LF)
- 4 GW Nuclear Generation Il, 3.2 GW Generation Ill, 3 GW Hydro and storage, 1.3 GW Gas (59% LF)

- 4 GW Nuclear Generation I, 6.3 GW Wind, 3 GW Hydro and storage, 3.9 GW Gas (66% LF)

- Intermittent generation + backup: 5 GW Wind or Solar PV, 10 GW Coal (65% or 67% LF)

- 100% Wind + storage: 63 GW Wind, 58 GW storage (to be found)

- 100% Solar PV + storage: 85 GW Solar PV, 80 GW storage (to be found)
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Figure 5. Virtual electrical mixes assessment with a 1% Discount rate
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Figure 6. Virtual electrical mixes assessment with a 5% Discount rate

Discussion
Results show that technologies with low LCOE (such as conventional coal power plants) are not necessarily

serving society best interests. For each technology, the global cost (including externalities) depends itself on
the value given to the different impacts, as well as on the applied load factor, and the considered discount rate.
Even considering externalities, good performing technologies are not necessary the best technologies to
provide reliable electricity for a given country. Indeed Wagner 1% warns about tough constraints for an EU-wide
use of renewable electricity. Thus, the optimal mix is difficult to reach and comprises various and
complementary electricity sources, since storage is limited or expensive. Another solution to allow the further
reduction of conventional electricity generation is to develop load management. Thus electricity use would
better follow electricity intermittent generation.
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The role of the discount rate predominates the investment phase of a project and continues to play a
significant role in the valuation of long term impacts. Since we are considering the structural role played by
electricity in our modern societies, electricity planning should rather obey public infrastructure schemes, with
long-term return on investment. Thus a low discount rate such as 1% (close to countries’ growth rate) should
be used to virtually build the mix. Then energy policymakers can build different incentives so that private actors
build similar mix with their own economical rules.

Conclusion

Main features of ELEXTERN are the computation of LCOE, flexibility yield, social, environmental and economic
impacts, as well as long term liabilities of any electricity technology. ELEXTERN can then reproduce results from
previous studies, in term of direct costs (LCOE) and externalities. Besides, its flexible way to adjust assumptions
allows easy sensitivity analyses. However, it consists on rough orders of magnitude and does not consider
technical grid-constraints such as transmission lines and power gradients. Such dynamic problems must be
specifically addressed by dynamic models coupled with geographical information systems.
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Introduction

High-temperature reactor (HTR) is a generation IV nuclear reactor with high efficiency of electric energy
production. The output temperature of HTR coolant can be higher than 1000 °C, which is suitable for its further
use in other high-temperature applications (so called cogeneration). One of possible cogenerations is a
coupling of the HTR with a gasification unit, at which water steam used as a gasification media is produced
using HTR heat™.

In our work, we modeled lignite-gasification process, which utilizes heat from the HTR. For this purpose, we
developed a mathematical model of a gasification unit in MATLAB® environment. The model is based on
calculation of chemical equilibrium, which plays a crucial role in composition of syngas (synthesis gas)
generated during a gasification process. Moreover, chemical equilibrium, as a thermodynamic phenomenon,
indicates the upper limit of the gasification process efficiency. We studied the equilibrium syngas composition
and its dependency on various operation conditions such as temperature, pressure, and composition of the
feed mixture. For the calculation of chemical equilibrium, non-stoichiometric approach4 was applied.

Theory

From the thermodynamics point of view, calculation of chemical equilibrium in the lignite-gasification process
is a non-trivial problem, mainly because of the complexity of the reacting system. At least 15 chemical
reactions take place during the lignite-gasification processs’6’7, e.g., Boudouard and water-gas shift reactions,
combustion of solid carbon, etc. Moreover, the number of compounds in the reacting system is greater than
the number of chemical elements from which these compounds consist of. To solve chemical equilibrium in
such complicated systems, methods requiring no stoichiometric analysis are recommended”.
Non-stoichiometric approach is a thermodynamic method for calculation of chemical equilibrium in complex
systems consisting of many components and/or chemical reactions. It is based on minimization of Gibbs free
energy of the whole reacting system while satisfying the mass-balance equations. Thus, stoichiometry of
particular chemical reactions is not considered. It is sufficient to define the reacting system: a group of
reactants and a group of products. Our reacting system was defined considering solid carbon C(s) and gaseous
components CH,4, H,0, CO,, CO, O, and H.. It can be described by the following scheme:

{C(s), H,0, O,} <> {CH,, CO, CO,, H,} (1)

Here, the left side represents the hypothetical feed mixture of reactants and the right side represents products
of the gasification process. The main interest of our work is focused on the determination of equilibrium
concentrations of CO and H, because of their role as the major syngas components.

The reacting system (1) can be expressed by the matrix of constitution coefficients as follows:

1 0 01 1 10

A=<0204002> (2)
012 01 2 0

Columns of the matrix A represent the considered chemical compounds in the same order as in the scheme (1)

and the rows are the numbers of C, H and O atoms involved in these compounds. The matrix of constitution

coefficients is the only quantity describing the reacting system with respect to the elemental composition and

is thus very important for expressing the mass-balance equations.
The reduced Gibbs free energy of the whole reacting system (1) is given by4 the following equation:

G. N
stst = ;};St = Zivzlniqi (T,p) + Zl’:(faS) n;Inn; —nlnn, (3)
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Here, N is the total number of species in the reacting system, N(gas) is the number of gaseous species and n is
the molar amount of the gaseous phase. The reduced molar Gibbs free energy g; of component i at
temperature and pressure of the system is expressed in the form of following equation:

_ Gmi (T2%Y) N
@:(T,p) ==2——+1n o (4)

The mass-balance equations are as follows:
b] = Zivzl ajini ] =12,...M (5)

Here, b; is the constant molar amount of the j-th chemical element and g is a respective element from the
matrix of constitutional coefficients A. M is the number of chemical elements in the reacting system (M =3 in
our reacting system).

The principle of non-stoichiometric approach is to find a minimum of the function (3) in a set of points (n4, n,,
..., hy) satisfying the additional conditions (5). For this kind of a mathematical-optimization problem with
equality constraints (mass-balance equations), the method of Lagrange multipliers (A) was applied4’8. The
resulting function L to be minimized is then following:

L(nll ny, -, Ny, All /12' L AM) = stst(nl' Ny ey nN) + 29/’:1 lj (b] - Z?:l ajini) (6)

Minimization of function L gives values of A,,4,, ..., 44, n and n. (the equilibrium amount of solid carbon).
For the detailed description of this problem solution (6), see the original literature”.

For evaluation of the reduced Gibbs free energy of each component in the ideal gas state, G.,; (T,p""), an
appropriate thermochemical data must be chosen. We used a collection of Bures et al.’ which provides
temperature-dependent isobaric heat capacities in a form of semi-theoretical expressions, such as:

61)2 e—C1/T

62)2 e—C2/T
T/ (1-e=C1/T)?

T (1_6—02/1)2

Com = A+ By ( + B, ( (7)

Here, A, By, B,, C;, and C, are characteristic parameters for the given chemical compound. The main advantages
of these expressions are their applicability in a wide temperature range (200-3000K) and their safe
extrapolations outside this temperature range. The pure-component Gibbs free energies are then evaluated
using basic thermodynamic relations.

Results and Discussion

Calculation of chemical equilibrium in the reacting system was carried out several times with various
temperatures, pressures and compositions of the feed mixture in order to evaluate their effects on the syngas
properties. The feed mixture always consisted only of solid carbon, water vapor and oxygen.

Figure 1 shows temperature dependence of the equilibrium molar fractions of CO and H, at pressure 1 bar and
10 bar. In general, it can be said that higher operation pressure required higher temperature for maintaining
the same equilibrium molar fractions. The atmospheric pressure (1 bar) seemed to be the most appropriate for
the gasification process.

Another phenomenon discovered in our computational study was that there is a certain temperature up to
which the equilibrium amount of H, is higher than that of CO (cf. Figure 1). It is mostly connected with the fact
that the reactions producing H, are predominant at lower temperatures7.
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Figure 1. The equilibrium molar fractions of CO and H, as a function of temperature. The thin lines are results
obtained at p = 1 bar, while the thick lines at p = 10 bar.

Conversion of solid carbon as a function of temperature at pressure 1 bar is illustrated in Figure 2. The initial
molar amounts of C(s), O,, and H,0 were always 5, 1, and 1 mol, respectively. Under these conditions, there is a
significant change of the slope of the equilibrium curve starting at about 800 K and ending at 1100 K.
Nevertheless, the equilibrium conversion approaches its limit of approximately 60 % at the temperature of
about 1200 K. In order to achieve the total C(s) conversion (100 %), the ratio of the initial molar amounts of C(s)
to (O, + H,0) has to be decreased.
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Figure 2. The equilibrium solid carbon conversion as a function of temperature obtained at p = 1 bar. The initial
amount of C(s) was always 5 mol.

Composition of the feed mixture also plays important role in the syngas equilibrium composition. We studied
the influence of the ratio of the initial molar amounts of water vapor to oxygen (a). The calculations showed
that the molar fractions of CO and H, are closer to each other as a and operation temperature increase, as it is
displayed in Figure 3. Thus, the CO and H, equilibrium amounts can be also modeled by the choice of a.
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Figure 3. The equilibrium molar fractions of CO and H2 as a function of temperature at p = 1 bar. The Greek
letter a represents the ratio of initial molar amounts of water vapor to oxygen in the feed mixture.
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Because the figures presented here illustrate only the equilibrium content of C(s), H, and CO, we provide also
equilibrium composition of the whole reacting system as molar fractions and molar amounts of all components
calculated at T= 1000 K and p = 1 bar (cf. Table I).

It is obvious that desired products of gasification, H, and CO, are in a significant excess. The third most
abundant component in equilibrium mixture is CO,. We found that its equilibrium molar fraction usually
approaches its limit of approximately 50 % at 700 K, but then steeply declines as temperature increases.
Oxygen, as one of the gasifying media, is practically not present in equilibrium mixture under any operation
conditions. It indicates that not only gasification but also oxidation processes take place in the reacting system
in quite a large extent.

Table |

Syngas composition at T= 1000 K, p = 1 bar, & = 1 mol/1 mol, and the solid carbon initial amount of 5 mol.
c ; X n

omponen [] [mol]

CH, 0.0056 0.0183
H,0 0.0516 0.1690
CO, 0.1643 0.5381
co 0.5359 1.7549
0, 0.0000 0.0000
H, 0.2426 0.7943
C(s) - 2.6887

Conclusions

Our mathematical model calculating chemical equilibrium in the lignite gasification process can be successfully
used for the modeling and optimization of the syngas equilibrium composition with respect to various
operation conditions (temperature, pressure and composition of the feed mixture). As discussed in the
previous sections, the operation conditions are of a significant influence on the final syngas composition and
properties. Our further steps in extension of the model is to consider nitrogen (as a component of the air) and
solid sulfur (as a lignite component) in the reacting system.
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Abstract

Design of a separation equipment for the separation of azeotropic mixture ethanol — water in the presence of a
ionic liquid (IL) is presented. In this study, 1-butyl-3-methylimidazolium chloride ([BMim]Cl) was chosen as the
extractive solvent for the ethanol — water mixture separation at atmospheric pressure. Design calculations were
accomplished for a distillation unit in which extractive distillation of an aqueous ethanol mixture containing 20
mole % of ethanol was carried out. Basic column design parameters, such as the number of theoretical stages,
position of the solvent and feed input stages, reflux ratio, and ionic liquid consumption, were investigated.
Calculations were based on the pre-set content of the desired product, ethanol, in distillate. Computations
were done using a proprietary simulation program developed in the Matlab® program that solves a set of mass
balances at individual theoretical stages of the distillation column combined with the vapor-liquid equilibrium
(VLE) data. Non-ideal behavior of the liquid phase was assumed in the VLE calculations and the NRTL equation
was used to calculate the components activity coefficients. Original NRTL parameters were taken from
literature.

Due to the large number of variables, column design parameters were optimized in several computation cycles.
Results of the calculations show that in order to achieve the required distillate purity (99.5 mole % of ethanol),
a column with fifteen theoretical stages is required. The other optimum parameters were: reflux ratio of 1.4
and feed input stage no. 11. The results are presented in the form of temperature as well as vapor and liquid
phase concentration profiles within the distillation column. Comparison of the results was carried out
considering extractive distillation of the ethanol — water mixture in the presence of 1-butyl-3-
methylimidazolium  methylsulfate  ([BMim][MSO,]), and 1-ethyl-3-methylimidazolium ethylsulfate
([EMim][ESQ,4]). Qualitative comparison of the economic efficiency of the aqueous ethanol mixture separation
is also presented.

Introduction

Ethanol as a polar compound is fully miscible with water, which is a polar solvent. Industrially produced ethanol
is used as a fuel and gasoline additivel; as a solvent in the manufacture of varnishes, inks, paints, and cleaning
products; in the cosmetic industryz; in food industry; as an extraction solvent and carrier in medicine and
pharmaceutical industry3; etc. At atmospheric pressure, these components form an azeotropic mixture that
contains 95,57 mole % of ethanol. Such a mixture cannot be separated using the traditional distillation process
and, therefore, this procedure is not viable for anhydrous ethanol production. Separation, however, can be
achieved employing extraction distillation that requires the use of an extractive solvent capable of altering the
relative volatility of the original mixture components. As extractive solvents, various organic solvents were
proposed. Nowadays, a new class of solvents, ionic liquids (ILs), is proposed as an alternative to traditional
extraction solvents” °. ILs are ionic salts that are liguid at common temperatures. Due to their beneficial
properties, such as high extraction selectivity and capacity, non-volatility, thermal stability, electrical
conductivity, non-flammability, etc., ILs found wide applications in chemical industrye. The only substantial
disadvantage of ILs is their elevated price.

Phase equilibrium of multicomponent systems

To describe the vapor—liquid equilibrium (VLE) of a multi-component system, ideal behavior of vapor and real
behavior of liquid phases was assumed. The condition of the equilibrium between a vapor and a liquid for a
more component system at constant temperature and pressure, T and P, was written as:

Py, =Pi°xl,yi i=A B C [T, P] (1)
where P° is the saturated vapor pressure of the i-th component; y; and x; are the mole fractions of component

i in the vapor and liquid phase, respectively. Activity coefficients, y;,, were calculated using the original NRTL
equation derived by Renon and Prausnitz’:
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Binary parameters t; and terms Gj are defined by as follows:

gij_gjj .. .,
T, =——= G, =exp|-a.T; i,j=A,B,C i (3)
i RT i ( ij u)
where T; # T;;, T; = T; = 0, R is the universal gas constant, (g; — g;) represent the extent of interactions between

molecules i and j; and a;; is the non-randomness parameter of the NRTL equation.

Inyi: iljlkll:AlBIC (2)

Equipment design calculations

Design calculations were carried out for an extractive distillation column used for the separation of an aqueous
ethanol mixture (20 mole % of ethanol). As extractive solvent, 1-butyl-3-methylimidazolium chloride ([BMim]Cl)
ionic liquid was chosen. Simulations were carried out with the aim to optimize basic column operation
parameters such as: relative solvent consumption, number of theoretical (equilibrium) column stages, position
of the feed input stage, and reflux ratio. Optimization criterion was the prescribed distillate content of ethanol
(99.5 mole %). Calculations were carried out in a proprietary program constructed in Matlab® capable of solving
a set of material balances written for the column and its equilibrium stages considering the vapor—liquid
equilibrium of a multicomponent system. Calculation of the components’ activity coefficients in the liquid
phase were assessed employing the NRTL equation. Binary NRTL parameters for the system ethanol — water —
[BMim]Cl were taken from literature®. Comparison of the results was done for extractive distillation of the
ethanol — water mixture in the presence of 1-butyl-3-methylimidazolium methylsulfate ([BMim][MSQ,]) and 1-
ethyl-3-methylimidazolium ethylsulfate ([EMim][ESO,]). Parameters of the NRTL equation for these two ternary
systems were found in literature™ *°.

Results and discussion

Optimization of the column operation parameters was carried out at atmospheric pressure (P = 101325 Pa).
Due to the large number of optimized parameters, the calculations were done in three steps.

In the first step, relative solvent consumption, i.e. solvent to feed mole ratio, was optimized for the chosen
value of the reflux ratio, RR, total number of the column equilibrium stages, N, and the feed input stage, f.
Altogether eight combinations of the column parameters were used in this calculation step for the three
selected ILs: [BMim]Cl, [BMim][MSQ,], and [EMim][ESQO,].

Results of these calculations showed that the lowest specific consumption of solvent necessary to reach the
prescribed distillate purity, nq/n.= 1.5/10, was obtained with [BMim][MSO,]. In case of [BMim]Cl, the

consumption was higher, ng/n; = 3/10. [EMim][ESO,] was the least appropriate (selective) from the chosen ILs

since the prescribed distillate purity criterion could not be reached even at much higher relative solvent
consumption and/or reflux ratio values™ compared to those employed in simulations of the ethanol — water
mixture separation in the presence of [BMim]Cl or [BMim][MSO,] ILs. Therefore, taking into account the
elevated price of ionic liquids, further analysis was carried out for [BMim]Cl or [BMim][MSOQO,] ILs, only.

In the second step, the reflux ratio, number of the column theoretical stages, and the position of the feed input
stage were optimized assuming the respective solvent to feed mole ratio ( ng/n. = 3/10 for [BMim]Cl and ng /ng =

1.5/10 for [BMim][MS0Q,]) obtained in the first step of this procedure. Moreover, the solvent input stage, f; = 2,
was fixed for the calculations. Due to the low IL volatility, there is no risk of IL loss due to its presence in the
distillate. The reflux ratio was changed from RR = 1 to RR = 2 with the step of 0.2, the number of theoretical
stages varied from N, = 10 to N, = 20, and the position of the feed input stage of , =N—-4, N—3,0or N—-2
was considered.

For both ILs, [BMim]CI (Figure 1) and [BMim][MSQ,] (Figure 2), calculation results are graphically represented as
a variation of the ethanol mole fraction in distillate with the number of theoretical stages Xp ethanol = fIN), or with
the reflux ratio Xp ewmanol = f(RR), assuming different positions of the feed input stage, i.e.f,=N-4,f,=N-3, and
f> =N —2. Based on these data, the optimum column parameters (number of theoretical stages and reflux ratio)
were selected as the lowest values of the column design parameters at which the prescribed value of
optimization criterion, Xp gthanol = 0.995, was obtained.
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Figure 1. Results of simulations for [BMim]Cl as extractive solvent at n¢/n; = 3/10. Variation of the ethanol
mole fraction in distillate, Xp gthano, With the number of theoretical stages, N, at RR = 1.4 (a). Variation of the
ethanol mole fraction in distillate, Xp gthano, With the value of the reflux ratio, RR, at N = 15 (b). Positions of the
feed input stage: f, = N — 4 (solid line), f, = N — 3 (dashed line), and f, = N — 2 (dotted line).
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Figure 2. Results of simulations for [BMim][SO,] as extractive solvent at n¢/n. = 1.5/10. Variation of the

ethanol mole fraction in distillate, Xp gthano, With the number of theoretical stages, N, at RR = 1.4 (a). Variation
of the ethanol mole fraction in distillate, Xp ghanol, With the value of the reflux ratio, RR, at N = 15 (b). Positions
of the feed input stage: f, = N — 4 (solid line), f, = N — 3 (dashed line), and f, = N — 2 (dotted line).

From Figure 1 it is clear that to obtain the required content of ethanol in distillate, distillation column with 15
theoretical stages, feed to solvent mole ratio of 3/10, reflux ratio equal to or higher than 1.4, solvent input
stage f; = 2, and feed input stage f, = N — 4 = 11 are required for the separation in the presence of the extractive
solvent assumed, [BMim]CI.

A comparison of simulation results, yield of ethanol and water in distillate, for the obtained column design
parameters and different feed input stage positions, f,, is summarized in Table I.

From Table | it follows that the required separation efficiency was obtained only for the feed input stage
position f, =N — 4.

For [BMim][MSO,] IL (Figure 2), the optimization criterion was met for ng/n. = 1.5/10, N 213, and RR > 1.2 if
the feed input stage position was f, = N — 2. In case of f, = N — 4 or N — 3, the ethanol mole fraction in distillate
was higher than 0,995 in a column with 15 theoretical stages at all assumed reflux ratios (RR = 1-2).
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Table |
Yield of ethanol and water in distillate for [BMim]Cl at n¢ /A =3/10, N=15,and RR=1.4

. Yield of ethanolin  Yield of water in
Feed input stage

distillate, [%] distillate, [%]
f,=10 99.46° 0.13
f=11 99.56 0.11
f=12 99.40° 0.15
f,=13 98.49° 0.38

a) Preset distillate purity was not reached.

In the third step, simulation of the column for ethanol — water mixture separation in the presence of the chosen
IL, [BMim]Cl, was carried out using the optimum column parameters obtained in the previous steps. Besides the
values of the solvent to feed mole ratio ng/n; = 3/10, total number of equilibrium stages N = 15, position of the
solvent input stage f; = 2, feed input stage f, = 11, and reflux ratio RR = 1.4, in simulations also the solvent and
feed input stream quality g, = 1.5 and g, = 1, respectively, were assumed. Results of the calculations for these
conditions are illustrated by the concentration profiles in the liquid and vapor phases as well as the
temperature profiles within the column for extractive distillation (Figure 3).

Economic analysis and qualitative comparison of the separation costs

As given above, in the first calculation step the ionic liquid consumption was investigated while changing the
number of theoretical stages, reflux ratio, and the position of feed input stage. Taking into account the
computed ethanol content in distillate, the minimum solvent to feed mole ratio necessary for the ethanol —
water mixture separation in the presence of [BMim]Cl of ng/n. = 3/10 was estimated. Even lower specific
solvent consumption, ng/n. = 1.5/10, was found to be sufficient for this separation when [BMim][MSO,] IL was
used as the extractive solvent. Computed yields of ethanol for the solvent to feed mole ratio ng/n; = 1.5/10 are

compared in Table Il.

Table Il
Yield of ethanol in distillate for different solvent to feed mole ratios and the two ILs considered; results

computed for N =15, n¢/n. =1.5/10, RR=1.4,and f, =12
Yield of ethanolin  Yield of water in

lonic Liquid distillate, [%] distillate, [%]
[BMim]Cl 99.11° 0.22
[BMim][MSO,] 99.95 0.01

a) Preset distillate purity was not reached.

It can be seen that the separation efficiency of [BMim]Cl is lower compared to that of [BMim][MSQ,]. Bearing in
mind elevated prices of ILs, ethanol — water mixture separation in the presence of [BMim]Cl is less economic
compared to that employing [BMim][MSQ,] as the extractive solvent. In case of the second IL, not only the
operational (solvent purchase costs, heating and cooling media consumption, regeneration costs) but also the
investment (size and number of stages of column for extractive distillation and regeneration) costs are reduced.

3" International Conference on Chemical Technology | ICCT 2015

[120]



09 r

0.7 - ]
0.6 - P'S * -

0.4 - A A A A A
03 r L |

»>e
»

>

»

0.1 = *
ol [} ] | L ! 1 1 1 1 1 ’ 2 3

L 4

L

b)

0.9 * | ]
0.8 r | ]

0.7 r
0.6 r ||

e

04 r *
03 r
0.2 *

>
»
»
»
»
»
»
»
o d
»

o= =u = 1 1%

140

130 | ° °
120 t

110 | 4

t°C
[ ]

100 | °

80e¢ o

70

Figure 3. Calculated concentration profiles in the liquid (a) and vapor (b) phases and temperature profile (c) at
individual stages of the distillation column for the extractive distillation of the ethanol — water — [BMim]Cl
mixture at 101.3 kPa. Column design parameter values: ng/n. =3/10, N=15,RR=14,9,=15,9,=1, f; =2,

and f, = 11. Components: ethanol (diamonds), water (squares), and [BMim]Cl (triangles).

Conclusions

In this study, optimization of the column parameters for extractive distillation of aqueous ethanol mixture
separation in the presence of [BMim]Cl IL was carried out. For the required purity of distillate (ethanol mole
fraction of 99.5 mole %), several column parameters such as the solvent consumption, number of column
stages, reflux ratio, and position of the feed and solvent input stages. Optimization was carried in two
consecutive steps that were repeated in a sequence.
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Efficiency of [BMim]Cl in the ethanol — water mixture separation was compared with another ionic liquid that is
structurally similar. For comparison, ionic liquid with the same cation, [BMim][MSO,], was considered. It was
found that these extractive solvents possess identical separation efficiency at the corresponding values of the
feed to solvent mole ratio (3/10 for [BMim]Cl and 1.5/10 for [BMim][MSQ,]) assuming a column with fifteen
theoretical stages, reflux ratio of 1.4, and the position of the feed input stage f, = 11.

Compared to [BMim]Cl, [BMim][MSO,] showed even higher efficiency in the ethanol — water mixture
separation. For this extractive solvent, the required purity of distillate could be achieved at lower solvent to
feed consumption. Thus, the use of [BMim][MSQO,] is economically more advantageous compared to [BMim]CI.
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Abstract

Considering the impacts of human activities on the environment, emissions of greenhouse gases are one of the
major concerns. The CCS technologies are seen as an option that can help to decrease the emissions of CO, and
reduce potential effects that a heightened CO, concentration might have. The technical solution of capture,
transport and storage of the CO, originating in large emission point sources (power plants, industry) is
depending on local conditions and can vary significantly. The ammonia scrubbing was chosen for CO,
separation from flue gas of lignite coal power plant (typical conditions for the Czech Republic) in the national
project MPO FR-TI1/379. Environmental gains and impacts of the power plant and the optimized variant of the
capture technology based on ammonia scrubbing were assessed on the basis of material and energy flow
balance. The potential environmental impacts of the power plant with and without CO, capture were
compared using LCA methodology.

Introduction

Coal is one of the most important global energy sources. Despite being non-renewable coal is relatively evenly
distributed around the world, it is providing electricity and heat with high reliability and the available known
reserves are sufficient into far future. However, the energy production based on coal combustion is
accompanied by significant environmental impacts — depletion of non-renewable resources and emissions of
solid, liquid and gaseous compounds with potential negative impact on the environment and human health.
The legislation is setting emission limits on sulfur dioxide, nitrogen oxides and particulates, which have
environmental effects that can be observed in short term horizon as acid rain, photochemical smog and
increased incidence of respiratory diseases. Reliable technological solutions are available to reduce the above
mentions emissions — flue gas desuphurisation, denitrification and dedusting. The situation is much more
complex in case of CO, emissions as the long term effects must be considered. It also proves to be very difficult
to exactly quantify the effect of anthropogenic CO, on global warming.

Coal will most likely remain an important element of the global energy production even in long term future. It
is necessary to find ways how to utilize coal more efficiently and with fewer emissions, including CO,, in the
future. As an illustration the Global CCS Institute specified long term CO, reduction measures: transfer to
renewable energy sources, transfer to low carbon technologies and implementation of CCS (Carbon dioxide
capture and sequestration) technologies on existing and newly planned facilities."

The comparison of renewable energy sources and conventional thermal power plants with implemented CCS
technology is often discussed. The study of Viebahn et al’is using life cycle analysis (LCA) and cost analysis to
compare the environmental impacts of pulverized combustion of hard coal, pulverized combustion of lignite,
natural gas combustion in combined cycle and integrated gasification and combustion of hard coal — all option
without and with CCS technology. These conventional energy sources are compared with renewables — wind
and solar thermal systems. The authors point out that even with the best case of CCS technology the traditional
sources still emit more CO, per 1 kWh of produced electricity than the renewables. However, thermal power
plants are very significant source of energy (totaling e.g. about 52 % respectively 60 % of the energy mix in
Czech Republic and Germany) and CCS technologies could help to mitigate its CO, emissions.

Many other studies were conducting LCA of parts of the whole CCS chain and also its parts comparing different
types of energy applications with and without CCS.>’ The LCA is always applied on simulated power plants so
the results can only function as an estimation. Moreover, modern power plant blocks with high power output
and net efficiency around 45 % are used. This paper is using LCA to asses the environmental impacts of an
existing lignite fired PCC power plant block (net efficiency 32 %), see parameters in Table I. The reference
power plant environmental impacts are compared with the scenario of ammonia scrubbing CCS technology
implementation.
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THE SCENARIOS FOR LCA

The aim of this paper is to compare the environmental impacts of an existing power plant with the scenario of
ammonia scrubbing CCS technology implementation. The used background data were taken from the national
project MPO FR-TI1/379, for more information see the project reports. The above mentioned project’s aim was
to suggest and design commercially available CCS technologies in the case their implementation on Czech
existing power plants is needed in near future. The parameters of a power plant block in Table | are taken from
a real facility and represent the existing conditions in the Czech Republic. The ammonia scrubbing was
suggested as one of the options.

Table I. The parameters of the power plant block without and with CO, capture

Parameter Power plant without CCS | Power plant with CCS
Nominal power output [MW] 250 250

Net power output [MW] 226 164

Yearly operation [h] 6300 6300

Electricity produced [MWh/y] 1423800 1033 200

CO, produced [t/MWh] 0.933628 0.128049

CO, captured [t/MWAh] 0 1.158537

The LCA of environmental impacts is using the data related to the power plant and CO, capture operation.
Impacts of CO, transportation and storage are not taken into account. Also the impacts of adsorber
construction and additional auxiliaries and infrastructure are disregarded due to its minimal importance
compared to construction of the whole power plant.

The analysis was carried out using SIMAPro software and CML 2001 methodology. All inputs’ consumption and
outputs’/wastes” production were related to the production of 1 kWh of electrical energy. Three scenarios
were included in the analysis and compared:

Scenario 1: The reference power plant without CO, capture

Scenario 2: Power plant with CO, capture

Scenario 3: Power plant with CO, capture and with utilizing the ammonia salts as fertilizer (previous variant
treated ammonia salts as solid waste)

Table Il is showing the selected environmental impacts expressed in equivalent units representative for each
category.

Table Il. Environmental impacts

Scenario 3

Category

Scenario 1:
Power plant without CO,
capture

Scenario 2
Power plant with CO,
capture

Power plant with CO,
capture + fertilizer

eq.]

production

Mineral resources 9 8 -8

. 6.67 .10 1.31.10 1.23.10
depletion [kg Sb eq.]
Fossil fuels depletion
(] 1.22 4.29 4.24
Climate change [kg CO, 2.18 5.25.10" 5.12.10"
eq.]
Ozone layer damage [kg 8.38.10™%2 2.48. 10" 2.45. 10"
R-11 eq.]
Photochemical oxidation 0.00011 0.00012 0.00012
[kg C;H, eq.]
Acidification [kg SO, eq.] 0.0024 0.0022 0.0022
Eutropication [kg PO43'

0.00032 0.00022 0.00021

Conclusions

The impact of CO, capture on climate change is expectedly positive and very significant. However, increased
mineral resources and fossil fuel depletion can be observed for the power plant with CO, capture as well as
increased ozone layer damage. The categories of photochemical oxidation and acidification seem unchanged,
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slight decrease of eutropication occurred with including the CO, capture. The option with CO, capture and
ammine salt utilization as fertilizers (Scenario 3) showed similar but slightly better results. Some other studies
suggest that by including also the process of CO, transportation and storage the acidification and eutropication
would increase compared to the reference power plant.z’3’7
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Introduction

Due to our lifestyle and the fact that the human population is increasing, energy consumption has never been
higher in the world than today. One of the major energy consumers is the transport sector counting about
a fifth of the total consumption, and it is likely that will be only greater in the future’. Significant research is
being conducted in an energy area in order to find alternative fuels to replace gasoline and diesel fuels.
According to the EU Directive on the promotion of the use of energy from renewable sources, a mandatory
target of a 10 % share of energy from renewable sources in overall energy consumption has to be achieved by
all Member States by 2020 and to be introduced in a cost-effective wayz. Biofuel production also should be
sustainable. Directives of the European Parliament and Council 2009/28/EC on the promotion of the use of
energy from renewable sources’ and 2009/30/EC on the quality of petrol, diesel and gas-oil3 further reinforces
the sustainability criteria for biofuels in relation to greenhouse gas emission savings and are trying to solve the
problem of indirect land use changes due to growing biomass for biofuel production and reduces the
contribution of biofuels made from food biomass to 5 %. These directives make the biofuel development to
move from the first generation biofuels toward the second one. New researches are now focusing on
developing other sources of biomass for the second generation such as agricultural, food and wood industries
wastes.

Producing of FAME biodiesel by transesterification of triglycerides contained in vegetable oils (rapeseed, palm)
with alcohol has showed a potential of fulfilling the sustainability criteria but there are still many disadvantages
of these products (high viscosity, pour point, acid number, low heat value and stability because of its oxygen
content and double bonds in molecule)4.

There is an alternative route for biodiesel production. Hydroconversion of the same oils provides hydrocarbons
appropriate to use as a part of conventional diesel and even have higher cetane value as conventional ones”.
Double bond hydrogenation, hydrodeoxygenation (HDO), hydrodecarbonylation (HDCN) and
hydrodecarboxylation (HDCX) are the main reactions that occur during vegetable oil hydrotreating (Figure 1)5'8.

Hydrogenation 4-6)7 3Cy/Hzg +C3Hg + 3H0 + 3CO HDCN
CHy— O— CO— Cy7Hss CH,—0—CO—Cy7Hss
CH- 0 CO CyHy _T4H2 *12H,
SR T — fH*O*CO*CNHas ——> 3CgHsg +C3Hg + 6H,0 HDO
CHy— O— CO— CyoHyg CH,—0—CO—CyHss

3C17H36 +C3H8 + 3C02

Figure 1. Main reactions occurring during hydrotreating of triglycerides

HDCX

The catalysts used in hydrotreating processing are noble metals and transition metals, both on active support
(alumina, carbon or mesoporous zeolite). Comparing with the transition metal catalysts, noble metal catalysts
always have higher cost and shorter lifetime. Ni, Co and Mo are among the transition metals, which are usually
used in form of monometallic or bimetallic catalysts. The reaction pathway is mainly dependent on the active
metal’. Moreover, the product distribution, the yield and selectivity of hydrocarbons as well as the conversion
of feedstock are usually affected not only by the catalysts but also by the operating conditions. Hydrotreating
of vegetable oils and petroleum conventional fraction blends have also been investigateds’e.

In this work, the hydrotreating of rapeseed oil with regard to the use of the products as components of diesel
fuel was researched. The effects of process parameters (temperature and pressure) of the hydrotreating on the
oil conversion, the distribution of C;; and C;3 components derived from HDO, HDCN, HDCX and subsequent
isomerization, cyclization and dehydrocyclization were analysed.

Experimental

Since middle petroleum distillates and products of their hydrotreatment contain a large variety of n-alkanes,
isoalkanes, alkylated cycloalkanes and alkylaromatics, it is practically impossible to determine quantity and
structure of the various hydrocarbons except the dominant C;; and Cy3 n-alkanes in products from
hydrotreating of petroleum fraction and rapeseed oil blend. Therefore, hydrotreating of a mixture 83 wt% of
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isooctane and 17 wt% of rapeseed oil was carried out. To ensure that model mixture hydrotreating would take
place similarly as actual petroleum feedstock and hydrotreating catalyst remained in active sulphidic form,
dimethyl disulphide (DMDS) was added to the model mixture in an amount same as sulphur concentration in
conventional petroleum feedstock, i.e. 0.28 wt%.

Relative acyl representation in rapeseed oil used in this work is shown in Table I. It can be seen that Cy5 acyl
represents more than 91 wt% of acyl groups presented in the rapeseed oil. Rapeseed oil contained 4 mg-kg'1 of
sulphur and 8 mg-kg'1 of nitrogen.

Table |

Relative acyl representation in the rapeseed oil

Acyls® C14:.0 C16:0 Cil6:1 C18:0 C18:1 C18:2 C18:3 C20+
Amount [wt%] 0.1 5.5 0.4 2.0 60.0 20.3 8.8 3.0

® The first number next to C indicates carbon atoms number and the second one is double bonds number in an
acyl. C20+ indicates acyls having 20 or more carbon atoms in molecule.

Hydrotreating of feedstock was performed at a flow apparatus equipped with a tubular trickle-bed reactor. The
reactor was filled with a commercial Co-Mo/Al,03+SiO, catalyst which is used for hydrotreating of middle
distillates. Hydrotreating was performed at 320, 340, 360 and 380 °C, at LHSV of 1 hr"l, constant flow rate of
feedstock at 100 g-hr'l, pressure of 4 and 8 MPa, and the ratio of hydrogen to feedstock of 230 m>m>.
Products were collected for 5 hours.

Hydrogen sulphide was stripped off from liquid reaction products by hydrogen with a flow of 3.6 dm*hr?
during the experiment and then by the same flow rate for 2 hours because of the possibility of its oxidation to
elemental sulphur during next distillation of the liquid products, which would distort their sulphur content.
Other gaseous and low-boiling compounds were removed during the procedure as well. Removal of isooctane
from product was carried out using distillation apparatus FISCHER with a SPALTROHR HMS 500 column.
Completeness of rapeseed oil conversion into hydrocarbons was checked by simulated distillation on a gas
chromatograph TRACE GC. Cetane index (Cl) was calculated according to EN ISO 4264 using distillation data
obtained from procedure specified in ASTM D2887. Density was determined according to EN I1SO 12185 using
oscillating densitometer DMA 48, kinematic viscosity was determined using STABINGER (SVM 3000) viscometer
according to ASTM D7042.

Parameters of the simulated distillation and the parameters of high performance liquid chromatography (HPLC)
that was used for an assessment of group composition of liquid products are listed in the previous work’. The
sulphur content was determined according to ASTM D5453 on the Mitsubishi TOX-100 analyser. The content of
n-alkanes was determined by gas chromatography with flame ionization detection (GC-FID) on HP 5890
chromatograph. Identification of n-alkanes was made by comparing peak retention times with retention times
of n-alkanes presented in the standard mixture of C;-C3q n-alkanes, which was analysed under the same
conditions as the samples. The content of each n-alkane and group of isoalkanes was calculated as percentage
of their area to a total area of the sample (without solvent and its decay products).

Additional information on the composition of liquid product was obtained using gas chromatography with mass
spectrometric detection (GC-MS) on Thermo Focus GC-DSQ. This method was used primarily for the
identification of other hydrocarbon (other than n-alkanes) presented in liquid products. Conditions for GC-FID
and GC-MS analyses are shown in Tables Il and Ill. Analysis of gaseous hydrotreating products was made using
an HP 6890 gas chromatograph equipped with two analytical channels. Detailed analytical conditions are
presented in Table IV.

Table Il

Conditions for GC-FID analysis

Parameters Description

Analytical column Agilent ULTRA 1 (12.5 m x 0.32 mm x 0.52 um)

Injection Split 1:100, injector temperature 320 °C, injection volume 0.2 pl
Carrier gas Nitrogen 6.0, constant pressure of 20 kPa

Column temperature isothermal 60 °C for 3 min, then a linear gradient of 8 °C:min™ to a temperature
280 °C, isothermally at this temperature for 5 min

FID detector detector temperature 320 °C
hydrogen flow rate 30 cm> min™, airflow 300 cm®min™, make-up gas flow (nitrogen)
20 cm>min™
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Table Ill
Conditions for GC-MS analysis

Parameters Description

Analytical column Restek Rxi-1ms (20 m x 0,15 mm x 0,15 um)

Injection Split 1:100, injector temperature 275 °C, injection volume 0.2 pl
Carrier gas helium (5.5), constant flow 1 cm®min

Column temperature isothermal 35 °C for 2 min, then a linear gradient of 3 °C-min’to a temperature 90 °C,
then 15 °C-min’ to 310 °C, isothermally at this temperature for 5 min

MS detector temperature of ion source 200°C, electron impact ionization (El+); electron energy
70 eV, mass range m/z 30-450, scanning rate 3 scan-s™

Table IV
Conditions for gaseous products analysis
Parameters Description

Analytical column channel 1: Restek Alumina BOND/MAPD (30 m x 0.32 mm x 5 um)
channel 2: pre-column, HayeSep Q (0.9 m x 3.2 mm, 80/100 mesh)
column 1, HP PLOT Q (30 m x 0.53 mm x 40 um)
column 2, HP Plot Molsieves 5 A (30 m x 0.53 mm x 50 um)

Oven temperature isothermal 70 °C for 6 min, then a linear gradient of 10 °C-min‘toa temperature
90 °C, then 20 °C-min’ to 220 °C, isothermally at this temperature for 5 min
Detector channel 1: flame ionization detector (detection of C;-C; hydrocarbons)

channel 2: thermal conductivity detector (detection of permanent gases)

Results and discussions

Eight products were prepared by hydrotreating of rapeseed oil dissolved in isooctane in two sets of
experiments which differed in pressure. Reaction conditions of performed experiments and designation of the
products obtained are given in Table V.

Table V
Reaction conditions of hydrotreating and designation of the products obtained
Temperature Pressure Temperature Pressure

Product FZ°C) (MPa) Product FZ"C) (MPa)
ISR-4-320 320 4 ISR-8-320 320 8
ISR-4-340 340 4 ISR-8-340 340 8
ISR-4-360 360 4 ISR-8-360 360 8
ISR-4-380 380 4 ISR-8-380 380 8

The results of the simulated distillation of all liquid products did not show a presence of organic compounds in
boiling range of 600-650 °C, which confirmed that conversion of rapeseed oil was complete. A part of
a chromatogram of the ISR-4-320 product is shown in Figure 2 as an example. C;; and Cy3 n-alkanes were
dominant in all products of the rapeseed oil conversion as expected. The content of other n-alkanes was
considerably smaller, because C,5 acyl formed more than 91 wt% of acyl groups in the rapeseed oil (table I).
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Figure 2. Identification of hydrocarbons in a part of ISR-4-320 chromatogram
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Methyhexadecanes and methylheptadecanes were dominant isoalkanes determined in the products using
GC-MS. Dodecylcyclohexane was identified as the only significant representative of cycloalkanes in all products
excluding ISR-4-380. Methylphenanthrene or methylanthracene was identified only in ISR-4-380 product.

It can be seen in table VI, that content of C;; and C,g n-alkanes in reaction products decreases with increasing
reaction temperature due to the subsequent reaction of n-alkanes formed by conversion of rapeseed oil. The
products obtained at a pressure of 8 MPa contained larger amounts of C;3 and C;; n-alkanes than the products
obtained at the same temperature but 4 MPa. The amount of isoalkanes increased with increasing reaction
temperature. Data in table VI reveal that ratio of C,; to Ci5 alkanes in products was growing with increasing
temperature, which means that hydrodecarboxylation and hydrodecarbonylation were applied more in
conversion of rapeseed oil compared to its hydrodeoxygenation at higher reaction temperatures.

Table VI
The content of individual groups of hydrocarbons in liquid products (wt%)
Product ISR-4- ISR-4- ISR-4- ISR-4- ISR-8- ISR-8- ISR-8- ISR-8-
320 340 360 380 320 340 360 380
Cu 1.2 0.4 7.7 13.9 0.0 3.0 9.0 10.4
Cis 2.4 2.1 34 4.9 4.2 2.7 33 3.9
Cis 5.0 3.6 6.7 10.5 2.6 2.8 3.5 4.9
iso-Cy7 14.1 9.4 17.0 21.0 5.6 8.0 10.2 13.0
n-Cy7 31.6 34.4 26.5 19.9 41.2 42.3 37.0 29.8
iso-Cyg 11.4 8.7 13.3 12.9 5.2 6.0 6.8 8.5
n-Cyg 28.0 36.2 18.5 9.2 36.6 30.3 23.8 16.9
Cios 6.2 5.2 6.8 7.8 4.6 5.0 6.4 12.7
Sum 100 100 100 100 100 100 100 100
C17/Cyg 1.16 0.98 1.37 1.85 1.12 1.39 1.54 1.69

Properties of the liquid products obtained by hydrotreating of rapeseed oil are given in Table VII. The sulphur
content of all products was less than 10 mg-kg"l. Viscosity of the products decreased with increasing reaction
temperature. The products obtained at lower pressure had a bit lower viscosity than the ones obtained at
higher pressure. All products meet the viscosity of EN 590 diesel standard, which must be in the range from
2.0to 4.5 mm*s™.

Table VII
Yield and properties of hydrotreating liquid products
Yield Sulphur Density Pour Viscosity Cetane Monoarom. Polyarom.
Sample (g) content at 25 °C Point at 40 °C index content content
(mgkg’)  (kgm?®) (0  (mm’s?) (wt%) (wt%)

ISR-4-320 55.5 9 780 15.5 3.47 99.3 1.2 0.3
ISR-4-340 57.9 3 784 13.0 3.34 94.9 2.0 0.3
ISR-4-360 54.7 3 786 7.5 3.25 92.3 2.6 0.7
ISR-4-380 56.7 4 790 -1.5 2.98 82.1 5.5 33
ISR-8-320 55.2 5 782 20.0 3.93 98.7 0.9 0.3
ISR-8-340 58.7 8 782 17.0 3.73 98.7 0.9 0.3
ISR-8-360 57.9 3 783 14.5 3.67 97.3 1.2 0.3
ISR-8-380 57.8 6 784 7.5 3.37 92.2 3.0 0.6

Products had relatively high pour point which decreased with increasing reaction temperature. It was caused
by partial isomerization of n-alkanes in higher reaction temperature. Products which were obtained at a lower
pressure of hydrotreating had lower pour point than the ones obtained at the same temperature but at
a higher pressure. Density had to be measured at 25 °C because of the high pour point of the products. The
density of the products did not change too much with increasing reaction temperature or pressure. The cetane
index of the products was very high and slightly decreased with increasing reaction temperature. Aromatics
content of products increased with increasing temperatures, this trend was more marked when using lower
pressure.

Analysis of gaseous products (Table VIII) showed increasing amount of butanes (mostly isobutane) and
methane with increasing temperature. This was caused mainly by isooctane cracking. The products from
conversion of rapeseed oil cracked a bit at higher reaction temperatures as well (increase in Cy,. hydrocarbon
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content, Table VI). Methane could also arise from reaction between carbon oxides and hydrogen
(methanation)lo.

Table VIII

Composition of gaseous products from hydrotreating (vol%)
Compound ISR-4- ISR-4- ISR-4- ISR-4- ISR-8- ISR-8- ISR-8- ISR-8-

320 340 360 380 320 340 360 380

Hydrogen 87.80 87.43 85.52 74.02 88.47 87.44 86.87 79.34
Methane 1.67 1.66 1.62 2.30 1.90 2.72 2.80 3.50
Ethane 0.11 0.07 0.10 0.27 0.09 0.14 0.15 0.22
Propane 1.50 1.44 1.53 1.64 1.52 1.69 1.45 1.57
Butanes 1.21 1.89 3.31 15.01 0.12 0.64 2.17 9.11
co 1.12 0.82 0.94 0.76 0.65 0.73 0.52 0.46
CO, 1.83 1.21 1.35 0.93 1.44 1.46 0.93 0.71
Other 5.01 5.58 5.62 5.06 5.81 5.18 5.11 5.09

Conclusions

Rapeseed oil was completely converted into hydrocarbons under the reaction conditions. Cy; and Cy5 alkanes
were predominant in all products from hydrotreatment of rapeseed oil. Amount of isoalkanes and aromatic
compounds in hydrotreating products increased with increasing reaction temperature and decreasing pressure.
At increasing temperature, hydrodecarboxylation and hydrodecarbonylation were applied more in conversion
of rapeseed oil compared to hydrodeoxygenation. Liquid products had relatively high pour point which
decreased as a result of isomerization at higher reaction temperature. The cetane index of the products was
very high (>90) and slightly decreased with increasing reaction temperature.
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Introduction

Vacuum residue (VR) is the heaviest fraction of petroleum processed in the refinery industry; the increasing
demand for petroleum have afforded a major impetus for the current research. The processing of heavy oils
entails complications such as high viscosity, problems relating to transport and limited processing capacities for
heavier fractions in the existing refineries. For these reasons, the properties of the heavy raw materials need to
be improved to minimize any risk to the environment and to their processing in refineries [1-7]. The visbreaking
process is a well-known conventional thermal treatment. It is based on a mild thermal decomposition resulting
in a decrease in the viscosity of residues from petroleum, heavy oil, or bitumen. The reaction temperature is
usually in the range of 350—450 °C. Usually, the heavier compounds are cracked at a low specific residence time
to avoid coking reactions. The hydrovisbreaking process involves a visbreaking treatment in a hydrogen
atmosphere; this can be a catalytic or non-catalytic reaction [6]. The use of cost-efficient catalysts is necessary
for the catalytic process. The use of bentonites or other low-cost natural minerals as catalysts is another
interesting alternative [8, 9].

This study was carried out with the aim of obtaining an active catalysts for the reduction of the viscosity of a
vacuum residue using a low temperature process. Two bentonite based materials and two SBA-15 catalysts
were used.

Experimental

Hydrovisbreaking experiments

An autoclave Parr Instrument Company 4575/76 with a reactor controller “4848B” was used for the visbreaking
experiments. The course of an experiment and the reaction conditions were as follows: The sample and an
additive or catalyst were introduced into the reactor (autoclave) and heated from room temperature up to 300
°C with the rate of 8.3 °C/min. Then, the system was kept 30 min at 300 °C. Finally the system was cooled by air
flow (-4.5 °C/min) to the room temperature and stabilized for 20 hours until the next day. Then a gas sample
was taken and analyzed. The liquid product was analyzed (dynamic viscosity, elemental analysis, density,
solubility in hexane and toluene and simulated distillation). One gram of catalyst and 99 g of feedstock were
added for each test.

Analyses

The dynamic viscosity was evaluated using the standard EN 13302 with the “Brookfield Thermosel System”. The
solubility in hexane and toluene of the product was determinated according to the standard CSN 65 6073.

The high temperature simulated distillation (SimDis) was performed by gas chromatography according to the
procedure drawn up by “AC analytical controls”. It is used to determine the boiling point distribution of
petroleum oils, their products and higher boiling residues. The minimum boiling range petroleum fractions, for
which the method can be used, is 55 °C. The results obtained by this method are equivalent to the results of
conventional distillation method ASTM D 2892, which is performed on a column with 15 theoretical trays at a
reflux ratio of 5:1. The sample is sprayed on the gas chromatographic column, which separates the
hydrocarbons according to their boiling point.

The density of the liquid products was carried out using a semi-hydrometer KYOTO DA-645.

Elemental analysis by the ICP method was measured on elemental analyzer Flash2000 (Thermo Scientific). The
standard ASTM D 5291 was used.

The gaseous products were analyses by the method “Refinery Gas Analysis” RGA (Agilent Technologies) with
the GC 7890A Agilent. It was configured to analyze refinery gas up to C6 hydrocarbons including H,S and
carbonyl sulphides (COS).
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Raw material and catalysts

Vacuum Residue (VR) from Russian Export Blend crude oil (REB) was used as a raw material for the visbreaking
experiments. Its properties were evaluated - elemental analysis, density, viscosity and solubility in hexane and
toluene (Table ).

Table I.
la. Feedstock properties.
Dynamic Density Elemental Analysis Asphaltenes
Name Viscosity J%wt. %wt.
mPa*s kg/m3 C H S N “n-hexane *Toluene
438-62-13-A * 1007.6 85.9 10.4 3.1 0.7 6.9 0.031

’Amount of non-soluble compounds in n-hexane. (Asphaltene + others).
*Non-soluble compounds in n-hexane or toluene (others).

Ib. Dynamic Viscosity.

Dynamic Viscosity (mPa*s) (60 °C) (80 °C) (100 °C) (120 °C) (135 °C) (150 °C)

*438-62-13-A 24550 3290 822 267 125 74,5

Ic. Simulated Distillation.

Fraction 343-525 °C 525°C+

%wt. 13 87

Four catalysts were tested:

a) Two catalysts which were used in previous published works [10, 11] were synthesized according to the next
procedure: A solution (300 mL) of hydrochloric acid at pH = 1.5 was prepared and then added to a vessel
containing 8.07 g of pluronics P123 as a structure-directing agent. The mixture was stirred until a transparent
solution was obtained. Then, 0.93 g of Zr (V) oxynitrate hydrate (or 0.82 g of aluminum isopropyl) was added
to the mixture followed by the dropwise addition of 18 mL of TEQOS (tetraethyl orthosilicate). The final mixture
was stirred for 24 h, filtered, and eventually calcined at 600 °C for 8 h (4 h under nitrogen + 4 h under air). The
catalysts were synthesized using Si/metal (Zr or Al) ratio of 30. Catalyst AlI-SBA-15 presented a Sggr of 756 m’ g
! Dgyy 0f 8.9 A and Vg, of 0.72 mL g™, Zr-SBA-15 presented a Sger of 660 m” g™, Dgyy of 6.9 A and Vg, of 0.58 mL
g’ [10, 11].

b) The Activated Bentonite was a commercial bentonite “Sabenil Bentonite” (EINECS No. ES 215-108-5, with
added sodium carbonate; max. 7 %wt.) from the company KERAMOST a. s. which is located in Most (Czech
Republic).

c) The catalyst called “Fe-Citrate-Oxalate” was an extract from the commercial Activated Bentonite. The
bentonite (100 g) was emulsified in a solution 0.88 M of Oxalic Acid (Lach:ner Oxalic Acid dihydrate) in distilled
water (0.44 moles of acid calculated regardless the H,0 of hydration “dihydrated” in 0.5 L of water) and stirred
during 48 h. Then, the bentonite was filtrated and the aqueous solution dried obtaining a solid which was used
as catalyst for testing the upgrading of vacuum residue. The final solid was mixed with Ferric ammonium citrate
brown pure “Lach:ner” (20.5 - 23 %wt. of Fe content) in a weight ratio of solid/Ferric ammonium citrate brown
=70/10 (w/w). This final solid contained organic salts with 0.8 %wt. of Al, 11 %wt. of Fe, 1 %wt. of Mg, 1.2 %wt.
of Na, 0.2 %wt. of Ca, 0.1 %wt. of K and much lower amounts (ppm) of Ti, Li, P and Mn.

Results and Discussion

The results from the simulated distillation are shown in the table Il. The reaction was carried out at 300 °C
during 30 min. All tests supposed an increment of the amount of the fraction 343-525 °C. Concretely, from 13
%wt. (test without catalyst or with catalyst Zr-SBA-15) to 23 %wt. (test with the activated bentonite). The test
using the commercial activated bentonite and VR-(Fe-Citrate-Oxalate) implied the biggest production of lighter
fractions compared to the composition of the feedstock. The amoung of the liquid fraction <177 °C was really
low near to zero. And, fraction 177-343 °C was 1-4 %wt.
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Table Il.
Common four-fraction for feedstock from the liquid sample.

Common four-fraction / Test Name %wt. owt. wt. wt.
<177 °C 177-343 °C 343-525 °C >525 °C
Feedstock 0 0 13 87
VR-(test without catalyst) 0 <1 16-17 82-84
VR-(Zr-SBA-15) <1 <1 11-13 87-89
VR-(Al-SBA-15) 0 1-2 15-16 84-82
VR-(Activated Bentonite) <1 4 22-23 72-74
VR-(Fe-Citrate-Oxalate) 0 3-4 22 73-74

The viscosity was varying depending on the test carried out. The table Ill represents more clearly the
differences between each product. Tests VR-(without catalyst) and VR-(Zr-SBA-15) generated the most viscous
products. And, tests VR-(Activated Bentonite) and VR-(Fe-Citrate-Oxalate) the less viscous products. Test VR-
(AI-SBA-15) produced a liquid mixture with a dynamic viscosity of 7717 mPa*s (60 °C). The high content in Fe in
the activated bentonite and in the organic salt Fe-Citrate-Oxalate could be the main reason of the highest
activity. Nevertheless, catalyst AI-SBA-15 presented a high activity despite not having Fe (or other active metals
such as Mo or Co) in its composition. This result suggest that an addition of Fe could improve the
hydrovisbreaking activity.

Table Il1.

Dynamic Viscosity of the products and raw material.

Dynamic Viscosity (mPa*s) (60 °C) (80 °C) (100 °C) (120 °C) (135 °C) (150 °C)
Feedstock 24550 3290 822 267 125 74.5
VR-(without catalyst) 17700 2550 671 242 115 69.5
VR-(Zr-SBA-15) 16533 2420 671 225 117 66.5
VR-(AI-SBA-15) 7717 1340 381 148 79.5 47.8
VR-(Activated Bentonite) 3220 701 224 90.2 52.4 32.9
VR-(Fe-Citrate-Oxalate) 3590 725 234 94.5 53.8 32.9

The results represented in the table Ill showed really similar elemental analyses and densities. The amount of
insoluble compounds in hexane and/or toluene increased after these tests. It could be due to the emulsion of
particles from catalyst which are not soluble in these solvents. Interestingly, the highest amount of insoluble
compounds in toluene was found in the SBA-15 materials which were the most porous and which presented
the lowest density. The test using Activated Bentonite presented the biggest amount of insoluble compounds
in n-hexane and the test using the catalyst Fe-Citrate-Oxalate the lowest content in hydrogen in the product.
The elemental analysis and densities were similar for all products. The lowest amount of hydrogen was found
in the product from the test using the organic salt. Nevertheless, this product had a low viscosity indicating
possibly a lighter product with a bigger amount of olefins. This hypothesis cannot be confirmed due to the low
difference (1-1.6 %wt.) in the amount of hydrogen between the different products. The amount of nitrogen or
sulfur was the same for the product and feedstock. The density presented low differences between the
feedstock and the products.

The Gas Refinery Analysis (only for gaseous products) indicated a low consumption or production of hydrogen
(figure 1) during the reactions (from 2 %wt. (production from hydrocracking during the test without catalyst) to
4 %wt. (consumption during the test VR-(Activated Bentonite)).
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Table Ill.

Selected properties of the liquid reaction products.

Name Density Elemental Analysis (%wt.) Insoluble (%wt.)
Kg/m3 C H S N ’n-hexane *Toluene
Feedstock 1007.6 85.9 10.4 3.1 0.6 6.9 0.031
VR-(without catalyst) 1001 85.9 10.4 3.0 0.7 7.5 0.04
VR-(Zr-SBA-15) 998.4 85.5 10.7 3.1 0.7 7.5 0.44
VR-(AI-SBA-15) 1002.9 85.5 10.7 3.1 0.7 9.2 0.9
VR-(Activated Bentonite) 999 85.2 11.0 3.1 0.7 13.1 0.2
VR-(Fe-Citrate-Oxalate) 999.8 87.0 9.4 3.0 0.6 8.9 0.17

'Amount of non-soluble compounds in n-hexane. (Asphaltene + others).

2 .
Non-soluble compounds in n-hexane or toluene (others).

The analyses of gaseous products using GC presented a composition which contained not only hydrogen but
also methane, ethane, and other gaseous compounds (Table IV). They suggested a main production to gas
methane in the gaseous phase. Some carbon dioxide was found in the gases. The amount of hydrogen sulfide
generated in the gases and the same amount of sulfur found in the liquid product indicated that only a small
amount of sulfur was extracted from the feedstock.

Table IV.

Composition of the gaseous product collected after reaction at room temperature.

Table IVa. Gas-product composition for tests using the catalysts SBA-15 and blank-test.

Test VR-(without catalyst) VR-(Zr-SBA-15) VR-(AI-SBA-15)
Compound Mole% Mole% Mole%
Hydrogen 98.97 95.77 96.71
Carbon Dioxide 0.03 0.03 0.05
Hydrogen Sulfide 0.11 0.27 0.3
Methane 0.44 2.11 1.49
Ethane 0.16 0.76 0.56
Others 0.29 1.06 0.89

Table IVb. Gas-product composition for tests using the catalysts Fe-Citrate-Oxalate and Activated Bentonite.

Test VR-(Activated Bentonite) VR-(Fe-Citrate-Oxalate)
Compound Mole% Mole%
Hydrogen 92.05 93.48
Carbon Dioxide 0.09 0.16
Hydrogen Sulfide 0.66 0.66
Methane 3.48 3.03
Ethane 1.37 1.13
Others 2.35 1.54
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Figure 1. Relative consumption of hydrogen during reaction. Negative values mean a production of hydrogen
and positive values consumption.

The methodology used to calculate the consumption of hydrogen was the same than the used by J. M. Hidalgo-
Herrador [12] et al. The consumption of hydrogen (Fig. 1) during the reaction was monitored by a calibrated
device of the experimental system (autoclave). The reactor was filled with an adequate amount of feedstock in
order to achieve the same dead volume in each experiment. The total amount of added hydrogen was
measured through a calibrated mass-flow controller. The pressure was measured using a digital pressure
gauge. The equation for calculating the actual amount of hydrogen in the reactor was obtained as follows: A =
0.106B, where A is the number of moles of H, and B is the pressure (MPa). This equation was used to calculate
the amount of hydrogen in the gaseous phase (at 25°C) after the reaction. Knowing the gas composition and
pressure, it was possible to calculate the amount of hydrogen in the gases and this amount was compared with
the initial amount of free H, present in the gas-product. According to information from the literature [13], this
method could be generating an error of 0.1-6 % of total hydrogen consumption because the dissolved
hydrogen in the liquid phase was not calculated. The total actual hydrogen consumption is Heons = A Hgas + Haiss
[13]. For these reasons, the results should be taken as approximate.

Conclusions

Five tests were carried out. The hydrovisbreaking of vacuum residue was investigated using four catalysts at
low temperature. The biggest increment in the lighter fractions was found in the range of 343-525 °C. The main
products, in the gaseous samples collected after reaction, were methane and ethane. Elemental Analyses and
densities showed similar results for all the products. The main improvement found was the low dynamic
viscosity of the products; 3220 and 3590 mPa*s from tests VR-(Activated Bentonite) and VR-(Fe-Citrate-
Oxalate) respectively. The tests were carried out at 300 °C.
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Abstract

The low-temperature properties belongs to the most important parameters of diesel fuel, especially during the
winter period. The unbranched paraffins (n-paraffins) form micro-crystals at the low temperatures deep below
zero and they may cause significant problems in the fuel system of a car.

These complications can be magnified using a diesel fuel containing higher content of bio-components (FAME).
The long chains of FAME show very similar behaviour like the n-paraffins and in this way they influence the
final low-temperature properties of diesel — FAME blends. The resulting values of the standardized parameters
are worse in comparison with the petroleum derived diesel. The diesel-FAME blends with higher content of
FAME must be improved using the relevant additives (depressants). The content and type of FAME can
influence the low-temperature properties as well as the oxidation stability.

This study is focused on the comparison of the low-temperature properties and the oxidation stability of
diesel-FAME blends using two different types of FAME - RME and UCOME. The content of FAME was in the
levels of 0; 7; 20; 30 and 100 % V/V. The blending procedure was carried out in the laboratory scale.

Introduction

The motor fuels which are placed on the EU market must contain minimum share of biofuels according to the
Directive No. 2009/28/EC. The bio components (FAME, bioethanol) must be presented in at least 6.0 % V/V in
diesel and 4.1 % V/V in gasoline.:L The mandatory target on reduction of emission greenhouse gases (GHG)
produced by combustion of motor fuels follows the directive No. 1998/70/EC. The emissions should be reduced
at least 4 % (from January 1, 2017) and subsequently at least 6 % (from January 1, 2020). The combustion of
the motor fuel from fossil sources has a standard level of emission, i.e. 83.8 g/MJ. Other important fact is that
only the biofuels with high sustainability criteria can be count into the obligations. The biofuels with
sustainability criteria min. 35 % (to the end 2016), min. 50 % (from January 1, 2017) and min. 60 % (from
January 1, 2018) can be count. Simultaneously, from 2020 the biofuels from food sources will be limited to 7 %
of the final energy consumption in transport and at least 0.5 % should represent advanced biofuels. All these
facts will play an important role in the production of motor fuels in coming years.2

The emission savings cannot be solved by the existing composition of raw materials and products especially it is
necessary to increase the biofuels from non-food sources in the final mixture of motor fuels. The biofuels with
a high sustainability are preferred also by legislation. The biofuels made from algae, bacteria can be counted 4
times. The biofuels produced from waste and residues (used cooking oil, animal fats) can be counted twice and
the biofuels produced from straw, manure, lignocellulosic fibers, bark, branches, sawdust, shavings, etc. can be
counted once. The biofuels from algae and bacteria are still not available in EU and their prices are high. The
biofuels from waste and residues are therefore the raw material with the highest sustainability criteria, which
are available on the EU market in an interesting quantity. The main aim of this article is to evaluate the effects
of various biofuels on the low-temperature properties (cloud point, pour point, cold filtration plugging point as
well as the oxidation stability) of the final diesel-FAME blends."?

The low-temperature properties of a diesel fuel are very important, especially during the winter period.3 The
cold filtration plugging point (CFPP) is the standardized parameter for diesel fuel according to the relevant
standards (EN 590 and EN 14214 for FAME).4’ > The low-temperature properties are depended on the presence
of unbranched paraffins (n-paraffins) with higher melting point.6 These molecules form micro-crystals at the
low temperatures and it may cause problems in the fuel system.3

The long chains of methyl esters produced from vegetable oils or animal fats show similar behaviour as the n-
paraffins. The low-temperature properties of a blend of diesel and biodiesel are influenced by several factors,
especially by the FAME origin (rapeseed oil, palm oil, soybean oil, used cooking oil, etc.) as well as its
production process and purity.7

The content of biodiesel in diesel fuel and the applied additives are very important for the resulting low-
temperature properties (CFPP, CP, PP) and oxidation stability as well. Some additives may have a negative
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effect because of overdose or contra-productivity, especially when they are applied separately for diesel and
FAME before their bIending.3’ ® The addition of FAME to diesel fuel can affect the low-temperature properties
and their resulting values may be higher. %10

This work is focused on the comparison of different FAMEs (RME and UCOME) influence. Diesel fuel contained
additives for regulating its low-temperature properties (depressant) based on WAFI (Wax Anti Fluid
Improvement). WAFI is the most modern type of a flow additive. It is the combination of MDFI (Middle
Distillate Flow Improvement) and WASA (Wax Anti-Sedimentation Additive). Through this type of additive the
size of micro-crystals (n-paraffins) as well as the rate of its sedimentation in the tanks are modified.

The blends of diesel fuel containing specific level (0; 7; 20; 30 and 100 V/V %) of RME or UCOME were prepared
in the laboratory scale. The low-temperature properties and the oxidation stability were measured. The
different type of FAME as well as their various contents were compared.

Experimental

Our work is focused on the comparison of different FAMEs in diesel fuel containing additives based on WAFI
regulating its low-temperature properties. The blends containing 0 % (V/V); 7 % (V/V); 20 % (V/V); 30 % (V/V)
and 100 % (V/V) content of FAME were prepared in the laboratory scale. The petroleum diesel fuel was
promoted with 120 ppm of depressant as well as the pure (100 % V/V) FAMEs. The antioxidant in the level of
500 ppm was used for FAMEs treatment. The ratio of the individual components for blending was calculated
and weighed with the help of their density.

In the next step the low-temperature properties of the individual blends were evaluated. The comparison of
the effect of different FAMEs on the oxidation stability is described in this work as well.

Analytical methods and materials
Cloud Point (CP) was determined according to EN 23015 using the fully automated cloud point tester
(NORMALAB NTE 450, France). The precision of the method is + 3 °C.

Pour Point (PP) was assessed in accordance with I1ISO 3016 by the fully automated pour point tester
(NORMALAB NTE 450, France). The precision of the method is + 3 °C.

Cold Filtration Plugging Point (CFPP) was measured according to EN 116 with using the fully automated cold
filter plugging point tester (NORMALAB NTL 450, France). The precision of the method is + 1 °C.

Oxidation stability was carried out in accordance with ASTM D 7545. The PetroOXY method (Petrotest
Instrument, Germany) was used for the assessment of induction period. The measured values were transferred
in the line with Rancimat correlation (EN 15751) and the resulting values are given in hours.

Diesel fuel, respective winter type (F class) of diesel, was used as a model feedstock in this work. Diesel
contained 120 ppm of the commercial additive regulating its low-temperature properties.

Rapeseed-oil Methyl Ester (RME) containing 500 ppm of an antioxidant was used in this paper.
Used Cooking Oil Methyl Ester (UCOME) containing 500 ppm of an antioxidant was used in this work.

Additives were used for diesel as well as for FAME treatment. The commercial additive affecting the low-
temperature properties (depressant) was based on WAFI (Wax Anti Fluid Improvement). The antioxidant based
on BHT (Butylated HydroxyToluene) was used for FAME treatment.

The low-temperature properties and oxidation stability of the raw materials are mentioned in the following
table (Table 1). It can be seen, that the pure UCOME have significantly worse low temperature properties in
comparison with the pure RME. These results indicate, that the dosage of WAFI additive must be much higher
for UCOME than RME to achieve the comparable low-temperature properties in the final diesel fuel.

Table |

Basic specification of raw materials

Component CP [°C] PP [°C] CFPP [°C] Ox. stability [h]
Diesel -5 -26 -20 34.2

RME -5 -11 -16 9.8
UCOME +1 -1 -6 12.8
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Results and discussion

The prepared blends are differentiated according to the used FAMEs (RME or UCOME) and the content of
FAME (7; 20; 30 and 100 % V/V).

The CP parameter was not affected by any additive and it showed the same results for all the prepared blends
(Table 1l). Better PP values were found for the blends containing RME and the PP had increased with higher
content of both types of FAME — RME and UCOME. All the measured values of the low-temperatures properties
are mentioned in the Table II.

Table I
CP; PP and CFPP values of the prepared blends containing 120 ppm of depressant
Diesel 7% (V/V) 20 % (V/V) 30% (V/V) 100 % (V/V)
RME UCOME RME UCOME RME UCOME RME UCOME
CP [°C] -5 -5 -5 -5 -5 -5 -4 -5 +1
PP [°C] -26 -28 -22 -26 -16 -24 -15 -12 -1
CFPP [°C] -20 -21 -22 -21 -20 -20 -17 -19 -6

The significant difference between the effects of depressant on different FAME is obvious from Table | and
Table Il. The low-temperature properties of RME were improved in comparison with UCOME which was not
influenced by the addition of 120 ppm of depressant. This fact is also reflected in the results of the individual
blends with various content of FAME.

The CFPP parameter was comparable for all the prepared blends containing RME. The interesting fact is that
the PP value for RME blends was relatively stable to 20 % (V/V) of RME content. Subsequently the PP value was
worsened by 30 % (V/V) and the higher content of RME. CFPP as well as PP values for UCOME blends were
deteriorated with increasing content of UCOME. The specific trends connected with CFPP and PP values can be
seen in the following figure 1.
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Figure 1. CFPP and PP values of the prepared blends containing 120 ppm of depressant

All the prepared blends (0; 7; 20 and 30 % V/V) met the relevant standard for CFPP parameter (Table Il, Figure
1). The only exception is the CFPP value for blend with 30 % (V/V) UCOME. The maximum CFPP value (- 20 °C) is
prescribed in the standard EN 590 for diesel — winter class F.

The 7 % (V/V) blends were quite comparable each other. The RME blends were better with increasing content
of FAME starting from 20 % (V/V) in comparison with UCOME blends. The CFPP value for all the blends had the
increasing trend with higher content of the FAME which was caused by increasing content of n-paraffins.

The Figure 2 represents the difference between CFPP and CP values that were detected in the prepared blends.
The difference was calculated using the Equation (1).

Difference = ABS (CFPP) — ABS (CP) (1)
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Figure 2. Difference between CFPP and CP values of the blends containing 120 ppm of depressant

The significant differences between CP and CFPP values were found. The recommended difference between
CFPP and CP should not be higher than 12 °C.? However, all the prepared blends showed higher difference
(Figure 2). In this case the n-paraffins can be precipitated at low temperatures significantly faster in the
industrial conditions than during the laboratory determination of CFPP.?

The second interesting fact is that in the higher contents of FAME (100 % of RME and 20; 30 and 100 % of
UCOME) the PP values are higher than the CFPP (Figure 3). It is not in compliance with the general trends. This
discrepancy is probably caused by the ultrasonic method for determination of fluidity. The blends containing
the higher content of FAME showed the creation of a solid layer on the surface of the testing sample. The solid
layer is unfortunately in the same level as the ultrasonic sensors. There is not any stirring during the
determination and it can affects the evaluation of PP parameter using the ultrasonic sensors and the resulting
values can be inaccurate.

RME UCOME
7% (V/V)  20% (V/V)  30% (V/V) 100% (V/V) 7% (V/V)  20% (V/V)  30% (V/V) 100% (V/V)

B

Temperature [°C]

CICP WCFPP EIPP

Figure 3. Comparison of the low-temperature properties

The oxidation stability was not found as a risky parameter for the FAME—diesel blends in this study. All the
prepared blends met the standardized minimal value - 8 hours for FAME (EN 14214) or 20 hours for diesel fuel
(EN 590). The oxidation stability of the individual components and the prepared blends are in the Table Ill.
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Table Ill
Oxidation stability of the individual components and blends

Diesel 7% (V/V) 20 % (V/V) 30 % (V/V) 100 % (V/V)
RME UCOME RME UCOME RME  UCOME RME  UCOME

Ox. stability

[h] 34.2 39.6 39.7 25.7 21.0 20.5 25.2 9.8 12.8

The graphical interpretation of the oxidation stability is in the Figure 4. The minimum value for the oxidation
stability according to EN 590 and EN 14214 is in the figure as well. The blends containing 7 % (V/V) of FAME
showed better oxidation stability compared to the original petroleum diesel fuel. It might by caused by
overdosing of the FAME component (RME or UCOME) by an antioxidant additive. The excess of the antioxidant
in the FAME might affect the second component (diesel fuel) stability as well as the resulting blend.

40

Ox. stability [h]
>

RME UCOME RME UCOME RME UCOME RME UCOME
Diesel 7% (V/V) 20% (V/V) 30% (V/V) 100% (V/V)

<= => min. ox. stability according to EN 590 <= min. ox. stability according to EN 14214

Figure 4. Oxidation stability of the individual components and blends

Conclusions

The comparison of the low-temperature properties for the diesel-FAME blends containing 0; 7; 20; 30 and 100
% V/V of RME or UCOME in petroleum diesel fuel (winter type — class F) was done. The blends were also
compared with pure RME and UCOME. The individual FAME was promoted by 500 ppm of antioxidant (based
on BHT), and diesel fuel contained 120 ppm of depressant (based on WAFI). This content of depressant was
also applied for pure FAME (100 % V/V) to do the comparison with the other blends. All the additives were
added into the individual components before their blending. The low-temperature properties (CP; PP; CFPP)
and oxidation stability were investigated.

The cloud point (CP) parameter was not affected by FAME content and it corresponds to the literature. The
blends with RME showed better results in pour point (PP) compared to the blends containing UCOME. The PP
increased with increasing content of RME or UCOME in the blends. The cold filtration plugging point (CFPP)
parameter was problematic for UCOME blends with the content above 20 % V/V. The results indicated the
need for higher dosage of depressant for UCOME than for RME blends to meet the required CFPP value.

The diesel-FAME blends had a higher difference between CP and CFPP values than it is recommended (12 °C).
This difference can indicate problems with conformity of the laboratory and operational (industrial) CFPP
results. The values of oxidation stability were very comparable for both types of FAME in the same level of
content. All the prepared blends met the relevant standards (EN 590 for diesel fuel and EN 14214 for FAME) in
the case of the oxidation stability.

The better results in some parameters (especially in the case of 7 % V/V blends) can be explained by the
overdosing of the individual blending components. The excess of an additive (depressant in diesel fuel or
antioxidant in FAME) could affect the properties of the resulting blend.
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Abstract

The thermal stability is one of the key factors that influence durability of bitumen. The big emphasis is put on
the monitoring of thermal stability of bitumen and the requirements for bitumen stability are getting stricter.
The thermal stability of bitumen is evaluated by the methods for determination of short-term and long-term
stability. The short-term stability is related to the bitumen processing including mixing with aggregate, laying,
and compaction of an asphalt mixture. The long-term stability is related to the service life of an asphalt
pavement on a road. Both the short-term and long-term stability are evaluated according to changes of
different parameters during the ageing tests. The ageing tests can also be different especially when the long-
term stability is determined.

The stability of bitumen depends on its colloidal structure and on the presence of reactive functionalities, i.e.
free radicals and polar functional groups. The suitable additives can be used for the improvement of bitumen
stability including radical scavengers, peptizing agents or additives with barrier effect.

The goal of our work was (i) testing of suitable additives for improvement of bitumen thermal stability, (ii)
comparison of results from long-term ageing methods PAV and 3x RTFOT. Experiments were carried out with
semi-blown bitumen produced from primary vacuum residues.

Introduction

The thermal stability is one of the key factors that influences the durability of bitumen and road infrastructure.
The big emphasis is put on the monitoring of thermal stability, furthermore the standardized requirements for
bitumen stability are getting stricter.

The thermal stability of bitumen is evaluated by the short-term and the long-term ageing methods. The short-
term stability is related to the bitumen processing including mixing with aggregate, laying and compaction of
the asphalt layer. The long-term stability is related to the service life of asphalt pavement on the road,
approximately for 5-10 years.

The short-term ageing is simulated by the method RTFOT according to EN 12 607. The long-term ageing can be
simulated by various methods. The most preferred method is the pressure ageing vessel (PAV) according to EN
14 769. On the other hand, this method is substituted by the method 3x RTFOT — the variation of standard
RTFOT according to EN 12 607 with extended duration time (225 minutes). Both PAV and 3x RTFOT give similar
results when the binders are evaluated according to the standard methodology including test of softening point
(EN 1427) and penetration (EN 1426). However, the conditions of the two tests are different and different
impacts of the selected methods on the rheological properties of bituminous binders were observed'.

The thermal stability of bitumen can be improved by antioxidants and other additives that can stabilize the
bitumen colloidal systemz‘G. The stabilizing effects of additives are influenced by their content in bitumen as
well as by the properties of the original bituminous binder.

The goal of the presented work was the evaluation of stabilizing effects for the selected additives. Both the
short-term and long-term stability were evaluated and the stabilization effects of additives were compared
according to the changes of two quantities — softening point and DSR complex modulus at defined conditions.
The results were also used for comparison of the difference between the long-term ageing method PAV and 3x
RTFOT.

Experimental

The samples were prepared by mixing of the base bitumen binder of grade 50/70 with the selected additives.
The additives were aminoethoxylate, zinc octoate, aluminium stearane and magnesium stearane. Each of the
selected additives was added to the base binder in content 1% by mass to compare their impact on the
bitumen stability.

The ageing effect was evaluated using two criterions — the increase of softening point and change of complex
modulus from the oscillatory rheology test at specified conditions. The increase of softening point is a standard
criterion that is used for the evaluation of bitumen resistance to ageing according to EN 12 591. It is defined by
the following formula where SP is the softening point according to EN 1427:
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ASP=SP

after ageing - SPoriginal (1)
The ageing resistance can potentially be evaluated according to the changes of rheological properties although
these criterions have not been standardized yet. For this purpose the rheology tests on dynamic shear
rheometer Physica MCR 301 were carried out with the prepared samples. The tests were based on the
application of oscillating shear stress on the loaded samples at temperature 60 °C, frequency 0.1 Hz and
constant strain amplitude 1%. The changes of complex modulus were set as the criterion complex modulus
ageing index G; according to the following formula where G*represents the complex modulus at the test
conditions:

£

Gi* — aﬁir ageing (2)
G

original

Results and discussion

According to the softening point increase the addition of aluminum stearane improves the resistance to short-
term ageing while the other additives do not show remarkable effects — the changes in softening point increase
are in the area of the test repeatability (Fig. 1). According to the complex modulus ageing index (G; ) the
stabilization effect was observed for all the additives except from zinc octoate. For aminoethoxylate and
stearanes there was improvement from 3.5 for the base binder to 3.0 for the samples with these additives. The
best result was found out for magnesium stearane (Fig. 1).
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Figure 1: Changes of softening point and complex modulus after short-time ageing (RTFOT)

The increase of the resistance to long-term ageing according to softening point increase was observed for all
the additives but without any significant differences between each other (Fig. 2). The resistance to long-term
ageing according to G; was confirmed for all the additives. While the ageing index for the base binder was near
to 22, for the binders containing additives it never exceeded the value 15. The highest effect was found for
magnesium stearane, in this case G; was 13.(Fig. 2).
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Figure 2: Changes of softening point and complex modulus after PAV

The evaluation of softening point increment provides similar results for both 3x RTFOT and PAV despite their
different testing conditions for all the binders (Fig. 3). While the increase of softening point after carrying out
the long-term ageing methods is approximately 17 °C for the binders with additives it is about 15 °C without
significant differences between the two tests.
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Figure 3: Softening point increase after 3x RTFOT and PAV

On the contrary to the softening point increase the results of the index G; were significantly better for all the
additivated samples and there were differences between the results after 3x RTFOT and PAV. The index G/
from PAV test gives higher G; values for all of the analysed samples except from the sample containing
aluminium stearane where no significant difference was observed.. These results indicate there are bigger
changes in the rheological properties when the ageing is simulated by PAV compared to the changes during
simulation by 3x RTFOT (Fig. 4).
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Figure 4: Complex modulus ageing index after 3x RTFOT and PAV

Conclusions

The standard laboratory methods for short-term and long-term ageing were used to simulate the bitumen
ageing. Four various additives for bitumen stabilization were tested and their effects were evaluated by the
increase of softening point and complex modulus ageing index. The additives were aminoethoxylate, zinc
octoate, aluminium stearane and magnesium stearane.

According to the softening point increase, the impact of the tested additives on resistance to short-term ageing
was significant only for aluminum stearane. The stabilization effects were observed using the complex modulus
ageing index for all the additives except from zinc octoate.

The resistance to long-term ageing was improved for all the samples containing additives. Increase of softening
point was similar for all the samples with additives while complex modulus ageing index was different for each
other and the best result was found for the sample with magnesium stearane.

The effectivity of additives was different depending on the criterion of evaluation. On the other hand it is clear
that the weakest effects were found out for zinc octoate. The biggest improvement was observed for
stearanes.

For the long-term ageing two methods, 3x RTFOT and PAV, were used. The increase of softening point for given
sample was similar after 3x RTFOT and PAV. However, the ageing index G; for the given sample was higher
after PAV compared with the index after 3x RTFOT. Despite PAV and 3x RTFOT are often signed as commutable
tests they have evidently different effects on the bitumen rheology and the conditions of PAV cause bigger
changes in rheological properties compared with 3x RTFOT.

The complex modulus ageing index appears to be more sensitive compared with the softening point increase. It
could be explored as an alternative criterion for the evaluation of bitumen stability.
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Introduction

Increasing consumption and demands on the quality of diesel fuel forces refineries to implement deeper
refining of raw materials used in its manufacture. These facts also forces refineries to process larger amounts
less appropriate fractions such as light cycle oil (LCO) from fluid catalytic cracking (FCC). Refineries must accept
the quality requirements of diesel fuel during its production. In the European Union, it must meet strict
legislative criterial, such as very low sulphur content max. 10 mg/kg and the content of polycyclic aromatic
hydrocarbons max. 8 wt%.

Hydrorefining of LCO is usually performed in a mixture with other middle distillates which are available in a
refinery. Co-Mo/Al,O3 or Ni-Mo/Al,O; catalysts are most frequently used in the middle distillate hydrotreating.
Product superior in quality is usually obtained at higher reaction temperatures, higher pressure or lower space
velocity of the feedstock™>.

Al,O; is the most common support for hydrodesulphurization (HDS) catalysts because of its high stability,
a relatively large surface area and porosity. It is easy to handle and relatively cheap4. Catalysts supported on
carbon materials showed significant activity for HDS reaction in laboratory level. Availability methods for the
preparation of oxides such as ZrO,, TiO,, MgO, which have a large surface, generate more interest in these
materials as a component of bifunctional HDS catalysts. Mixtures such as TiO,-Al,0; and ZrO,-TiO, are
frequently used because of their high activitys’e.

Slightly acidic non-polar carriers such as TiO, appear to be a good catalyst component. Deep desulphurization
of highly aromatic LCO was achieved on the TiO, catalyst at temperatures from 340 to 360 °C. The HDS activity
of the catalyst based on TiO, was better than Al,03 and cracking was lower’.

The sulphur and nitrogen content in LCO depends mainly on the amount of these elements in the feedstock for
FCC. A significant part of the sulphur contained in the LCO is bound in alkyl dibenzothiophenes which are
difficult to desulphurize. In LCO nitrogen is bound especially in alkyl carbazoles, which further hinders its
hydrotreating. Another problem of processing the LCO on component for diesel fuels is its high content of
aromatics, which affects its high density and low cetane number®.

Better quality LCO can be obtained by reducing the conversion of raw materials in the FCC unit. At a lower
conversion, heavy cycle oil with higher content of hydrogen is obtained. The heavy cycle oil can be recycled
which will contribute to greater LCO yield. A higher yield of LCO at the expense of gaseous hydrocarbons and
gasoline is obtained in this way.

It is also possible to reduce initial boiling point of LCO at the expense of naphtha. This gives not only more LCO,
but it also reduces the density, sulphur, nitrogen and polyaromatics content, which leads to easier
hydrotreating of this fraction. Conversely, under high severity reaction conditions at the FCC unit, production of
LCO decreases and an amount of unsaturated C; and C, hydrocarbons increases. Their subsequent
oligomerization is then possible to produce high-quality, non-aromatic component of diesel fuel with a good
cetane number’.

Experimental part

Hydrotreating of LCO was performed on a commercial Co-Mo/Al,0;+SiO, catalyst in a laboratory tubular
trickle-bed reactor. The catalyst bed was uniformly filled with 1:1 vol. of 87 g of catalyst (particle size from
0.25 to 0.42 mm) and inert material (SiC, particle size from 0.25 to 0.3 mm). The catalyst bed had a height of
280 mm and diameter of 30 mm. LCO was hydrorefined at a pressure of 4 MPa, temperature of 380 °C and
390 °C and at a constant hydrogen flow. The various feedstock space velocities of 0.6, 0.8 and 1.0 h' (WHSV)
changed the ratio of hydrogen to feedstock from 440 m3/m3 to 260 m3/m3.

Stabilization of liquid products from LCO hydrotreating was carried out by distilling off products boiling below
150 °C (AET). Rectification was performed on a Fischer HMS 500 apparatus at a pressure of 10 kPa with a reflux
ratio 1:1.

Cetane index was calculated according to EN ISO 4264. When calculating the cetane index, data from simulated
distillation was used. These data were converted to a distillation curve according to ISO 3405. The conversion
was performed according to ASTM D2887. Simulated distillation was performed according to ASTM D2887 on
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a gas chromatograph TRACE GC. A calibration curve which was obtained by the simulated distillation of
a standard mixture of n-alkanes with known boiling points was used for conversion of the retention times to
the boiling points. The parameters of the simulated distillation are listed in the previous work'?.

Cold filter plugging point (CFPP) was measured according to EN 116. Density was determined at Paar DMA 48
densitometer according to EN ISO 12185. Kinematic viscosity was determined at the Stabinger (SVM 3000)
viscometer according to ASTM D7042. Determination of sulphur and nitrogen content was performed at
Mitsubishi TOX-100 analyser according to ASTM D5453, ASTM D5762 and ASTM D4629 respectively.
The content of polycyclic aromatic hydrocarbons was determined by high performance liquid chromatography
(HPLC) according to EN 12916.

Results and discussion

Yields of liquid product from LCO hydrotreatment varied between 97 and 98 wt. %. Yield of stabilized liquid
products was about 99 wt. %. This means that the cracking of feedstock was negligible. Table | shows list of the
properties of the LCO and stabilized products from hydrotreating. It is clear from this dates that the LCO had
a high content of sulphur, nitrogen and polyaromatics. High polyaromatics content of the LCO caused its high
density and very low cetane index.

Table |
Properties of LCO, stabilized products from its hydrotreating and EN 590 diesel fuel requirements
. Sulphur Nitrogen Polyaromatic DensV:y V|scoslty at Cetane CEPP
Product content content content at 15 °C 40°C . o
(meke’]  [mgke'] [wie] kem?]  [mmtsy e TC
LCO 7300 635 74 963 2.60 17 -23
V380-0.6 4 16 26.7 934 2.44 21 -26
V380-0.8 6 48 29.9 939 2.50 21 -28
V380-1.0 16 69 31.7 941 2.54 21 -29
V390-0.6 3 17 31.8 939 2.41 21 -28
V390-0.8 5 46 33.3 942 2.47 20 -29
V390-1.0 9 71 34.6 944 2.52 20 -29
EN 590 max. 10 n max. 8.0 820-845 2.0-4.5 46 0°

° The first number represents the reaction temperature (°C), the second space velocity (h™) at which products
were prepared, n - not required, ® summer type diesel, for winter type -20 °C

Desulphurization of LCO increased with increasing temperature of hydrotreating. Only the product prepared at
a temperature of 380 °C and a WHSV of 1 h™ failed to comply sulphur content required by EN 590. An increase
in reaction temperature did not affect the denitrogenation. At the higher reaction temperature, product with
higher content of polycyclic aromatic hydrocarbons and slightly higher density was prepared. Because of high
polyaromatic content and very high density of LCO, each of the products failed with these parameters the
EN 590 standard. Reducing the space velocity and increase the ratio of hydrogen to the feedstock had
a positive influence on the content of sulphur, nitrogen, polyaromatics and density of hydrotreatment
products.

The viscosity of LCO meet the requirement of the EN 590 standard, after refining it not changed so much.
Cetane index was almost the same for all products. It improved slightly by hydrotreating, but not enough to
meet the requirements of EN 590. Cold filter plugging point of LCO was very low, it slightly improved after
refining.

Figure 1 illustratively show the distribution curves of LCO and the product obtained by hydrotreatment at
380 °C and a space velocity of 0.6 h™. The figure shows a higher content of substances with a boiling point up to
245 °C in the V380-0.6 product compared with raw LCO. Distribution curves of all other products had only
minimal differences from one of V380-0.6 product.
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Figure 1. Comparison of the distribution curves of LCO and selected product of its hydrotreating

Conclusion

High polyaromatic content of light cycle oil (LCO) is the cause of its high density and low cetane index. These
properties are due to hydrogenation of diaromatics and triaromatics to monoaromatics improved slightly, but
no product met the requirements of EN 590. Although the LCO contained large amounts of nitrogen and
polycyclic aromatic hydrocarbons, a significant hydrodesulphurization and hydrodenitrogenation occurred in all
the products. Sulphur content was high only in product prepared at reaction temperature of 380 °C,
WHSV of 1 h™ and hydrogen to feedstock ratio of 260 m3/m3. Decreasing feed rate and an increasing ratio of
hydrogen to the feedstock improve properties of hydrotreating products. Hydrodesulphurization was higher at
the temperature of 390 °C than at the 380 °C. Polyaromatic content in the product was conversely lower at
380 °C which is probably associated with the balance and the exothermic hydrogenation of diaromatics and
triaromatics to monoaromatics. Desulphurization of LCO is not a major problem for modern hydrotreating
catalysts, in spite of this hydrotreated LCO cannot be used in a larger amount as a component of diesel fuel for
its high density, high polyaromatic content and low cetane index.
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Abstract

For a quality formulation, various formulation parameters play a crucial role. Solubility and rate of dissolution
drug are the most important determinant of drug absorption from the gastrointestinal tract. The present
investigation is an attempt to improve the solubility and dissolution rate using solid dispersion of a poorly
soluble drug candesartan cilexetil prepared by hot-melt extrusion.

The first aim of the study was to investigate the solubility of candesartan cilexetil in a phosphate buffer with
different ionic strength, pH value, type and amount of surfactant. The increased concentration of phosphate
salt and pH value resulted in increase of CC solubility. Similarly, the increased concentration of surfactant
Tween 20 resulted in increase solubility of CC. The increased concentration of surfactant Tween 80 resulted in
slightly increase of CC solubility. Tween 20 is more suitable surfactant for dissolution medium.

The second aim of the study was characterized solid dispersion of candesartan cilexetil prepared using hot-melt
extrusion. Polyvinylpyrrolidone and meglumine as carrier material was used for formulation of solid
dispersions. The prepared solid dispersions were made into tablets by the direct compression method or filled
into gelatine capsules. The dissolution profile of these dosage forms was studied in 0,05 M phosphate buffer
pH 6,5 containing 0,35 % Tween 20. It was found that the dissolution rate of capsules containing solid
dispersion EX_4 were higher than the dissolution rate of physical mixture with the crystalline candesartan
cilexetil.

Introduction

In pharmaceutical candesartan cilexetil (CC) is an angiotensin Il receptor antagonist and it is mainly indicated
for the treatment of hypertension. Prodrug candesartan cilexetil is completely bioactivated by ester hydrolysis
to candesartan, the active form, during a gastrointestinal absorption. The drug is having low solubility in fluids
of the gastrointestinal tract, whereas, the use of the prodrug form increases the bioavailability after oral
administration, therefore CC is described as BCS Class Il drugl'z. Candesartan cilexetil is available as
nonmodified release tablets in doses of 4, 8, 16 or 32 mg (an original product from Astra Zeneca and generics
from Sandoz, Krka, Zentiva etc.)s.

Factors that are important to the kinetics of drug dissolution are the physicochemical properties of the
compound itself and conditions in the gastrointestinal tract. Amphiphilic bile components have been shown to
increase the solubility for numerous poorly soluble compounds4. Surfactants are regularly added into artificial
dissolution medium to enhance the solubility. Tween 20 is a surfactant which is frequently used as a part of the
dissolution media. The addition of Tween 20 enables to achieve sink condition during a dissolution test for
poorly water soluble drugs. Tween 80 is a surfactant which is commonly used in solid oral dosage form (for
examples SMEDDS)3’4. Poor solubility of active substance requires careful choice of dissolution medium in order
to ensure that measurement of dissolution behavior is without the limitations imposeds.

Hot-melt extrusion (HME) is a process for the manufacturing of solid dispersion. The crystalline drug and
amorphous polymer are melting under elevated temperatures and the material is exposed to shear inside the
extruder; subsequently the melt is pressed out and further processed. The formulation of solid dispersion is
one of the commonly used methods to improve the solubility of drug molecules”.

A required property of the polymer to be used in hot-melt extrusion is appropriate thermoplastic behavior and
thermal stability. However, the number of corresponding polymers approved for pharmaceutical use is limited.
Nevertheless, a range of suitable polymers with different structures and properties can be used in HME®. For
this study were selected polymers polyvinylpyrrolidone (PVP) and meglumine. Till today any studies pursued
solid dispersions of candesartan cilexetil produced by HME technology have been published.

Materials and methods

Materials

Candesartan cilexetil (I) was obtained as a gift sample.

Tween 20, Tween 80 and excipients polyvinylpyrrolidone, meglumine, corn starch, a-cellulose, D-lactose
monohydrate, mannitol, magnesium stearate were purchased from Sigma-Aldrich. Excipient carboxymethyl
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cellulose sodium salt was purchased from Acros organics. Potassium dihydrogen phosphate and sodium
hydroxide were purchased from Lachner and hydrochloric acid (35 %) from Penta. All chemicals used in the
study were analytical grade.

N\>; /_CH3

Figure 1. Structure of candesartan cilexetil (/)

Sample preparation

Phosphate buffer (0,01; 0,05 and 0,10 mol/l) pH 6,2; 6,5 and 6,8 were prepared by dissolving potassium
dihydrogen phosphate in distilled water and adjusting it to the desired pH with 0,1 M sodium hydroxide or 0,1
M hydrochloric acid solution. Solutions contained 0,35 % or 0,70 % (w/w) of Tween 20 or Tween 80. The pH
value of the media was checked using a pH-meter (Hanna instruments, Edge HI 2020). Candesartan cilexetil was
added in excess into prepared phosphate buffer and the resulting suspensions were shaken for 24 h at 37 °C
under a thermostated orbital platform shaker (Heidoplh, Unimax 1010 with Incubator 1000) to obtain the
solubility equilibrium.

Solid dispersions were prepared by hot-melt extrusion. Candesartan cilexetil was blended with selected
excipients and then the mixture was exposed to HME process. The mixture was heated in an extruder, the
melted material was homogenized by a single screw and extruded through a round shape die 4 mm. The
material left the extruder in the form of continuous strands which were ground in a ball mill and then sifted
through a sieve number 0,80 to obtain uniform size particles. The pulverized extrudate was tableted or filled
into gelatine capsules. Tablets (diameter of tablet was 10,0 mm) were made in a manual hydraulic press
(Specac, 5-20 ton). Each tablets and capsules contained 4 or 8 mg of active substance. Candesartan cilexetil
and selected excipients were blended in the same proportions as in the solid solution to the created physical
mixture. The mixture was filled into gelatin capsules. The investigated pharmaceutical preparations (tablets or
capsule forms) of solid dispersions or physical mixtures of candesartan cilexetil are described in Table I.

Analyses of samples

The saturated solutions of candesartan cilexetil were filtrated through a 35 micron porous filter. The
concentration of CC was analyzed by a UV-Vis spectrophotometer (Schimadzu UV Mini 1240) and HPLC
apparatus (Waters Alliance HPLC System) equipped with C18 column (Symmetry C18; 3,5 um; 4,6x75 mm) and
UV-Vis detector at 256 nm. A mixture of 0,10% HCOOH:MeOH (1:9, V/V) was used as a mobile phase.

The powder X-ray diffraction patterns of solid dispersions were obtained using a powder X-ray diffractometer
(PANanalytical X'Pert Pro). The conditions of measurement were as follows: Cu target, graphite
monochromator, range 0-40 °2-theta.

The measured mechanical characteristics of CC solid dispersion tablets were friability (Stuart rotator SB3) and
in vitro dissolution. Dissolution test was likewise carried out on gelatine capsules of CC solid dispersion.
Dissolution tests were performed with USP Il (paddle apparatus) in 500 ml dissolution medium of 0.05 M
KH,PO, with 0,35 % Tween 20 at 37 °C. Paddle speed was 50 rpm. The dissolution media was filtered through a
35 micron porous filter, pumped through a 10 mm flow cell using a peristaltic pump (Ismatic, Reglo Digital MS-
2/6) and analyzed at A = 256 nm at time intervals of 5 minute using a UV-Vis spectrophotometer (Schimadzu UV
Mini 1240). Data analysis was carried out using UV Probe software. All dissolution tests were determined in
triplicate. The dissolution of physical mixtures was done similarly.
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Table |
Prepared formulations of candesartan cilexetil

Samples Excipients Content of CC Temperature of HME process
Corn starch

EX_1 CMC Na 1.1% 40-130°C
PVP
Corn starch

EX 2 CMC Na 1.1% 60-150 °C
PVP

EX_3 Corn starch 1.5% 40-130 °C
Meglumine
Corn starch

EX_4 Mannitole 11% 60-150 °C
PVP

EX_5 PMVaI;gnesmm stearate 21% 40-130 °C

EX_6 g;f””mse 1.8% 60-150 °C
Lactose monohydrate 0

EX_ 7 PVP 3.7% -
Corn starch

FS_4 Mannitole 1.1% -
PVP
a-cellulose 0

FS_6 PVP 1.8% -

CL 1 Lactose monohydrate 33% -

Results and discussion

Solubility of CC in the phosphate buffer with an addition of 0,35 % Tween 20 is shown in Table Il. The pH-
dependent solubility profile of CC, as well as ionic strength dependent solubility profile of CC, was observed in
the phosphate buffer containing 0,35 % and also 0,70 % Tween 20. The results suggest that solubilization of CC
was more effective in the phosphate buffer with higher pH and higher concentration of phosphate salt. Tween
80 increased the solubility of CC in all solvents but a larger effect at higher concentration of this surfactant was
not observed. In addition, HPLC analysis exposed unsuitability of Tween 80 because the peak at retention time
of 4,5 min overlapped the peak of CC. The increase of the solubility of candesartan cilexetil did not achieve

value present in the studya.

Table Il

Solubility of candesartan cilexetil in the phosphate buffer containing 0,35 % Tween 20

Phosphate buffer with an addition of 0,35 % Tween 20

lonic strength pH Concentration
6.2 0.054 +0.001
0,01 M 6.5 0.071 +£0.001
6.8 0.097 £ 0.003
6.2 0.065 + 0.001
0,05 M 6.5 0.093 +0.001
6.8 0.135 +0.002
6.2 0.069 + 0.001
0,10 M 6.5 0.119 £ 0.001
6.8 0.132 +0.002

The mixture marked EX_7 was not convenient to HME considering agglomeration of particles after wetting a

mixture of active substance and excipients.
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The diffraction patterns confirmed that as a result of hot-melt extrusion method was formulated
microcrystalline or amorphous solid dispersions. The patterns of solid dispersions showed decrease in the peak
intensity or absence of peaks which indicated the amorphous nature of candesartan cilexetil in solid dispersion.
The PXRD analysis was not carried out on EX_3 because of extruded material was plastic and inappropriate to
grinding.

The diffraction patterns of formulation EX_1 and EX_2 are identical. Composition of solid dispersion was not
influenced by higher temperature of HME process. The experimental results suggest that tablet masses EX_1
and EX_2 prepared using carboxymethyl cellulose sodium salt (CMC Na) were highly friable (Table Ill). The CMC
Na interfered with the CC in solid dispersion, it results in an increase in concentration value measured by UV-
Vis spectrophotometer. Long disintegration time of tablet was caused by a gel layer that has formed on the
surface of the tablet and has prevented a further wetting of the tablet. This effect was observed only for tablets
containing CMC Na.

The hydrophobic nature of magnesium stearate leads to reduction of the dissolution rate of CC contained in
EX_5.

Table Il
Characterization of prepared formulations of candesartan cilexetil

% dissolved CC from capsule

Samples Friability of tablets Disintegration of tablets form at 120 minute
EX_1 100 % of tablet 2.0 ton Limited disintegration -

EX_2 10 % of tablet 2.0 ton Limited disintegration -

EX_4 1% of tablet 1.5t Disintegration after 15 minute 95.28+3.55

EX_5 1 % of tablet 1.0 ton Without disintegration Without dissolution
EX_6 1 % of tablet 1.5 ton Disintegration until 15 minute 750.2+3.29

FS_4 - - -

FS_6 1 % of tablet 0.5 ton Disintegration after 15 minute 62.99+1.28

CL 1 100 % of tablet 2.0 ton - 57.46+1.32

The dissolution results of CC capsules containing EX_4, FS_4 or CL_1 are given in Fig. 2. At the end of the 120
minute dissolution experiment, the extent of dissolution was 97 % for EX_4, 62 % for FS_4 and 56 % for CL_1. It
is evident that solid dispersion EX_4 considerably enhanced dissolution rate of CC. Physical mixture FS_4 was
not tableted, this mixture is sticky and inappropriate to tableting.

The in vitro dissolution behavior of two EX_6 products (one uncoated tablet and one capsule formulation) are
depict in Fig. 3. Little difference in the dissolution behavior of EX_6 a FS_6 was observed. The amount of
dissolved drug at 120 minute was similar to both formulations. Intensity of tablet pressure had influence on
dissolution profile of CC, with increase the pressure decrease the dissolution rate.

Dissolution profiles of candesartan cilexetil in solid dispersion prepared by hot-melt extrusion cannot be
compared with some other data.
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Conclusion

Solubility is the most important property for developing formulations. Candesartan cilexetil is poorly water
soluble but once dissolved, CC rapidly pass biological membrane. As a consequence, slowly dissolve in the
aqueous environment of the gastrointestinal tract after oral administration result in a poor bioavailability.
While increasing the dissolution rate of CC the oral bioavailability will also improve. The solubility enhancement
of poorly soluble drugs can be achieved by using surfactants. In this present work, the solubility of candesartan
cilexetil in phosphate buffer was increased using Tween 20. Subsequent increase of the solubility of
candesartan cilexetil was occurred in phosphate buffer with a higher pH, ionic strength and concentration of
Tween 20. Hot-melt extrusion is the novel technology with aim to produce solid dispersion. Solid dispersion is
an attractive approach to improve solubility of hydrophobic drugs. Nevertheless, to date have been published
any studies dealing with solid dispersions produced by HME technology. Therefore in this study, solid
dispersions were prepared by hot-melt extrusion method. Only specific formulation of candesartan cilexetil in
solid dispersions showed an enhanced dissolution rate of the drug compared to the physical mixture. It was
found that the dissolution rate of CC from capsules containing solid dispersion EX_4 were higher than the
dissolution rate of the crystalline candesartan cilexetil. The increase in the dissolution rate of the drug may be
caused by a reduction of particle aggregation of the drug, an increased wetability and also possibility by a
reduction in drug crystalline. Additional benefits of hot-melt extrusion are creation of a reliable drug release
profile and higher strength of tablets. The study demonstrated that the dissolution rate of candesartan cilexetil
can be enhanced by formulating solid dispersions of CC with PVP and chosen excipients.
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Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides composed of D-(+) glucopyranose units linked by a-(1,4)
glucosidic bonds. Hydrophilic outer surface and a hydrophobic inner cavity are characteristic for their molecular
structure. CDs are well known as agents forming inclusion complexes with many active pharmaceutical
ingredients (API) thereby achieving the taste masking, increase of drug solubility and stability, improve taste
and odor and enhance bioavailability of the guest molecules s B-CD (Figure 1a) is the most used CD in
industry.

Active pharmaceutical ingredients Cetirizine dihydrochloride (CTZ, Figure 1b) is a second generation
antihistaminic used in seasonal allergies and has a very unpleasant bitter taste®”. In tablet formulation
containing Cetirizine, CDs could be used in complexed and in physical mixtures for taste masking which is
effective from molar ratio 1:2 (CTZ: B-CD)*’.

N 2 Hal
al O K/N\/\o/\n/OH
0

a) ! b)
Figure 1. Chemical structure of B—cyklodextrin (a) and Cetirizine dihydrochloride (b)

Materials and methods
Cetirizine dihydrochloride, B-cyclodextin, Pearlitol flash mannitol, crospovidone, acid citric anhydrous,
sucralose, cherry flavour and sodium laurylsulphate were used for the manufacture tablet.

Orally disintegrating tablets preparation

Seven ODT formulations, differing in volume of B-CD and mannitol, were prepared by direct compression. All
materials were passed through a mesh sieve with an aperture of 630 um. CTZ and the other ingredients (except
sodium laurylsulphate) were blended in a Turbula T10B mixer (WAB, Switzerland) for 6 minutes at 30 rpm.
Then sodium laurylsulphate was added, and the resulting mixture was homogenized for 2 minutes. Tablets
were compressed on a Styl'One compression machine (Kilian, Germany) with varying and constant pressures
using 8.5 mm punches

Hardness
The hardness of tablets was determined using Tablet Hardness Tester 8M (Dr. Schleuniger Pharmatron,
Switzerland).

Friability

Friability of the tablets was determined using Sotax FT2 Friability Tester (Sotax, Switzerland). Twenty of
randomly selected tablets from each formulation were weighed and placed into the friabilator drum, and
subjected to 100 revolutions in 4 min. The tablets were removed, dedusted and reweighed. Friability was
calculated as the percentage weight loss.
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Table |
Formulations of orally disintegrating tablets

Formulation F1 F2 F3 F4 F5 F6 F7
Substance Quantity [mg/tbl.])

B-cyclodextrin 0.00 19.06 38.12 57.18 76.24 95.3 114.36
Pearlitol Flash mannitol 114.36 95.30 76.24 57.18 38.12 19.06 0.00

In vitro drug disintegration
In vitro disintegration time was measured by USP disintegration test apparatus Sotax DT2 (Sotax, Switzerland)
and modified disintegration test. The USP disintegration test was used to determine disintegration times in 900
ml of distilled water at 37.0 + 0.5°C with 32 strokes per minute. In modified disintegration test three tablets
were placed into the dish containing distilled water (37 °C, 7 ml). The end of the disintegrating time was when
the last tablet disintegrated.

In vitro dissolution

Dissolution studies were carried out to determine differences in the release rate of the CTZ from tablets
containing different amount of B-CD by using a dissolution machine (Sotax AT7 Smart, Sotax, Switzerland) with
USP dissolution apparatus 2. The dissolution medium consisted of 500 ml of USP hydrochloride buffer pH 1.2 at
37.0 £ 0.5 °C and 75 rpm for the first 15 min and 150 rpm for the following 15 min. The absorbance maximum
of samples was measured at 231 nm using the regression equation of a standard curve developed in the same
medium.

Surface characterization

Surface characterization of B-CD and CTZ was performed by scanning electron microscopy (SEM MIRA\\LMU,
Tescan, Czech Republic) measured at accelerated voltage of 7 kV. Samples were platinum coated before SEM
observation.

Tablet porosity

The porosity of the tablets was calculated from the true and apparent density. The true density was measured
by using Multi-Volume Pycnometer 1305 (MicroMeritics, USA). The apparent density was obtained by
measuring the basic parameters of the tablet such as the weight, diameter and thickness of the tablet.
Diameter was measured by caliper and thickness was measured by micrometer.

In vivo testing

In vivo testing was performed on 6 healthy human volunteers (3 men and 3 women with an average age of 25)
from whom informed consent was first obtained. One tablet was put and held in the mouth and the time
required for complete disintegration of the tablet was recorded. After the disintegration, the volunteers spat
the disintegrated tablet out and rinsed the mouth cavity with water. A 20-min interval was given before testing
next tablet. Volunteers evaluated tablet taste during waiting. To evaluate the intensity of taste (bitterness,
sweetness, sourness and saltiness) was set-point scale of 0 - 5, where 0 meant no taste and 5 the most intense
taste. Evaluation balance particles on the tongue was in the range of 0 (no residue on the tongue) to 3 (highest
residue) and overall evaluation of tablets was scored from 1 (best) to 5 (worst).

Results and discussion

Compression force

The effect of B-CD amount on the compression force can be seen in Figure 2. Results showed that a rising
amount of B-CD in tablet composition (ie. from F1 to F7) leaded to exponential decreased while the hardness
22 + 2 N is constant. It can thus be concluded that 3-CD is a suitable excipient for a formulation of ODTs due to
its high compressibility which leads to increased abrasion resistance of tablets. However, it is generally known
that the disintegration time is extended with increasing hardness. Therefore, in the case of ODT, where rapid
disintegration is required in the mouth, it is important to reduce tablet hardness to the lowest value.
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Figure 2. Effect of B-cyclodextrin amount on compression force

Friability
Friability of ODTs can be seen in Table Il. Measured friability values (< 1 %) indicated good mechanical tablets
hardness despite the fact that the tablets were prepared under relatively low compression forces (5 - 11 kN).
The prepared tablets should not be packed in a special blister, which protects the product against mechanical
damage.

Table Il

Friability of seven ODTs formulations

Formulation F1 F2 F3 F4 F5 F6 F7
Friability [%] 0.3 0.2 0.2 0.3 0.2 0.1 0.2

In vitro drug disintegration

Disintegration times (Table IIl) fluctuated in a narrow range of values from 26 s to 27 s in the volume of 900 ml
with the exception of the formulation without B-CD for which the time was distinctly shorter. Results showed
that the presence of B-CD in the tablet extended the time of tablet disintegration. The disintegration time was
realized in a smaller volume (7 ml, 37°C) to approximate the conditions in mouth. The results showed that the
disintegration time was prolonged in case of smaller volume of 7 ml compared to standard disintegration test
in 900 ml. The disintegration of the tablet is likely influenced by a different solubility of -CD and mannitol.
While the solubility of B-CD in water at 25 ° Cis 18.5 mg-ml‘l, mannitol solubility under the same conditions is
216 mg-ml"l(ref. 8).

Table Ill

Disintegration time of seven ODTs formulations

Formulation F1 F2 F3 F4 F5 F6 F7
In vitro disintegration, 7 ml [s] 25.0 34.0 44.3 46.7 72.3 77.0 79.7
In vitro disintegration, 900 ml [s] 16.0 26.0 26.0 27.0 26.0 27.0 27.0

Dissolution studies

The dissolution profiles of CTZ in pH 1.2 are demonstrated in Figure 3. From the Figure 3 it is evident that the
active substance was rapidly released from the tablets. On the other hand, it can be observed slowing release
of the CTZ with rising content of B-CD. How it is shown more than 90 % of active ingredient was released during
the first two minutes of the test for tablets without B-CD (F1) or with very low content of B-CD (F2). In contrast,
for tablets with the high content of B-CD (F6, F7) more than 90 % of the active substance was released during
10 minutes. This test proved that with increasing amounts of B-CD the release rate of the CTZ from the tablet
extended. Classic dissolution testing, which is the only pharmacopoeia method for determining the release of
APl from ODT, is inappropriate for this dosage form and should be modified. It is important to obtain the
information about the amount of API that may be released from the tablet during the disintegration of the
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tablet in the mouth (which is usually shorter than 180 s). This modification can be performed manually by
sampling with short intervals between samples.
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Drug released [%]
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Figure 3. Dissolution profiles of CTZ from ODTs by conventional dissolution study. Each point represent the
mean (n=3).

Surface characterization

Particles with acicular shape are typical for Cetirizine and irregular block particles are typical for B-CD. It is
generally known that the surface of manufactured tablets is primarily influenced by compression pressure.
Large number of microcracks and pore size 4-20 um were also observed on the surface of tablets as it is shown
in Figure 4. These frequent surface irregularities can be responsible for enhancement of the absorption of fluid
that can penetrate into the interior of the tablet and result in a faster disintegration, which is desirable mainly
in ODTs. In spite of this fact B-CD created large clusters of B-CD of size up to 2 mm which probably caused
increasing tablet hardness, disintegration and thus the rate of release of CTZ. These clusters hold the tablet
together and prevent penetration of fluid into the tablet core.

SN Vw1083 =] S room e revrorrens o TS
Eia 2ok Day s o : WG 200k Dty Oe SEMWAG 2000 Dawmn 0V 3 m
Q) seoen Nare: AT 25000 portch zeral N A2 6001 prech zeall ((C) 5w oo N A8 20000 ol

Figure 4. Scanning electron photomicrographs. Formulation F1 (a); F2 (b); F4(c); F (d). Images were magnified
2000x.

Tablet porosity

Helium porosity was chosen because of the small size of the helium atom, which is able to fill very small pores,
and its adsorption is negligible at ordinary temperatures. It was found (Figure 5) that the porosity and pore size
of tablets decreased with increasing compression force.
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Figure 5. Dependence of porosity and compression force of ODTs

In vivo testing

Prepared tablets had minimum saltiness, acidity and residue particles on the tongue how it can be seen in
Table Ill. On the other hand, the tablets differed significantly in bitterness and sweetness. Volunteers evaluated
formulations F5, F6 and F7 as the most delicious because minimal bitterness was observed in these tablets. Due
to this fact it can be said that these formulations had sufficiently masked bitter taste of CTZ. The questionnaire
also showed that even a small amount of B-CD (11 % relative to the total tablet weight) is sufficient to reduce
the intensity of the bitterness of cetirizine more than one level. The amount of B-CD, when volunteer perceived
weak or no bitterness intensity and also failed to recognize the higher content of B-CD tablets, was chosen as
the optimal amount of B-CD in terms of taste masking efficiency. The optimum amount of B-CD was fixed in the
tablet at 47 weight % (corresponding formulation F5).

In vivo disintegration times were widely different due to the influence of different amount of saliva in human
mouth. Formulation F1 had the fastest disintegration time of the tablets which containing no B-CD, on the
other hand formulation F4 showed the slowest disintegration time. Formulations F5 and F6 were chosen as the
most delicious by 6 volunteers. In the end, volunteers preferred the overall palatability of the tablets at the
expense of slower disintegration time of the tablet in the mouth.

Table I

Results of in vivo testing
Form. Disintegration Bitterness Sweetness Sourness Saltiness Residue on Total

time [s] tongue palatability

F1 27.0+8.8 4.010.6 15+1.0 13zx16 1.3+15 1.0+1.0 43+0.5
F2 35.4+6.8 2.8+0.9 26+1.0 12+1.2 08+1.1 1.0+0.7 26+0.5
F3 39.3+6.4 20+1.0 25+15 12+15 1.0+14 1.0+1.2 2.8+0.9
F4 43.7+16.1 15+1.0 32+0.7 0305 0.8+1.2 15+13 25+0.8
F5 35.0+8.8 0.6+0.8 34+05 14+0.8 0.6+0.8 1.0+1.0 1.8+0.7
F6 40.5+12.7 0.5+0.5 32+0.7 08z%1,1 0.8+0.7 1.0+£0.8 1.5+0.8
F7 38.2+14.3 0.3+0.5 3.7+0.7 0.8+0.4 0.0£0.0 0.8+0.7 1.5+0.8

* total palatability, residue on tongue and total palatability are expressed point evaluation
** mean average value + standard deviation

Conclusions

In this study was demonstrated the effect of 3-CD on the physical properties of the ODTs. For the purpose of
this study, were prepared various formulations of ODTs by direct compression and which were evaluated in
terms of friability, hardness, disintegration time, etc. The results of tests showed that with increasing amounts
of B-CD tablet hardness and disintegration time are increased and compression force is decreased. Dissolution
tests confirmed very rapid release of active substance from the tablets. The results of SEM and helium porosity
confirmed that the surface of the prepared tablet included a large number of pores and cracks (size 4 - 20 um)
which should allowed faster penetration of liquids into the interior of the tablet and thus causing a rapid
disintegration. In spite of this fact B-CD created large clusters of B-CD of size up to 2 mm which probably caused
increasing tablet hardness, disintegration and thus the rate of release of CTZ. These clusters hold the tablet
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together and prevent penetration of fluid into the tablet core. This study recommends B-CD as excipient in
amount unnecessarily to achieve the effective taste masking in ODTs as 47 weight %.
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Introduction

Compounds with the general formula ABO; can exhibit a wide range of structure types including perovskite. In
addition to this structural variability, many ABO; samples exhibit special physical properties such as
superconductivity or magnetoresistivityl. The hexagonal YMnO; is one of the most intensively studied
manganates. This structure type attracts attention as a promising material with application electrochemical
potentialsz. These new compounds can be an alternative to currently used pigments due to their lower impact
on the environment and their stability3. The structure of YMnO; is constituted by non-connected layers of
MnQs, where each Mn ion is surrounded by three oxygen in plane and two apical oxygen ions forming a
trigonal bipyramids, which are two dimensionally connected to each other through corners and separated by a
layer of Y** ions™. Manganites with the general formula RMnO;, where R denotes rare-earth cation, can be
found within two crystal symmetries: a perovskite orthorhombic structure, when the R cation has a large ionic
radius, on the other hand, when the rare-earth has a small ionic radius (R=Ho-Lu, including Y and Sc),
manganites crystallize in a hexagonal structure®.

Over the past few years there have been several attempts to minimize negative impacts on the environment
and to reduce the cost of ceramic pigments. For example, M. Ocafia et. al.” examined Mn - doped YInO; blue
pigments without cobalt, which have been synthesized at a much lower temperature (1100 °C) than is required
for conventional solid state reaction (1400 °C). The method is based on pyrolysis of aerosols generated from
aqueous nitrate solutions Y, In, and Mn.

The research was focused on the preparation of YMn,(MCu),.,03.5 pigments with x = 1; 0.9; 0.5; 0.1 and M = Sn;
Ti or Zr. All samples were synthesized by mechanical activation in solution and subsequently applied into an
organic matrix and ceramic glaze G 073 91. Pigment YMng4(SnCu), 1035 Was also prepared using mineralisers to
improve purity of crystalline phase. The main aim of the research was find the best composition and calcination
temperature suitable for the preparation of black pigment with blue tint. X-ray diffraction analysis and particle
size distribution measurement were also used for these studies.

Experimental

The pigments YMn,(MCu),,0s:s5,where x= 1; 0.9; 0.5; 0.1; and M =Sn; Ti or Zr, were prepared by mechanical
activation in solution. The reagents Y,0; (99,99% purity, Alfa Aesar, Germany), MnCO; (99% purity, Lachema
Pliva a. s., Czech Republic), CuO (99% purity, Lachema Pliva a. s., Czech Republic) were weighted and mixed
with oxides of doping ions: Sn0, (99% purity, Sigma Aldrich, s.r.o., Czech Republic) and TiO, (99% purity, AV-01,
Precheza a. s., Czech Republic) or ZrO, (99% purity, Sigma Aldrich, s.r.o., Czech Republic). Molar proportions of
starting materials were ground manually in a porcelain mortar and subsequently milled in the planetary mill
(Pulverisette 5; FRITSCH, Germany) for 5 h. As a liquid medium the mixture of deionised water and ethanol in
volume ratio 1:1 was used. All homogenous reaction mixtures were fired successively in the first step at 700 °C
with a soaking time of 6 h and in the second step at 1000-1200 °C with a soaking time also 6 h. Prepared
pigments were applied into an organic matrix (dispersive acrylic paint Parketol, Balakom, a.s., Czech Republic)
in mass and diluted tone. Pigments were also applied into ceramic glaze G 073 91 (Glazura, s.r.o, Roudnice nad
Labem, Czech Republic). The mixture of pigment in amounts of 10 % w/w a glaze on ceramic biscuit was glazed
at 1000 °C for 15 min.

The applications of pigments into organic matrix and ceramic glaze were evaluated by measuring of spectral
reflectance in the visible region of light (400 - 700 nm) using a ColorQuest XE (HunterLab, USA). As the
measurement conditions were used an illuminant D65, measuring geometry d/8° and 10° complementary
observer. The colour properties were described in the CIE L*a*b* system. The value a* (the red-green axis) and
b* (the yellow-blue axis) indicate the colour hue. The value L* represents the lightness or darkness of the
colour. L* is ranging from 0 (black) to 100 (white). The value C (chroma) represents saturation of the colour and
is calculated according to the formula:
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C=(a** +b*)"2. (1)

From previous values it is also possible to calculate the colour of pigment as a hue angle:
H°=arctg (b*/a*) (2)

The hue angle H® expresses colour using an angular position in the cylindrical colour space (H°=350-35° = red,
H°®=35-70° = orange, H°=70-105° = yellow, H°=105-195° = green, H°=195-285° = blue and H®=285-350° =
violet).

Mastersizer 2000 MU (Malvern Instruments, Ltd. GB) was used for measurements of particle size distribution.
The device uses the laser diffraction on particles dispersed in liquid medium and it allows evaluation of
measured signal either based on Mie’s theory or Frauenhoffer diffraction. As the source of light was used He-
Ne laser (wavelength 633 nm) and blue light (466 nm). The samples were ultrasonically homogenized for 120
s and measured in a solution with Na,P,0; (c= 0.15 mol.dm™).

The crystal structures and phase purity of the powdered materials were studied by XRD analysis. The
diffractograms of the samples were obtained by using a Brucker diffractometer D8 Advance (Bruker, GB) with a
goniometer of 17 cm in the range 20 of 10-80°. Cu K,; (A = 0.15418 nm) radiation was used for angular range of
20< 35° and Cu K, (A = 0.15405 nm) for the range of 20> 35. A scintillation detector was used.

Results and discussion

YMn03t5

At first, the pure YMnO;.s was prepared and used as a standard. Samples were fired in the temperature range
900 - 1300 °C (step 100 °C) and applied into the organic matrix. At the lower firing temperatures (900 and
1000 °C), starting materials still did not completely react and the resulting powders have a brown color — axis
a* is in the positive region (a* = 2.39 to 1.80). After raising the temperature to 1100 °C brightness decreased
and color shade has changed to black with blue hue (b* = -3.80). After further increase of the firing
temperature at 1200 and 1300 °C powders became lighter and the value of the blue axis —b* decreased. At the
highest temperature the product has been already sintered. Pigment with best color properties was obtained
at 1100 °C (L* = 26.19, a* = -0.28, b* = -3. 80). Therefore, the firing temperature range for doped samples was
regulated only from 1000 to 1200 °C (Table I).

Table |
The effect of calcination temperature on particle size and colour properties of the YMnOs;.s and
YMng o(CuSn).10s:5 pigments applied into organic matrix.

YMnOs.s YMngo(CuSn)g.103:5

Trd L* a* b* C H° [s;‘i] L* a* b* C H° [s;‘i]

1000 2985 180 -0.15 181 35524 3.09 2826 014 -266 266 273.01 294
1100 26.19 -0.28 -3.80 3.81 26579 3.03 28.06 -0.08 -2.78 2.78 26835 270
1200 26,58 -0.19 -3.01 3.02 26639 357 2002 -0.11 -3.01 3.01 26791 3.28

YMnx(Sncu)l-xo3tS

Pigments doped with ions Sn*" and Cu’* have the best color properties in the composition YMng(CuSn)g.103ss.
Effect of firing temperature on the color coordinates after application to the organic binder is shown in Table I.
With increasing temperature product becomes darker (axis L* decreases) and a* passes from red to green
region. Blue coordinate -b* and chroma C also increases with higher temperature. The results show, that the
most suitable firing temperature of these pigments is 1200 ° C - the darkest sample with the strongest blue tint.
The final color of these samples varies from dark brown to black with blue shade. When the content of doping
elements increases to x = 0.5, brighter shade of the product is obtained, but b* axis values are still in negative
region and their color is black with blue tint. By increasing x to 0.1 the color spectrum shifts more to the green
area and the color of pigments is dark greenish blue.

YMn,(TiCu)1,0345
Perovskite pigment YMnOs.s was also doped by Ti* and Cu® ions and powder products have been applied to
the organic binder and evaluated in the same manner as the previous samples. Table Il shows the effect of
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firing temperature on the color properties of the pigment YMngs(CuTi)osOs:s, Which composition was
evaluated as most interesting, due to the highest content of blue shade. With rising temperature brightness of
the samples decreases and it becomes darken. The lowest value (-a*) and highest value (-b*) was measured for
a pigment fired at 1100 °C. This temperature was evaluated as the most suitable for the preparation of product
with composition x = 0.5. The hue of these pigments is black with a blue tint. The samples with x = 0.9 have
higher values of L* axis (25.15 to 28.68) and a lower content of red (+a* = 0.02 to 0.46) and blue (-b* =3.14 to
1.87) color. The applications in organic binder are also black. Low values of coordinates a* and b* were
achieved for pigments with x = 0.1, which are slightly lighter than previous samples (L* = 25.83 to 33.30).

Table Il
The effect of calcination temperature on particle size and colour properties of the YMng5(CuTi)y50s.5 and
YMng o(CuZr)e.105:5 pigments applied into organic matrix.

YMng 5(CuTi)os03:s YMng o(CuZr)o 10345

Trd L* a* b* C H° [32] L* a* b* C H° [32]

1000 2780 -0.06 -2.01 201 268.29 326 28.04 027 -254 255 276.07 293
1100 23.72 080 -331 341 28359 386 2730 -0.19 -284 285 266.17 3.62
1200 20.06 0.70 -2.60 2.69 285.07 6.07 2695 015 -2.24 225 273.83 4.90

YMnx(Zrcu)l-xo3t8

After application into an organic binder the color properties of the pigment doped with zr™ and Cu®™ were also
evaluated. Values of coordinates L*, a*, b*, C and H ° of the products with best composition (x = 0.9) are shown
in Table Il. With increasing firing temperature samples became darker, which is confirmed by decreasing values
of brightness L*. The highest content of the blue shade was achieved at 1100 °C (b* = -2.84). Values of a* axis
are in a narrow range from -0.19 to 0.27, and they have minimal effect on the resulting color perception.
Darkest sample was prepared for the composition with x = 0.5 (1200 ° C), where L* = 20.72. However this
product contained a smaller amount of blue hue than previous samples (b* = -1.64). Pigments
YMng 1(CuZr)o90s:5 prepared at temperatures 1000 and 1100 °C have dark green hue, which is confirmed by
negative values of a* axis (-4.45 and -2.49). These pigments are also significantly lighter (L* = 30.46 to 38.74).

Particle size distribution

Particle size distribution (PSD) is one of the most important properties of powder materials, because it affects
both the characteristics of the products and the possibility of using these materials. For this reason, PSD
analysis was also used to characterize prepared pigments. The measurements were made for unmilled samples
which were grinded in an agate mortar and results were expressed using values dqg, dsg and dgg. The value ds,
of samples with most interesting color properties are shown in Table | and Il. With increasing temperature and
higher content of doping elements particle size mostly increases. Value ds for pure YMnO.s ranges from 2.1 to
3.5 um. Similar range (2.7 to 3.3 mm) was also achieved for samples doped with sn** and Cu® ions. Doping by
Ti* and zr* ions caused a slight increase of dsy to level 3.2 to 6.1 um for titanium and 2.9 to 4.9 um for
zirconium. These values allow the use of these perovskite pigments without subsequent mechanical treatment.

XRD analysis

Prepared samples were also examined by X-ray diffraction analysis. It was verified that the single-phase
hexagonal YMnO; (PDF No. 04-011-9577)8 with perovskite structure was obtained at 1100 °C. Higher
calcination temperature (1200 °C) caused an increase of the peak intensity of perovskite phase. Doped samples
(x = 0.9) were also investigated by the X-ray diffraction analysis (Figure 1). Single phase pigments were obtained
at 1200 °C. The highest intensity of crystalline phase was achieved for the sample doped by tin ions (480 a.u.).
This value is still relatively low, due to the need of high quality and stability of the prepared products.
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Figure 1. Diffractogrames of pigment YMng o(MCu)g 1035 (1200 °C) where M = Zr; Ti; Sn.

Conclusion

The main aim of this research was to prepare inorganic pigments based on YMnOs.5, which were doped by ions
of tin, titanium and zirconium with general formula YMn,(MCu),.,03.5, where x = 1; 0.9, 0.5, 0.1 and M = Sn; Ti
or Zr and verify their colour properties and possibility to use these powders as the new inorganic ceramic
pigments. All samples were prepared by mechanical activation in solution and subsequently applied into an
organic matrix and ceramic glaze G 073 91. At first the pure YMnO;.5 was prepared and it served as a standard.
Pigment doped by sn** and Cu** ions provides black samples with blue shade. Composition YMngo(CuSn)g 10345
and firing temperature 1200 °C were evaluated as a most suitable synthesis conditions for preparing of these
kind of pigment. Samples doped by Ti* and Cu®* ions provide also black pigments, but the most interesting
color was obtained by YMng 5(TiCu)y50s.5 (1100 °C). Similar results were obtained by doping of this system by
ions of Zr*" and cu®. Pigments were also black with blue shade except samples YMng1(ZrCu)y¢Os.5, Which
provides dark green product. Application in the ceramic glaze G073 91 has proven to be inappropriate,
because of low stability of pigments in aggressive environment of molten glaze. The XRD analysis showed that
single-phase perovskite hexagonal YMnOs.s is formed at the temperature 1100 °C. Single-phase products were
also proved for doped samples with x = 0.9 (1200 °C).
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Introduction

During the last decades, an important part in agricultural development was to increase the productivity per
unit area of land used for crop production to feed the growing population. This was achieved through excessive
use of natural resources such as water and plant resources and overdose of fertilizers and pesticides. As the
results of that were soil disturbance, the exhaustion of natural water resources and soil contamination by
pesticidesl. Nowadays, the agricultural development is focused on sustainable use of land, water and plant
resources without threatening the environment. To contribute to achievement of this aim can soil conditioners
on the basis of natural superabsorbents — hydrogelsz.

Hydrogels are formed by polymeric networks, which can absorb large amount of water or biological fluid®. They
are divided into two groups — physical and chemical, according to the process of gelation4. Physical or
reversible hydrogels are hold together by molecular entanglements, and/or secondary forces including ionic,
hydrogen bonding or hydrophobic interactions. Chemical or permanent hydrogels are formed by covalently
cross-linkings. Hydrogels are used in many sectors such as tissue engineering, agriculture, pharmaceutical, and
biomedical fields (e.g. wound dressing, drug delivery, dental materials and impIants)G.

Agricultural synthetic polymeric hydrogels are divided into three groups: starch—polyacrylonitrile graft
polymers (starch copolymers), vinyl alcohol-acrylic acid co—polymers (polyvinylalcohols) and acrylamide
sodium acrylate co—polymers (cross—linked polyacrylamides). These hydrogels can hold 400-1500 g of water
per gram of dry hydrogel7.

Glucomannan is a nature polysaccharide, which forms linear random copolymer of (1->4) linked B-D-mannose
and B-D-glucose. It contains mannose and glucose units at molar ratio 1,6:1 and acetyl groups along the
glucomannan bacbone are located at C—6 positions. Acetyl groups have an effect on solubility of polymer in
aqueous solution’. Glucomannan is industrially extracted from the plant Amorphophallus konjac, which is
grown primarily in the southeastern part of Asia™. Utilization of glucomannan is widespread in different
technological areas. As a gelling agent is used in food, pharmaceutical, chemical, biotechnology and cosmetic
industries'. The molecular structure of glucomannan is represented in Figure 1.

HO HO HO,
OH - OH
% AR Oﬂi,
OH w OH —
Gk Man Gk Man

Figure 1. Structure of glucomannan12

Experimental

Materials

For the experiments glucomannan (VUOS, Pardubice, Czech Republic), calcium hydroxide (Lachema, Brno,
Czech Republic), sodium hydroxide (Penta, Chrudim, Czech Republic), urea and ammonium sulphate (Lach-Ner,
Neratovice, Czech Republic) were used. Trisodium timethaphosphate, pentasodium tripolyphosphate, sodium
dihydrogenphosphate monohydrate and disodium hydrogenphosphate dihydrate were obtained from Sigma-
Aldrich (Steinheim, Germany). Aspartic acid, citric acid, malic acid and oxalic acid (Lach-Ner, Neratovice, Czech
Republic) were used. Glutaric acid was purchased from Sigma-Aldrich (Steinheim, Germany) and succinic acid
was delivered from Spolana (Neratovice, Czech Republic).

Preparation of hydrogel

Reaction of glucomannan with Ca(OH),

20 g of glucomannan was suspended with 160 ml of 50% aqueous solution of ethanol or pure distilled water
and with 20 ml saturated solution of Ca(OH),. The suspension was heated at the temperature about 100°C
under continuous stirring for at least one hour. After cooling, the suspension was several times decanted with
50 ml of 50% ethanol, after each addition the suspension was stirred. After it the suspension was filtered on a
Blichner funnel and the obtained hydrogel was dried at 105 °C to constant weightB.
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Reaction of glucomannan with ethanol

10 g of glucomannan was dissolved in 500 ml of distilled water and 250 ml of ethanol. The suspension was
boiled under stirring for one hour, then mixture was decanted three times with 250 ml of ethanol, the settled
hydrogel was filtered through sintered glass and dried at room temperature to constant weight.

Reaction of glucomannan with STMP

Glucomannan was cross-linked using different fosforylating agent, which forms a three-dimensional network .
In this case, as the fosforylating agent trisodium trimethaphosphate (STMP) was used. 0.5 g of STMP was
dissolved in 100 ml of 0.001 M NaOH at room temperature, then glucomannan (1 g) was added into the
solution under continuous stirring. The dispersion was mixed for 6 hours, after it the hydrogel was dried at 45
°C, washed several times with distilled water and dried again at 45 °C to constant weight“.

Reaction of glucomannan with STPP

Glucomannan was cross-linked with pentasodium tripolyphosphate (STPP). 0.947 g of STPP was dissolved in 30
ml of 0.01 M NaOH at room temperature, then glucomannan (0.648 g) was gradually added into the solution
under continuous stirring. The reaction mixture was stirred for 6 hours at 60 °C. The obtained hydrogel was
incubated in a dryer at 60 °C for 24 hours. Then the hydrogel was washed with distilled water and dried at 60 °C
to constant weightls.

Reaction of glucomannan with Na,HPO, a NaH,PO,

13,80 g of NaH,P0,.H,0 and 5,59 g Na,HPO,.2H,0 were dissolved in 20 ml of de-ionized water at 35 °C and pH
was adjusted to 6 by adding a few drops of 1 M aqueous NaOH solution. 10 g of glukomannan were added to
the salt solution and the mixture was stirred for 20 min at ambient temperature. The resulting suspension was
filtered using a Blichner funnel and the filter cake was crushed in mortar and dried for 24 hours at 55 °C. Then
the temperature was increased to 65 °C for 90 min. For phosphorylation, the dried mixture was “‘baked” at 80
°C for 3 h, cooled down to room temperature and stirred in 50 ml of 50% aqueous methanol for 30 min. After
filtering, the raw product was dehydrated by washing with 20 ml of absolute ethanol. The resulting paste was
washed with a ten-fold amount of water and the glucomannan phosphate was precipitated with acetone. The
product was vacuum-filtrated, repeatedly washed with denatured ethanol in order to remove water and
acetone and finally dried at 45 °C to constant weight 16

Reaction of glucomannan and phosphorylated glucomannan with polycarboxylic acid

Cross-linking of glucomannan or phosphorylated glucomannan was proceeded using different polycarboxylic
acid, such as aspartic, citric, glutaric, malic, oxalic and succinic. 0.071 mmol carboxylic acid in 10 ml de-ionized
water was placed into the ultrasonic equipment and dissolved. After it glucomannan (1 g) was added and cross-
linked at 80 °C for 3 hours. The resulting hydrogel was washed several times with distilled water and dried at 80
°C to constant weight”.

Characterization of hydrogel

Swelling ratio (SR) was determined by measuring the absorption capacity of the hydrogel using de-ionized
water.

Swelling ratio (g H,O/g dry hydrogel) and swelling capacity (water content in swollen hydrogel, %) were
calculated according to these equations:

Swelling ratio: Swelling capacity:

SR=Y2"W [¢/g] (1) sc="2"" 00 [%] (2)

Wy W,

where w; and w; are the weights of dried and swollen hydrogel.

Results and discussion

Preparation of hydrogel

Glucomannan hydrogels were prepared by different methods using calcium hydroxide as the deacetylation
reagent, ethanol as the precipitation agent, various polycarboxylic acids as the cross-linking agents, STMP,
STPP, disodium hydrogenphosphate dihydrate and sodium dihydrogenphosphate monohydrate as the
phosphorylated agents. Hydrogel sample A was represented by reaction of glucomannan with Ca(OH), and
ethanol without heating, sample B was prepared by reaction of glucomannan with Ca(OH), and ethanol at
increased temperature and sample C was obtained by reaction of glucomannan with Ca(OH),. For preparation
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of sample D only ethanol was used. Sample E is glukomannan cross-linked with STMP, sample F with STPP and
sample G is glukomannan fosforylated with Na,HPO, and NaH,PO, mixture.

Swelling studies

Swelling ratios of prepared hydrogels in distilled water are shown in Figure 2. It was observed that the highest
values of SR were attained at samples A, B, and G (almost 60 g/g). For sample D was achieved 45 g/g, for
sample C structure of hydrogel was not so perfect due to absence of ethanol as the precipitant. The low values
of swelling ratios for samples E and F may be due to the fact that fosforylation led to cross-linking and rigid net
structure of hydrogel was formed. Based on the results of the hydrogel swelling ratio samples B, D and G were
selected for next investigation .The minimal time for maximum swelling of the hydrogel was determined as 2
hours.
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Figure 2. Dependence of swelling ratio on type of hydrogel

Influence of temperature on the hydrogel swelling ratio and solubility of hydrogel

The influences of temperature on water capacity and solubility of hydrogels were investigated, the results are
presented in Figure 3. It was observed that the hydrogel swelling ratio decreases with growing temperature
and solubility of hydrogel increases with growing temperature. Hydrogel B was formed after deacetylation of
glucomannan bacbone in alkaline conditions, which resulted in increased number of free hydroxyl groups in
glucomannan and higher hydrophilic interactions with molecules of water. Interaction un-deacetylated
glucomannan with water was probably lower in hydrogel D . Hydrogel G was formed in slightly acidic conditions
allowing binding of the phosphate groups as monoesters, which result in net structure formed with hydrogen
bonds. For practical use of hydrogel is important value of its solubility , which reached values less than 0.05
g/100 g H,0 at 25 °C.
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Figure 3. Effect of temperature on the swelling ratio (A) and solubility of hydrogel (B)

Influence of swelling — drying cycles on hydrogel swelling ratio and solubility
The effect of repeating of swelling — drying cycles on water capacity (A) and solubility of hydrogels (B) was
investigated, the results are shown in Figure 4. It can be seen that hydrogel swelling ratio decreases with
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growing number of swelling — drying cycles of hydrogels, this fact corresponds with increasing solubility of
hydrogel with raising number of swelling — drying cycles. The values of solubility of hydrogel after third cycle
reached almost 0.12 g/100 g H,0. Nevertheless, the values of SR were relatively high (35 g/g) for samples B and
G even after third swelling — drying cycle.
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Figure 4. Effect of number of swelling—drying cycles on the swelling ratio (A) and solubility of hydrogel (B)
Rate of dehydration

Figure 5 shows the time dependence of swollen hydrogels dehydration at ambient temperature. It can be seen
that all tested samples were dried-up during 22 — 30 hours.
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Figure 5. Time course of swollen hydrogels dehydration

Swelling behavior of hydrogels in saturated solutions of fertilizers

One of the important properties of the hydrogels is theirs swelling behavior in solutions of fertilizers. In our
case, ammonium sulphate and urea were selected as reprezentatives of fertilizing materials. Effect of type of
fertilizer on swelling capacity of hydrogels in saturated solutions of fertilizers is presented in Figure 6. The
highest value of swelling capacity in ammonium sulphate solution was obtained with sample G (70 %).
Differences in swelling capacity of individual hydrogels in urea solution are not significant (SC ~ 50%).
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Figure 6. Dependence of swelling capacity of hydrogel on type of fertilizer

The influence of type of polycarboxylic acids on the swelling behavior of hydrogels

The influence of different cross-linking agents on gel formation and swelling behavior was investigated (Figure
7). It was also observed the effect of carbon chain length (spacer distance between the carboxylic groups) on
the swelling ratio. The following cross-linkers were studied: aspartic acid, citric acid, glutaric acid, malic acid,
oxalic acid, and succinic acid. The same amount of cross-linker (0.071 mmol) per gram mono-glucomannan
phosphate was used. From Figure 7 it can be seen that significant value of SR (66 g/g) was achieved using
succinic acid (C4) whereas the lowest SR value (55 g/g) was obtained with oxalic acid (C2).
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Figure 7. Dependence of type of polycarboxylic acid on the swelling ratio

Release study

Another important characteristic of studied hydrogels is rate of nutrient release. Conductometry and ion
chromatography as useful methods for study releasing process were utilized. The release of compounds from
hydrogels includes several steps: penetration of release medium into the polymeric network, dissolution of the
dispersed fertilizers and release of the compounds from the hydrogel under swelling conditions. The results of
release behavior of urea and ammonium sulphate from hydrogels into the distilled water are shown in Figure 8.
It can be seen that release of urea from structure of both tested hydrogels took 4 minutes, in the case of
ammonium sulphate 2 minutes.
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Figure 8. Release of urea (A) and ammonium sulphate (B) from hydrogels into distilled water

Conclusion

In this work was provided an overview of the preparation of glucomannan hydrogels using different agents as
Ca(OH),, ethanol, STMP, STPP, Na,HPO, and NaH,PO, and various polycarboxylic acids. According the results of
swelling behavior of prepared hydrogels three methods were recommended for their synthesis: reactions
glucomannan with Ca(OH), and ethanol (sample B), with ethanol alone (sample D) and with Na,HPO, and
NaH,PO, (sample G). The values of SR 60 g H,0 per g dried hydrogel were achieved for these hydrogels. Cross-
linking glucomannan with polyphosphates led to lower swelling ratios. The investigations of influence of
polycarboxlic acid on the SR have shown that only succinic acid provided a significant pozitive effect. Drying of
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swollen hydrogels took approximatelly 1 day at 25°C. The results indicated that solubility of hydrogels
increased with growing temperature, the values of 0.03 — 0.05 g per 100 g of water in a temperature range of
23 - 30°C are acceptable from practical point of view. Results of the release study demonstrated that prepared
hydrogels show quick — release properties.
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Zinc oxide is a white inorganic powder, which is presented in a lot of industrial processes and products of our
daily life. The global usage of ZnO is over 1 million tons per year and the main applications include rubber, glass
and ceramics, paints, agriculture, cosmetics and pharmaceuticals. Nanoscale ZnO (nano ZnQ) is much younger
but more advantageous and fast-growing type of this material. Nano ZnO has attracted great interest due to its
better, in some cases unique, properties than common type ZnO (0-Zn0O).

We have done vast research in the area of nano ZnO preparation and have studied its properties (vulcanizing,
anti-microbial, photo-catalytic etc.). In this contribution we would like to present some of these results.

In Table | is mentioned typical characterization of our nano ZnO (nZ-BOCH). Figures 1(a) and 1(b) show
morphology of nZ-BOCH and Figure 1(c) its comparison with 0-ZnO (Johann Wiehart, Austria). From these
figures is clearly visible difference in primary particles size of nZ-BOCH and 0-ZnO. Specific surface area of
ordinary ZnO was 6 m’ g‘l, thus one fold lower than nZ-BOCH.

Table |

General technical specification of nZ-BOCH
Characterization parameter Value Unit Evaluation technique
Crystalline phase 100 % ZnO - zincite XRD
Primary particles size/crystallites 71 nm XRD
Secondary particles size (Dso Number) 85-156 nm DLS
Specific surface area 60 - 100 m’ g"1 BET
Purity of ZnO >99.8 wt. % XRF
Content of CI <0.1 wt. % XRF, argentometry
Content of Mn, Fe, Cu, Co <1 ppm XRF
Content of Pb <50 ppm AAS, XRF
Content of Cd <10 ppm AAS, XRF
Sample colour cream/yellowish visual evaluation
Particles shape near-spherical HRTEM

Figure 1. Trasmition electron micrographs of nZ-BOCH (a(, b) and 0-ZnO (c)

Zn0 is generally known as the best activator for sulphur vulcanisation of rubber. In recent years, due to the
environmental and economic issues in relation to the amount of zinc in rubber products, there is the tendency
to minimize content of zinc. If we want to reduce the required amount of ZnO, we have to increase the activity
of zinc. Some recommended solutions include the application of so-called "active" or “nano” zinc oxide™.

We have done a lot of tests (in model and real rubber mixtures) which were focused on utilization of nano ZnO
in rubber industry. Below is mentioned one example from these tests.
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We investigated vulcanizing properties (Table 1) of three nZ-BOCH samples in real rubber mixture used for tire
manufacturing. Samples had different specific surface area but the size of primary particles (XRD
determination) was in all cases between 7 to 8 nm. The ordinary zinc oxide Golden Seal R Q3 (Olawka Huta,
Poland), with specific surface area 5 - 6 m’ g'l, was chosen as a standard (0-Zn0O). A standard amount of ZnO in
this mixture was 3 phr.

First of all were determinated vulcanization parameters on rheometer (the time of curve recording was 60 min
and the temperature was 150 °C), after than the rubber mixtures were vulcanized in a laboratory vulcanizing
press (at 150 + 2 °C). After vulcanization, we left mixtures for 24 hours, and then these mixtures were used for
preparation of specimens in order to investigate the mechanical properties (Table lIl). All tests were done at
room temperature (23 + 2 °C).

Table Il
Vulcanizing properties of real mixtures with 0-ZnO and nZ-BOCH
Dosage S M M t t R Cross-link densit
Type of ZnO [phrﬁ m?g™] [dNMrl:;] [dNMAmX] [m0i2n] [r;:?:] [mirvfl] 10" [mol cm‘3]y
0-Zn0 3.00 6 9.2 42.5 4.43 9.84 18.48 1.9534
3.00 10.1 43.6 5.23 11.60 15.70 2.1202
nZ-BOCH 2 1.50 102 10.5 42.9 5.01 10.86 17.09 2.1811
0.75 10.1 43.0 4.51 10.23 17.48 2.1945
3.00 11.6 39.0 3.20 6.52 30.12 1.8724
nZ-BOCH 3 1.50 73 10.6 43.2 4.50 10.20 17.54 2.1801
0.75 10.1 37.0 3.98 7.49 28.49 1.5900
3.00 9.8 42.2 5.01 11.29 16.13 2.1517
nZ-BOCH 5 1.50 72 10.4 43.2 4.76 10.44 17.06 2.2022
0.75 10.7 38.3 3.58 7.33 26.67 1.6019
Table Il
Mechanical properties of vulcanizates with 0-ZnO and nZ-BOCH
Type of ZnO Dosage 2S . Strength Elac;nbgraetalokn Modulus Hardness Densi_t3y
[phr] [m°g™] [MPa] %] 300 [MPa] [IRHD] [gcm™]
0-Zn0O 3.00 6 29.66 469 18.30 70.4 1.101
3.00 29.94 422 18.70 71.2 1.100
nZ-BOCH 2 1.50 102 30.04 426 20.58 71.6 1.096
0.75 29.56 432 20.06 71.4 1.107
3.00 25.24 401 18.62 71.2 1.110
nZ-BOCH 3 1.50 73 26.04 437 17.26 69.8 1.091
0.75 28.90 473 16.96 68.4 1.095
3.00 29.20 435 19.40 69.0 1.102
nZ-BOCH 5 1.50 72 28.68 433 19.12 70.4 1.095
0.75 26.52 446 16.78 68.6 1.097

On the basis of the measured results (Tables Il and lll) it is possible to conclude that all tested nano ZnO
samples generally meet the requirements in relation to preparation of suitable rubber mixtures. It can be said
that these samples achieved at lower dosage, 1.5 and 0.75 phr (respectively 50 and 25 %), the values which are
comparable to the standard values (3 phr) of 0-ZnO. These samples are not suitable when the dosage of nano
Zn0 is 3 phr (100 %). The best properties were observed for the sample nZ-BOCH 2, so nano ZnO with the
largest specific surface area. Sufficient dosage of nZ-BOCH 2 is thus four times lower than required amount of
0-Zn0. This discovery but also other better properties of nano ZnO (i.e. higher purity, positive influence on
lifetime of rubber goods, better dispersibility in rubber mixture), compare to 0-ZnO, invite nZ-BOCH for
utilization in rubber industry.

Another very interesting functional property of ZnO is its antimicrobial activity. The mechanism of action and
factors which influence this effect are still not well understood and actually exist several opinions - activity due
to: electrostatic interaction, presence of reactive oxygen species generated by ZnO photocatalyst, release of
Zn”* or other unknown chemical species from ZnO or the abrasive surface texture of Zn0*>,
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We have done comparative antimicrobial tests of our nZ-BOCH samples with competitive nano ZnO materials
and 0-ZnO. ZnO samples were tested in powder state and also in tailor-made lacquers, plastics or filters
(evaluation primarily by Public Health Institute Ostrava).

In powder form (Table 1V) all nano ZnO samples show a lower antimicrobial activity, in comparison with 0-ZnO,
which is possible to award to high agglomeration of primary particles. Absolutely opposite results were
obtained when we have tested an activity of well dispergated ZnO nanoparticles in appropriate matrix
(e.g. lacquers). In this case nZ-BOCH showed the best antibacterial activity. Examples of selected results are
mentioned in Tables V, VI and VII.

Table IV
Antibacterial activity of nano (commercial materials or nZ-BOCH samples) and ordinary ZnO powders
(exposition 24 hours)

Sample Specific surfzac_e1 Primary particle Minimum inhibitory concentration [wt. %]
area, BET[m" g ] size, XRD [nm] Escherichia Coli Staphylococcus aureus

0-Zn0 6 66+ 9 0.156 0.156

nano ZnO 17 298 0.313 0.313

nano ZnO 35 22+5 0.313 0.313

nano ZnO 64 12+1 0.313 0.313
nZ-BOCH 72 61 0.313 0.625
nZ-BOCH 108 62 0.313 0.313

Table V

Antibacterial activity (Escherichia Coli) of lacquers (on water-based) with nZ-BOCH and 0-ZnO (ISO 27447:2009)

. . Exposition 4 hours, CFU/50 pl
Lacquer with Concentration of ZnO [wt. %] | 0 h, CFU/50 ul —
Darkness UV radiation
pure glass (blank) 0 4300 3000
nZ-BOCH 0.3 17 5
nZ-BOCH 1.0 7 300 0 0
0-Zn0O 0.3 1400 668
0-Zn0O 1.0 976 364
Table VI
Antibacterial activity (Staphylococcus Aureus) of PVC with nano and ordinary ZnO (I1SO 22196:2007)
Sample (48 h exposition) Zn0 [wt. %) N [CFU cm™] Activity = U, - A,
0.5 <1 >4.9
PVC, nano ZnO 10 <1 S49
0.5 1.8-10° 1.6
PVC, 0-2n0 1.0 <1 >4.9
PVC 0 8.1-10" U =4.9
Concentration of the used bacterial suspension 6.7-10° CFU ml™"
Table VII
Antibacterial activity (Klebsiella pneumonia, density 10° ml"l) of PUR filters with nZ-BOCH (ASTM E 2149)
Exposition Daylight Darkness
[min] PUR PUR, nZ-BOCH PUR PUR, nZ-BOCH
0 232 248 112 >300
60 185 228 122 220
120 160 150 193 186
180 130 92 163 125
240 >300 96 92 41
1440 >300 0 >300 0

In lacquers antibacterial effect appeared after 4 hours of exposure and after 24 hours the log reduction was
4 to 5 (Table V). The effect is a long-standing which we have confirmed by repeating tests after 10 months.
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By addition of nano ZnO to polymeric matrix (e.g. PVC, Table VI) was prepared nanocomposite which meet the
requirements of so-called "medical plastics". As well as by addition of nano ZnO to fibres (e.g. PUR or PVB,
Table VII) it was possible to prepare antibacterial textiles or filters.

Next significant advantage of well dispergated nano ZnO is, compared to ordinary ZnQ, its high transparency in
a relevant matrix, which is for example a very interesting property for preparation of functional transparent
lacquers (Figure 2).

pure wood TiO, n0 pure wood

reference samples
exposed samples

Figure 2. Photos of wood (spruce) with or without protection coating before (on the left side) and after
4 months of UV-C exposure (on the right side)

Zn0 is known as a universal wide-spectral inorganic UV filter. So it offers utilization of nano ZnO as a
transparent UV protective additive in lacquers, e.g. for protection of wood. We tested two types of commercial
inorganic nano UV filters (ZnO a TiO,) for this purpose, but unfortunately the UV protection activity was in both
cases in-sufficient (Figure 2). A possible reason of this negative finding could be a high photocatalytic effect of
tested nanomaterials.

Zn0O shows comparable photocatalytic properties as TiO,, which is actually the most used photocatalyst.
Nevertheless photocatalytic activity of our samples (nZ-BOCH) is significantly lower compared to the other
tested nanomaterials (Figure 3). This property seems to be promising for application of nZ-BOCH in UV
protection lacquers or for photo-stabilization of polymers (plastics, rubber) and also for utilization in cosmetics,
more precisely sunscreens (note: the Scientific Committee on Consumer Safety (SCCS) concludes that ZnO
nanomaterials of appropriate characteristics pose no or limited risk for use on the skin as UV filter in sunscreen
formulations)®.
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competitive nano ZnO

Figure 3. A comparison of photocatalytic activity of nZ-BOCH samples with competitive nano ZnO and TiO,
materials (photocatalytic activity was determined in suspension of model dye Acid Orange 7, intensity of UV
radiation was 2 mW cm'z)

We also have studied potential toxic properties of nano and ordinary ZnO (tests were done in cooperation with
University of Ostrava and Tomas Bata University in Zlin).

First of all it is necessary to say that zinc is an essential trace element for humans, animals and plants. Zinc is
the 24th most abundant element and ranks among the lowest harmful heavy metals. On the other side, zinc is
classified "Very toxic to aquatic life with long lasting effects”.

3" International Conference on Chemical Technology | ICCT 2015

[175]



In our tests we focused on penetration through skin, cytotoxicity, DNA damage and phytotoxicity of nano
and/or ordinary ZnO.

The aim of the first test was to quantitatively evaluate the skin (a pig) penetration of two types ZnO
nanoparticles (primary particles size 12 and 38 nm). Experiments were performed in Franz-type of diffusion
cells using a model pig skin. No or little penetration was observed for these nanomaterials through the stratum
corneum. Our conclusion is in agreement with the opinion of SCCS on nano Zno°.

In Table VIII are mentioned results from cytotoxicity test of five different ZnO nanomaterials (nZ-BOCH samples
and commercial products) and one type of ordinary ZnO. From these results is not obvious difference between
toxic effect of nano and ordinary ZnO. The same conclusion came out from the test of DNA damage.

In phytotoxicity tests nano ZnO showed higher effect than ordinary ZnO, but effects of both types of this
material were significant (this is in accordance with above mentioned classification of zinc oxide).

Table VIII
Viability test/cytotoxicity - cells damage (human pulmonary tissue cells), standard 1 % H,0, - viability 77.4 %

Exposition 24 hours Specific surface Primary particle Viability (% check)
Sample/Concentration area, BET [m’g] size, XRD [nm] 781pgmlt | 195pgml™ | 9.8 ugml™t
0-Zn0O 6 669 0 57.7 77.5
nZ-BOCH 14 72 61 59.9 76.5 82.8
nZ-BOCH 26 108 62 0 34.5 60.5
nZ-BOCH 250 47 811 57.4 57.9 91.2
nano ZnO (commercial) 64 12+1 0 98.9 110.0
nano ZnO (commercial) 35 22+5 64.7 95.7 100.5

The main goal of this contribution is to present some application possibilities of nano ZnO. From the mentioned
results seems to be that our nano ZnO (nZ-BOCH) is a very interesting material which shows better parameters
and functional properties (especially vulcanizing and antimicrobial activity) than o0-ZnO but also tested
competitive nano ZnO products.

BOCHEMIE has dealt with zinc chemistry over a long period of time and plans to be a producer of nano ZnO.
The very significant advantage of our product (nZ-BOCH) will be its easy availability and thus its sale for a
reasonable or even better a very interesting price, compared to actually available competitive nano ZnO
products.
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Introduction

Doping of phosphate glasses by trivalent oxides is generally known to improve their chemical resistance against
atmospheric moisture, mechanical properties and thermal stabilityl. A number of studies have been devoted to
aluminophosphate glasses and borophosphate glassesz'7 over recent years. Phosphate and borophosphate
glasses containing Y,03; have been studied in recent years as host matrix for rare-earth ions for a variety of
optoelectronic and laser applications. Doping glasses with yttrium oxide is also known to improve their
mechanical properties, chemical durability and thermal behaviour. A primary disadvantage of pure Y,0; is its
high melting point which makes preparation of Y,0; glasses a little difficult. Angel and Hann studied glasses in
the system Na,0-Y,03-SiO, with maximal Y,0; content of 15 mol% (upper limit of melting temperature was
1550°C)8. Addition of Y,0; to lithium-aluminium-silicate glasses leads to lower melting temperature, lower
viscosity and higher crystallization temperatureg. Martin et al. studied glass system (Y,03)g31(Al,03),(P205)o,69
and concluded that with increasing Y,05 content the density of glasses increases whereas he Vickers hardness
decreases'®. The obtained results were compared to those obtained for pseudo-binary Al,05;—P,0s glasses.
Bacon studied yttrium-silicate glasses in the system MgO-Y,05-SiO,. He managed to synthetize glass containing
36.5 mol % MgO and 12 mol % YzOgll. The aim of this work is to investigate how the Y,0; oxide influences the
structure, physicochemical properties and thermal behaviour of lead phosphate glasses.

Experimental

PbO-Y,03-P,0;5 glasses were prepared by melting from an analytical grade PbO, Y,0; and H;PO, using a total
batch weight of 10g. The homogenized starting mixtures were slowly heated up to 1050-1400°C in a platinum
crucible covered with a lid. The melting temperature increased with increasing Y,03; content. After 20 min
reaction and mixing, the obtained melt was cooled by pouring into a preheated (T<T,) graphite mould. The
weight loss measurements indicated that the volatilization losses were not significant, hence the batch
compositions can be considered as reflecting actual compositions. The vitreous state was checked by XRD. A
structureless spectrum was obtained for all glass compositions.

The glass density, p, was determined on bulk samples by the Archimedes’ method using toluene as the
immersion liquid. The molar volume, Vy, was calculated as Vy=M/p, where M is the average molar weight of
the glass composition aPb0-bY,05-cP,05 calculated for a+b+c = 1. The chemical durability of the glasses was
evaluated from the measurements of the dissolution rate, DR, at 25°C. The measurement of DR was realized on
glass cubes with dimensions of ~5x5x5 mm. These cubes were leached in 100 cm® of distilled water for 48 hour.
The dissolution rate, DR, was calculated from the expression DR = Am/S-t, where Am is the weight loss [g], S is
the sample area [cmz] before the dissolution test and t is the dissolution time [min]. The linear refractive
indices were measured with the prism coupling method, using a Metricon Model 2010/M.

The thermal behaviour of the glasses was studied with the Netzsch DTA 404 PC operating in the DSC mode at a
heating rate of 10 °C:min™ ata temperature interval of 30-900°C. The measurements were carried out with 100
mg powder samples (the average particle size was 10 um) in platinum crucible under an atmosphere of N,. The
values of the glass transition temperature, T,, (“midpoint”) and the values of the crystallization temperature,
T, (the onset of the first crystallization peak) were determined from the DSC curves. Crystalline samples were
prepared using isothermal heating of powdered glasses at 500-650°C (end of the last crystallization peak) for 2
hours and identified by XRD analysis using Cu K, radiation on a Bruker D8 Advance diffractometer.

The glass transition temperature was also determined from dilatometric curves obtained from bulk samples
with dimensions of 10x5x5 mm using a dilatometer DIL 402 PC (Netzsch) and a heating rate of 5°C-min™. The
glass transition temperature, T, was determined from a change in the slope of the elongation versus
temperature, the dilatometric softening temperature, Ty, from the maximum of the expansion trace
corresponding to the onset of viscous deformation and the coefficient of the thermal expansion, a, as a mean
value in a temperature range of 150- 250°C.

The Raman spectra were measured on bulk samples at room temperature using a Horiba-Jobin Yvon LaBRam
HR spectrometer in a range of 1760 — 60 cm™. The spectra were recorded in back-scattering geometry under
excitation with Nd:YAG laser radiation (532 nm) on the sample. The exposition time was 3 s, the accumulation
10x and the grid had 600 streaks/mm.
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Results and discussion

Four homogeneous, transparent and colourless glasses of the system (40-x)PbO-xY,05-60P,05 (x=0-15 mol%
Y,0;) were prepared and studied. Their composition is summarized in Table I, just as the values of their density,
0, molar volume, V,, dissolution rate, DR, index of refraction, n, and Abbe number, vy4.

Table |
Physicochemical properties (40-x)PbO-xY,03-60P,0; glasses
PbO  Y,0; P,0s p+0.02 Vi n(532nm) Vy DR-10° + 0.05
Sample o 3 3 T 7.1
[mol%] [g-cm™] [cm™-mol ] [g:ecm“min’’]
Y 00 40 0 60 4.03 43.2 1.68 35.3 0.455
Y 05 35 5 60 3.92 44.5 1.68 359 0.056
Y 10 30 10 60 3.81 45.9 1.67 36.8 0.134
Y 15 25 15 60 3.70 47.3 1.64 42.4 0.157

As can be seen in Table |, glass density decreases linearly with increasing Y,03; content from 4.03 g/cm3 (x=0)
down to 3.7 g/cm3 (x=15), whereas molar volume increases within the range 43.2-47.3 cm3/mol, as the total
number in the molar formula increases when only 2 atoms in PbO are replaced by 5 atoms in Y,0;. The reason
for the decrease of the density with Y,0; additions is mostly due to the lower atomic weight of yttrium in
comparison with lead. The dissolution rate of the glasses reveals a minimum for the glass with x =5 mol% Y,0;.
The lowest chemical durability was observed for the starting lead phosphate glass with composition 40PbO-
60P,05. We have also measured the index of refraction of the studied glasses at the three wavelengths. From
Table | it is evident that glasses of the series xZn0-10In,05-(90-x)P,05 showed only negligible decrease with
increasing Y,0; content ranging from 1.68 to 1.64 ( A=532 nm), whereas Abbe number slightly increases within
the range 35.3-42.4.

DSC curves obtained for the studied glass series are shown in Fig 1. DSC curve of the starting glass 40PbO-
60P,0; is characterized by a weak enthalpic effect at ~280-330°C corresponding to the glass transition
phenomenon and by a broad exothermic peak with the onset at 436°C ascribed to the crystallization of the
glass. DSC curves of the other studied glasses suggest that all of glasses crystallize on heating within the range
~420-650°C. The values of the crystallization temperature, T, (onset of the crystallization peak) just as the
values of the glass transition temperature (“midpoint”) determined from DSC curves are summarized in Table
IIl. As can be seen in this table the glass transition temperature, T, and crystallization temperature, T, increases
with increasing Y,0; content within the range 299-491 °C (T,) and 436-606 °C (T.) respectively. The observed
increase in T, values show the increasing bonding strength in the glass structure with increasing Y,03 content.
For the evaluation of thermal stability of glasses, AT=T,.-T,, criterion was applied. Higher values of AT usually
correspond to a higher thermal stability and glass-forming tendency. The values of the T-T, obtained for
studies glasses are given in Table Il. As can be seen in this table, the highest thermal stability and therefore the
lowest tendency towards crystallization was found for the glass containing 5 mol% Y,0;3 (AT= 206°C), whereas
the lowest thermal stability showed the glass containing 15 mol% Y,0; (AT= 137°C).

Diffraction patterns of crystalline phases (see Fig.2), formed in the glasses after 2 hours of annealing of
powdered samples at 500-650°C (end of the last crystallization peak), showed that the observed crystallization
peak on DSC curve of the parent glass composition 40PbO-60P,05 corresponds only to the formation of lead
metaphosphate Pb(PO;), crystalline phase. With increasing addition of Y,0; the diffraction lines of Pb(PO;), are
gradually replaced by the diffraction lines of Y(PO3);, PbsP,043 and Pb,P,0; crystalline compounds.

The determination of the glass transition temperature from DSC curves is tedious, as the change in the thermal
capacity ¢, in the glass transition region of these samples is relatively small (see Figure 1). The glass transition
region can be seen more clearly from the TD measurements. Results from TD analysis are summarized in Table
Il. It can be seen that incorporation of Y** jons into the phosphate network results in an increase the glass
transition temperature, T,, (discussed before) and dilatation softening temperature, T,, whereas values of
thermal expansion coefficient, a, reveal a maximum 13.2 ppm"C':L at the glass with 5 mol% Y,0;. Glass
transition temperature obtained from TD curves was by 3-5°C lower than the values obtained from DSC curves.
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Figure 1. DSC curves of the glass series (40-x)PbO-
xY,03-60P,0

Temperature (°C)

Intensity (a.u.)

APD,P,04
.A‘ 15
‘.0‘,0 o,o‘ B W x=15
®Pb3P4013
+
x=10
oll? ) Tul . X
@ -
*Y(PO3)3
TO. X5
Pb(PO3)2
x=0
L) Hl“.]‘iu lj l m,u. AT R A o
L I B B B B
10 20 30 40 50 60 7(
283"0

Figure 2. XRD patterns of the crystallized samples of
the series (40-x)PbO-xY,03-60P,05

Table Il
Thermoanalytical parameters of (40-x)Pb0O-xY,05-60P,05 glasses
DSC DIL
Sample PbO Y05 PO T £2 T 2 T.-T, at0.5 T, +2 Tyt2
[mol%] [°C] [°C] [°C] [ppm °C"] [°C] [°C]
Y 00 40 0 60 299 436 137 10.4 295 321
Y 05 35 5 60 367 573 206 13.2 364 391
Y 10 30 10 60 404 601 197 11.9 399 441
Y 15 25 15 60 491 606 115 9.7 488 512

Raman spectra of the glass series (40-x)PbO-xY,03-60P,05 are shown in Fig. 3. The spectrum of the parent
40Pb0-60P,05 glass shows two vibrational bands in the high-frequency region with a maximum at 1146 cm?
and 1269 cm™ ascribed to the symmetric and assymmetric stretching vibration of non-bridging phosphate
atoms in Q” units (or P=0 group in polymeric phosphate chains) and medium band with shoulder in the middle-
frequency region at 669 cm™ ascribed to the vibrations of oxygen atoms in P-O-P bridges between
metaphosphate (Q°) and diphosphate (Q') units. The band of 291 cm™ on the Raman spectrum can be
associated to bending vibrations of phosphate units. With increasing Y,0; content the dominant band at 1146
cm™ becomes weaker and shifts to shorter wavelengths up to 1186 cm™ at the glass with x=15 mol% Y,03,
which is probably due to partial transformation of Q’into Q*and Q" phosphate species.
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Figure 3. Raman spectra of the glass series (40-x)PbO-xY,03-60P,05

Conclusion

Yttrium oxide is able to form glasses with the composition (40-x)PbO-xY,05-60P,05 in only a narrow
concentration range of 0-15 mol% Y,03, nevertheless the replacement of PbO by Y,0; leads to often significant
changes in the physicochemical and thermal behaviour of these glasses. TD and DSC measurements showed
that the incorporation of Y** ions into the structural network of the lead phosphate glasses results in an
increase of the glass transition temperature and the crystallization temperature. The observed differences in
the glass transition temperature indicate an increase in bonding strength with increasing Y,0; content. Raman
spectra indicated that the structural network of the glasses is formed mainly from metaphosphate structural
units Q. The addition of Y** ions into the structural network causes partial disproportionation of the phosphate
groups according to 2°>Q'+Q’.
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Ceria containing catalysts play an essential role in heterogeneous catalytic processes. However, ceria shows
poor thermal stability and low specific surface area and therefore, many studies have been done to improve its
properties by combination with other oxides. Alumina-ceria is substantial component of the three ways
catalysts, due to the ceria ability to function as the buffer of oxygen and to enhance the oxygen storage
capacity of the catalysts. Ceria in these catalysts also functions as structural promoting component, increasing
alumina stability towards thermal sintering. Promising method of oxides preparation, very interesting and
simple but not sufficiently studied yet is a mechanochemical synthesis. Here we report on the synthesis of
nano-sized alumina, ceria and ceria-alumina of various compositions by a wet solid phase mechanochemical
reaction of hydrous aluminum, and/or cerium nitrate with ammonium bicarbonate after addition of a small
amount of water. The aim of this contribution is to study processes being in progress during synthesis of the
mixed oxides, interaction between components and their mutual effect on the properties of resulting products.
The phase evolution during mechanical milling and the subsequent heat treatment of precursors were studied
by X-ray diffraction, DTA/TG, H,-TPR, NH;-TPD, CO,-TPD, N, adsorption at -195°C, IR, and XPS spectroscopy.
Alumina and mixtures of alumina with different quantities of CeO, (1- 18 wt. %) were synthesized by
mechanochemical method from aluminum nitrate, cerium nitrate and ammonia bicarbonate.

Experimental

Al, Al-Ce and Ce oxides preparation

Aluminum oxide and aluminum/cerium mixed oxides were prepared by mechanochemical process from
aluminum nitrate or from both aluminum and cerium (lll) nitrate Ce(NO3);.6H,0 used in various proportions.
The aluminum nitrate was first fused (m.p. 72.8°C) and after addition of NH,HCO; at 80 °C the mixture was
grinded in an agate mill for 1 h. The reaction product was dried 20 h at 60°C and calcined 4 h at 500°C. Mixed
aluminum-cerium and cerium oxide precursors were prepared similarly: Ce(NO);.6H,0 was slowly added to
the fused aluminum nitrate and then, NH,HCO; was added at 60°C; the mixture was grinded and further
treated as described above. The products were labeled by the number of intended CeO, amount (wt. %) in the
resulting oxides, e.g. Al,03-18Ce0,.

Content of cerium in the calcined precipitates was determined by chemical analysis using ICP-AES after
dissolution of the samples in water solution of HCI.

Surface area was determined by nitrogen physisorption at -195°C using Micromeritics ASAP 2010 after drying
the samples at 105°C and evacuating at 350°C (approximately 2-5 h).

Thermogravimetry (TG) and differential thermal analysis (DTA) of the selected dried samples were performed
using a Setaram Setsys Evolution instrument. The heating rate 10°C min~", air-flow rate of 75 ml min~* and 20-
mg samples were used for the measurements. In the separate instrument equipped with a quadrupole mass
spectrometer OmniStar (Pfeiffer Vakuum) the analysis of gaseous product evolving during calcination of the
dried precipitates was performed under identical conditions as TG measurements were done. Gaseous
products were continuously monitored for the mass numbers m/z (16-NHs", 18-H,0", 30-NO, 44-CO,).

X-Ray measurements were performed using a Philips X pert PW3020 instrument, equipped with a Cu Ka Bruker
AXS 2D Powder X-Ray analyzer with filtered CuKa, radiation (A=0.154056 nm), a graphite monochromator, and
rate of 0.01° per 0.5 s.

Infrared spectra of the samples mixed with KBr at approximately 0.5 wt% concentration were recorded on a Nicolet
Impact 400 FTIR spectrophotometer (Thermo Electron Corporation, USA). The spectra were taken in the region of 4000-
400 cm™* at 0.4 cm™ resolution using 100 scans. Alumina absorption in the 400-1200 cm™ range was compensated by
subtraction of a normalized spectrum of the equivalent amount of support from the spectra of the catalysts.
Temperature-programmed reduction (H,-TPR) of the calcined samples (0.025 g) were accomplished with an
H,/N, mixture (10 molar% of H,) and a flow rate of 50 ml min* with a linear temperature increase of 20 °C min™
up to 1000 °C. During the TPR measurement, the change in composition of H,/N, mixture was recorded by
catharometer. Reduction of the grained CuO (0.16-0.315 mm) was performed to calculate the absolute values
of the hydrogen consumed during the reduction.

Temperature-programmed desorption of NH; and CO, (NH;-TPD, CO,-TPD) was accomplished with a 0.050 g
sample at 20-1000°C with a helium carrier gas and NH; or CO, as an adsorbing gas. Ten doses (912 ul each) of
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NH; (or CO,) were applied to the catalyst sample at 30°C before flushing of the sample with helium for 1 h and
heating with ramp rate 20°C min". The mass contributions (m/z) 16-NH;3" or 44-CO, was collected using an
Omnistar mass spectrometer (Pfeiffer Vakuum).

XPS measurements were performed with an ESCALAB-Mk Il (VG Scientific) electron spectrometer with a base
pressure of ~5.10° Pa. The samples were excited with AlKa radiation (hv=1486.6 eV). The total energy
resolution of the instrument was 1.2 eV as measured by the FWHM of the Ag 3d5/2 photoelectron line. The
following photoelectron lines were recorded: C 1s, O 1s, Al 2p, Ce 3d5,, and Ce 3ds,. All binding energies were
related to the C 1s photoelectron line centered at 285.0 eV. The surface atom concentrations were evaluated
using the photoelectron peak areas divided by the corresponding sensitivity factors taken from'.

Results and discussion

In addition to pure alumina and ceria, eight alumina-ceria mixed oxides samples with various CeO, and Al,O;
concentrations were prepared mechanochemically. Concentration of cerium oxide in the alumina samples
varied from 0.05 to 18 wt. %. Small deviation of the real CeO, concentrations from the intended was found
which could be accounted to inaccuracies caused by losses during samples preparation.

The precipitates produced by mechanochemical reaction of the corresponding nitrates with NH,HCO; differed
in dependence on their composition. In case of Al and Al-Ce nitrates, the use of ammonium bicarbonate as a
precipitating agent resulted in a voluminous white precipitates, while yellowish precipitate was obtained in
case of Ce(lll) nitrate. SEM images of the Al ions precipitate, of the mixed Al-Ce precipitate having 18 wt. %
Ce0, and Ce ions precipitate prepared mechanochemically showed that dried alumina precipitate consists of
nearly spherical particles, while pure Ce precipitate formed substantially larger platelets. The shape of the
particles and sizes of the mixed Al,05-18Ce0O, sample resembled that of pure alumina precipitate. The finding is
in accord with the data published by Djuricic and Pickering2 who found that amorphous precipitates such as
aluminum hydroxide consisted of spherical particles whereas crystalline precipitates often conatined faceted
particles. Agglomeration of primary particles of amorphous precipitate in a suspension usually proceeds to
form densely packed agglomerates. The agglomerates often have a narrow size distribution and tend to be
spherical when the precipitates were amorphous. Agglomerate diameters up to 1 micron are frequently
obtained. Akinc and Sordelet’ and Chen and Chen’ prepared non-spherical well-crystalline Ce(OH)CO;
microplates as the precursor particles. The shape of the Ce(OH)CO; microplate was sustained’ after thermal
decomposition/oxidation to CeO,.

Crystal structure and phase identification of the mechanochemically prepared precursors, dried at 60°C, are
analyzed from the X-ray diffraction patterns. Fig. 1 shows diffraction lines of three samples: a) alumina with low
amount of cerium (sample Al,03-0.05Ce0,), b) Al,03-18Ce0, and c) pure CeO,. Diffraction lines of the alumina
precursor show peaks indicating rather low crystallinity of the sample. The main component is aluminum
ammonium carbonate hydroxide NH,AI(OH),CO; (PDF 71-1314), accompanied with a rest of unwashed
ammonium nitrate (PDF 01-0809). The main chemical reaction of Al nitrate precipitation can be written as
follows®:

Al(NO5);+4NH,HCO3;->NH,AIO(OH)HCO;3,+3CO, M +H,0+3NH,NO;

XRD analysis of the Al,05-18Ce0, precursor indicated that presence of ceria in the amount of 18 wt% led to
formation of less crystalline precipitate than pure alumina precursor. In the precipitate, aluminum ammonium
carbonate hydroxide NH;AI(OH),CO; in the highest extent was found together with aluminum hydroxide
gibbsite Al(OH); (PDF 07-0324). Cerium in the precipitate appeared as cerium nitrate hydrate Ce(NO3);.5H,0
(PDF 22-0544).

XRD analysis of the dried Ce precipitate prepared by milling of Ce nitrate with ammonium bicarbonate revealed
somewhat complicated picture. Following compounds containing cerium were identified: cerium carbonate
hydroxide Ce(OH)CO; (PDF 41-0013), cerinite Ce,(C0O3);.6H,0 (PDF 30-0295) and a small amount of cerium
hydroxide Ce(OH); (PDF 74-0665). Unfortunately, the peak found at 29=8.170° having the highest intensity and
the peak at 20=18.4° was not possible to classify even using the XRD database from the 2011 year. All cerium
compounds recognized in the dried precipitate occur in the (lll) oxidation state and therefore, oxidation of ce*
to ce* during precursor preparation did not take place like in case of precipitation of Ce nitrate with
ammonium hydroxide at high pH values”. XRD analysis revealed no compounds containing nitrogen in this dried
precipitate.

IR spectra of the dried precipitates confirmed presence of all ions in the compounds mentioned above. The
large band centered at 3500 emtis assigned to the O-H stretching modes of interlayer water molecules and of
H-bound OH groups, and the peak at 1630 cmtis due to the bending mode of water molecules’. Intensities of
the peaks are higher in the spectra of the samples containing alumina. Four weak bands at 850, 1100, 1354,
and 1450 cm™ are characteristic of carbonate ions®. Three of them are visible in the spectra, only the band at
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1354 cm™ is overlapped by the peak with maximum at 1380 cm* ascribed to NO5™ ion. Presence of NH," ions in
the solid samples is documented’ by the peak centered at 3150 em™ and at 1430-1390 cm™. The highest
concentrations of NH," ions are observed in the samples in which aluminum ammonium carbonate hydroxide
was identified. Ce precipitate showed the least concentration of ammonium ions, very likely, incorporated in
the compound non-identified by XRD. After calcination of the as-prepared samples at 500 °C, poor peaks
indicating low crystallinity of the high-concentrated alumina samples were observed (Fig. 2). Formation of the
gamma- and/or eta-alumina could be assumed"’ in the calcined alumina precursor

NH,4AIO(OH)HCO3, = CO,+H,0+AIOOH + NH3.

As the cubic gamma-alumina (PDF 50-0741) and eta-alumina are hardly distinguishable, it cannot be surely
concluded which of these two alumina phases are present in the examined catalysts. X-ray diffraction peaks at
28.54, 33.17, 47.462 and 56.278, characteristic of CeO, in cubic fluorite structure (JCPDS data file 34-0394, 43-
1002) and clearly seen in the XRD spectrum of the pure CeO, sample (Fig. 2) are in good agreement with the
data (28.58, 33.38, 47.58 and 56.48°) published previously'"*.
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Figure 1. XRD patterns of the precursors: 1: Al,03-0.5Ce0Q,, 2: Al,03-18Ce0,, 3: CeO,

Figure 2. XRD patterns of the calcined precursors. 1: Al,05, 2: Al,05-0.5Ce0,, 3: Al,05-1.5Ce0,, 4: A,05-4Ce0,, 5:
Al,05-10CeO0,, 6: Ce0,

Figure 3. TPR profiles of the calcined precursors. 1: Al,03-0.5Ce0,, 2: Al,03-1.5Ce0,, 3: A,05-4Ce0,, 4: Al,0;-
10Ce0,, 5: Ce0,

Figure 4. XPS spectra of Ce 3d core electron levels for the calcined precursors. 1: Al,03-0.05Ce0,, 2: Al,0;-
1.5Ce0,, 3: A,03-4Ce0,, 4: Al,05-10Ce0,. Dashed line corresponds to bulk CeO,.
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In the mixed Al,05-CeO, samples, the presence of nanocrystalline phase, cubic CeO, (cerianite), is confirmed by
(111) reflection at 26 =33.3°. Other intense CeO, reflections (200 and 311) cannot be found because they are
either not present or overlapped by y-alumina (220) and (422) reflections. d-Spacing of Al,O; planes (Table 2)
gradually decreases with increasing amount of ceria added to the alumina and is the lowest for the sample
containing 10 wt. % CeO,. The value found for pure ceria is higher than that for the mixed Al-Ce oxides but
lower than for pure alumina. In contrast to Sasikala et al.ls, formation of CeAlO; was not observed by XRD. The
finding is very likely connected with high dispersion of Al,0; in which cerium is included. CeAlO; could exist as a
dispersed phase where ce* is stabilized in cation vacancies on the alumina surface or is inserted and forms
solid solution. Presence of CeQ, in alumina stabilizes its structure. Very likely, cerianite starts nucleating at the
defects of oxygen (oxygen vacancies) forming bridges with O, between Al,0; and CeO, saving alumina
structure, as Ce™ (ionic radius Ce**=0.092 nm) can substitute AI** (ionic radius AI**=0.051 nm) in Al,O; structure.
CeO, continues to grow with its increasing content in alumina forming bulk cubic CeO, nanocrystals“.
Thermogravimetric mass-loss measurements accompanied with mass spectrometry of effluent of the three
selected precursors, Al;05-0.05Ce0,, Al,05-18Ce0,, and CeO, were done to find temperature ranges in which
transformation of the precursor proceeds. Transformation of the dried Ce precipitate proceeded in the narrow
temperature range 194-275°C. In these temperatures, substantial part (26.3 %) of the total weight loss (35.6 %)
was realized. Maximum rate of the weight loss caused by exothermic reaction, probably decomposition of
ammonium nitrate, was found at T,,,,=206°C. In the gas effluent formed at 170 °C, the mass spectrometer
detected masses m/z 16 (NHs), 18 (H,0), 30 (NO), and 44 (CO,). The findings indicate that apart from sample
dehydration, decomposition of carbonates e.g. cerium carbonate hydroxide Ce(OH)CO; and/or cerinite
Ce,(C0;3);.6H,0 proceeds. Appearance of ammonia in the effluent reveals presence of small amount of
ammonium salts in the precursor, e.g. NH;NO;. In contrast to relatively simple process of thermal
transformation of the Ce precursor, the alumina sample containing negligible amount of CeO, (Al,0;-0.05Ce0,)
showed behavior that is more complex. Dehydration of the sample was in progress at 71 °C what is proved by 9
% of weight loss and presence of the gas with m/z=18 in this DTG peak. Two maxima of H,O appearance were
observed in the effluent at 222 and 285 °C connected with the loss of water produced by dehydroxylation of
the hydroxides. Another 33.5 % of mass loss was observed in this temperature range. As ammonia was
detected in the effluent in the first peak (T,.x=222 °C), decomposition of aluminum ammonium carbonate
hydroxide NH,AI(OH),CO;, found in the dried precipitate by XRD, has to proceed. In the second peak of the
effluent, CO, (m/z=44) was identified, and therefore, carbonates are decomposed. Mass spectroscopy also
identified some amount of NO (temperature range 250-550 °C) arising due to decomposition of nitrate ion.
TG/DTA analysis of the sample containing 18 wt% CeO, resembles the analysis of the pure alumina sample with
some marks of CeO, analysis. Up to 152 °C, weight loss 22.6 % was found, and another 22.2 % was observed up
to 227 °C. The rest of 9.6 % of weight loss was observed up to 868 °C. Two main endothermic peaks with Tp.x
139 and 206 °C correspond to dehydroxylation and decomposition of aluminum ammonium carbonate
hydroxide NH,AI(OH),CO;. Nitrates in cerium nitrate hydrate Ce(NQO;);.5H,0 could be decomposed in higher
temperature range with T,,,,=282 °C.

Porous structure measurement of the calcined precipitates confirmed high surface area (Table ) of the pure
aluminum oxide (285 ng"l). Increasing amount of ceria in the mixed alumina-ceria resulted in a gradual, non-
linear decrease in the surface area, pure ceria surface area being the lowest (70 ng'l). The observed decrease
in the surface area with increasing concentration of ceria does not correspond with the weight parts of both
components (alumina and ceria) in the mixed oxides, as the decrease in the mixed oxides surface area is more
substantial. The phenomenon can be likely caused either by formation of a new compound based on alumina-
ceria or by changes in primary particles size. Volume of micropores gradually decreased with increasing ceria
concentration in the Al-Ce mixtures from 52 mm’g™ (calcined aluminum oxide) to 13.8 mm’g" (ceria). The
findings are very likely connected with the size of primary particles. The micropores are formed in the space
among the smaller primary particles and these were found in the samples with high concentration of aluminum
hydroxide. A larger space among the larger platelets of dried Ce precipitates exists and therefore, larger
diameter of pores can be observed. Volume of mesopores, similarly as the average diameter of pores, did not
change substantially with the varying composition of the supports.
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Table |
Amount of CeO,, crystalline phase in the precursors, lattice parameter d of the cubic oxides and characteristic
values of porous structure of the calcined Al-Ce mixed oxides

Sample CeO, Crystalline d SgeT Vimeso Vmicro D
[wt.%] phase (%]  [nm]  [m’g"]  [em’g’]  [mm’g’] [nm]

Al,O3 0.01 Amorphous  1.9835 285 0.56 52.2 6.7
Al,03-0.05Ce0, 0.05 23.4 1.9770 259 0.56 47.2 7.6
Al,03-1.5Ce0, 1.74 23.5 19641 285 0.53 50.1 6.3
Al,03-4Ce0, 4.09 36.5 1.9100 237 0.52 45.5 7.8
Al,03-10Ce0, 10.5 63.3 1.9048 169 0.44 30.0 8.8
CeO, 100 74.3 19142 70 0.15 13.8 5.8

D=4Vmeso/SBET

IR spectra of the prepared oxides, excluding spectrum of CeO,, revealed very similar picture. Broad absorption
in the region 450-800 cm‘l, characteristic of the gamma-Al,0; phasels, was detected in the spectrum of the
synthesized alumina. The band with maximum at 1120 cm™ is connected with the deformation vibrations of
OH" groups on the Al,O; surface. Absorption in the region 450-800 cm™ was significantly increased in the
sample containing 0.5 and 1.5 wt. % CeO, and this band could be connected with formation of Al-O aluminate
bond. In the spectrum of the sample having substantially higher concentration of CeO, (Al,05-10Ce0,), the
band at 670 cm‘l, observed in the spectrum of the pure Ce0O,, was also seen. In the literature, the band at 700
cm ™ was observed in IR spectrum of pure ceria, and it was ascribed to the envelope of the phonon band of the
metal oxide (CeO,) network'®. The shift in the band position can be caused by different procedure of the
sample preparation. Decrease in the intensity of the 1120 cm™ band with increasing concentration of CeO, in
the mixed oxides permits to suggest that this phase, lowering the number of surface Al-OH groups, is present
on the sample surface. The bands around 1170-1000 and 960-850 cm ' could be associated with the formation
of ,,carbonate-like” species on the ceria surface’’.

Temperature programmed reduction patterns of the synthesized oxides are presented in Fig. 3. Two main
reduction regions are observed in the TPR profile of CeO,. The two principal regions appear at 300-600 °C with
Tmax 520-550 °C and at 750-1000 °C with T, around 850 °C. The two reduction regions are characteristic of
ceria reduction and they are attributed to the reduction of ce* to ce® (maximum at about 525 °C) and bulk
ceria reduction (maximum at 875 °C), respectivelyls’lg. In the literature, following reduction maxima can be
found in the TPR profiles for ceria: two main reduction peaks at 577 and 886 °C together with a shoulder at 269
°C. The shoulder at 269 °C can be attributed to the reduction of surface cerium oxide™ and thus, it corresponds
to the reduction of Ce** to Ce**. The peak at 577 °C is ascribed to reduction of CeO,, for this peak was identified
as the main peak in the TPR profiles of CeO,—Al, 03 supports with different CeO, loading after calcination at 500
°c*”. The peak observed at 438 °C was attributed to the reduction of surface cerium oxide’®. The peak at 560 °C
was ascribed to the reduction of bulk CeO,; this peak was identified as the main peak in the TPR profiles of
Ce0,-Al,0; supports with different CeO, loading and calcined at 500 o’

High mobility of surface oxygen species in ceria is known, and for that reason, oxygen can be removed under
reduction atmosphere forming22 non-stoichiometric ceria CeO,.,. At low temperature, the surface oxygen ions
can be removed more easily than bulk oxygen, which requires transportation to the surface before reduction.
The TPR results show that the major part of oxygen ions in the Al-Ce mixed oxides is more mobile than those in
the pure CeO, are, as the reduction process proceeds more easily, i.e. at lower temperatures. The shift of the
reduction peaks to lower temperature indicates interaction between the oxides in their mixture. Only the
sample with 18 wt. % CeO, is reduced with more difficulty than the other samples (Fig. 3). The phenomenon
could be connected” with partial reduction of ce™to Ce3+during precursor decomposition in the stage of its calcination
Ce-(H,0) > Ce**-OH + H".

The obtained reduction curves were integrated in two temperature ranges, the first one being 25-500 °C
(interesting for catalytic reactions), the second one 25-1000 °C. The highest amount of hydrogen consumed in
the temperature range 25-500 °C was found with pure ceria (0.48 mmol g™), while the lowest one (0.08 mmol
g‘l) showed the sample with the lowest concentration of ceria. In accord with expectation, the mixed Al-Ce
oxides samples showed reducibility within these two limits.

NH;-TPD of the calcined precipitates proceeded in the temperature range of 25—-350 °C only. It indicates that
the oxides do not comprise very strong acidic sites. The principal part of the sites can be ascribed to the sites of
very low acidity with a distinct desorption peak at about 60 °C. Low acidity was also observed in case of pure
alumina, which comprises, apart from very weak sites, slightly stronger sites appearing as a shoulder at about
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148 °C. The shoulder decreases with increasing amount of CeO,. Acidity of the pure alumina was lower (0.28
mmol g'l) than that observed with Sasol alumina (around 0.35 mmol g'l) prepared by other method. Increasing
concentration of ceria in alumina led to decreased amount of the sites with low acidity. Basicity of all prepared
samples determined by CO,-TPD was in all cases higher than their acidity. The amount of basic sites in alumina-
ceria samples increased with increasing amount of ceria in the samples. Pure ceria showed, however, lower
basicity than that of the mixed Al,05-10CeO, sample. This finding is in accord with its higher acidity.

XPS spectra of Ce 3d core electron levels for Al,03;-CeO, mixed oxides with varying CeO, loadings after
calcination at 500°C are shown in Fig. 4. The XPS spectrum of bulk CeO, is complex, consisting of six
components, corresponding to three pairs of spin-orbit doublets: v represents the Ce 3ds/, contribution, and u
represents the Ce 3ds/, contribution®®. It is seen that XPS spectra of the Al,03;-CeO, mixed oxides are different
from that of the pure Ce0O,, and depend on the CeO, loading. The broadening of the XPS lines for oxide samples
suggests the presence of several surface cerium oxide species; a new weak band (vi) at about 885.4 eV appears
in the samples with 0.5-4 wt% CeO,. The increasing intensity of the v/ band and disappearance of v with
increasing Ce0, loading (up to 4 wt. %) points out that cerium at low content (0.5-4 wt. %) is in a reduced state
(11). In addition, it should be noted that some photoreduction of ce™ might take place during exposure of the
samples to a high X-ray flux under ultra-high vacuum employed during data acquisition. It is seen in Fig. 4 that
the intensity of u" increases with increasing CeO, loading, what means an increase in the relative amount of
Ce(lV). We can thus conclude that the ce*/ce® redox couple exists on the surface of the Al,05-18CeO, mixed
oxide. It should suggest formation of CeO, crystallites, whose presence were proved by XRD in this sample. The

XPS atomic ratios of Ce/(Ce+Al) for the calcined mixed oxides are listed in Table Il. The data demonstrate that

Table Il

Surface concentrations of Al, O and Ce (at%) in the Al,05-CeO, mixed oxides

Sample Al 2p 01s Ce 3d Ce/(Ce+Al)® Ce/(Ce+Al)°
Al,O3 36.23 53.72 0 0 0.000
Al,03-0.05Ce0, 35.72 52.06 0.19 0.005 0.0001
Al,03-1.5Ce0, 36.15 53.02 0.25 0.007 0.005
AlL,O3-4Ce0, 35.58 52.93  0.40 0.011 0.012
Al,05-10Ce0, 36.35 54.08  0.64 0.017 0.034
CeO, 0 48.64 18.85 1 1.000

? Atomic ratio calculated from XPS, ® Atomic ratio based on chemical analysis

the Ce/(Ce+Al) ratios in surface layers increase with increasing CeO, loading. Surface concentration of cerium is
higher than concentration in bulk for the samples having low cerium concentration (< 4 wt. %). With increasing
CeO, loading bulk concentration is higher than the surface what confirms formation of separated CeO,
crystallites in the calcined precipitates.

Conclusions

Pure alumina, pure ceria and mixtures of both oxides having 0.05 up to 18 wt. % CeO, were prepared
mechanochemically from aluminum and/or cerium nitrates with ammonia bicarbonate. Aluminum ammonium
carbonate hydroxide NH,AI(OH),CO; was found to be main product in the dried Al precipitate, while cerium
carbonate hydroxide Ce(OH)CO; was prevailing in the dried Ce precipitate. After calcination at 500 °C,
amorphous structure of alumina and cubic fluorite crystallites of ceria with preferred orientation along (1 1 1)
direction were detected by XRD. XPS spectrum confirmed the existence of ce™ oxidation states in the calcined
mixed oxides when concentration of CeO, is higher than 6 wt. %. Surface acidity of the mixed oxides prepared
mechanochemically is lower than that observed at oxides prepared by other methods because of presence of
adsorbed ammonia on the surface. IR spectroscopy results are in accord with the findings. Addition of CeO, to
alumina slightly decreases surface area and mesopore volume of the resulting mixed oxides. Surface concen-
tration of Ce in the mixed Al-Ce oxides increases faster with increasing bulk Ce concentration than could be
expected from the data of chemical analysis. The reason is likely the insertion of Ce ions into the Al,O; lattice.
Mechanochemical procedure of the Al-Ce mixed oxide preparation is relatively simple and facile which does
not produce large quantities of wastewaters influencing unfavorably the life environment. Moreover, due to
the use of initial reactants (nitrates and ammonium salt) the products do not contain sodium, which is very
often not advantageous in catalytic supports. The products are suitable as supports of heterogeneous catalysts
for hydrodesulfurization reactions or directly as catalysts for total oxidation reactions.
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Introduction

Many of ceramic pigments used in ceramic industry contain transition and heavy metals. Interest of
environmental pigments without toxic elements (such as e.g. Pb, Hg, Cd, Sb, As or Cr) is growing for this reason.
These are mainly materials where transition elements are exchanged by lanthanides®. Lanthanide zirconates
with pyrochlore structure have very interesting properties and therefore they paid great attention”
Pyrochlores are characterized by composition A,B,0, with space group Fd3m”>. Many of these compounds have
been prepared by combination of the various A** and B* ions®. Lanthanide ions were used as A>* ions and Ce*"
with zr* were used as B* ions. Lanthanide oxides are polymorphic. They are characterized by three forms at
temperatures lower than 2000 °C: A form (hexagonal), B form (monoclinic) and C form (cubic). At temperatures
above 2000 °C forms H and X are found’. Lanthanide oxides are stable with composition Ln,0; except CeO,,
Pr¢0,; and Tb,0,. Melting points are ranging about 2400 °C and their refractive indexes have interval from 1.90
to 1.99%°. ZrO, has three solid polymorphic phases at atmospheric pressure. Monoclinic is stable at
temperatures below 1170 °C, tetragonal is stable between 1170 - 2370 °C and cubic is stable above 2370 °c’?,
Refractive index varies by modification, for tetragonal and cubic is 2.19 and for monoclinic has value 2.24",
This article is focused on environmental friendly pigments based on lanthanide zirconates with pyrochlore
structure Ln,CeZrO; (Ln = Nd, Sm, Gd, Dy, Er, Yb and Y) prepared by solid-state reaction. Particle size
distribution, color properties, band gaps and phase composition were determined.

Experimental

Compounds with general formula Ln,CeZrO; (Ln = Nd, Sm, Gd, Dy, Er, Yb, Y) were prepared by solid-state
reaction. As starting materials were used CeO, (99.5 %, ML chemica, CZ), Nd,03;, Sm,03;, Gd,03, Dy,03, Er,0s3,
Yb,0s, Y,0; (all 99.9 %, Alfa Aesar) and ZrO, (98.5 %, Roudnice nad Labem, CZ). Calcination was carried out at
temperatures 1400, 1450 and 1500 °C for 3 hours (heating rate was 10 °C-min'1). Obtained pigments were
applied into organic matrix (dispersive acrylic paint Parketol, Balakom, CZ) in mass tone and pigments, which
were calcined at 1500 °C, were applied into ceramic glaze G 070 91 (Glazura, Roudnice nad Labem, CZ) in 10
wt.% (calcination at 1000 °C for 15 min, heating rate 10 °C-min™).

Particle size distribution of powder materials was measured by Mastersizer 2000/MU (Malvern Instruments,
UK). Signal was evaluated by Fraunhofer bend. Spectrophotometer ColorQuest XE (HunterLab, USA) was used
for color measurements (geometry d/8°). Device used color system CIE L*a*b* for measure, L* represents
lightness and coordinates a* and b* describe color hues. Coordinate a* indicates color hue from green (-a*) to
red (+a*) and color hue from blue (-b*) to yellow (+b*) is characterized by coordinate b*. Chroma C, which
shows saturation of sample, was calculated from equation 1. Degree of color tone H (Figure 1) has interval
from 0° to 360° (350-0-35° = red, 35-70° = orange, 70-105° = yellow, 105-195° = green, 195-285° = blue, 285-
350° = violet) and it is denoted by equation 2". Band gaps (Figure 2), which correspond with colors, were
calculated by Kubelka-Munk theory from spectrophotometric data (transferring data to K/S). It is equation 3,
where K is effective absorption and S is scattering coefficient™**. Phase composition of the most interesting
compounds was measured by difractometer D8 Advance (Bruker AXS, UK) with vertical goniometer and in
range 10-80°.

C=(a*+p*)" (1)

H = arctg(z—:j (2)
_(-Rr) _K

(R,)=" 7=~ 3)
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Results and discussion

Prepared compounds were applied into organic matrix in mass tone at first. Table | contains color coordinates
a* and b* which correspond with degree of color tone in Table Il. Color coordinates b* are positive for all
prepared compounds. Pigment doped by neodymium has green shades at all calcination temperatures which
prove color coordinate a* in range from -7.95 to -8.74 (decreasing with temperature) and degree of color tone
with values from 125.34° to 131.36°. These pigments have the lowest values of lightness from all samples
(75.73 - 78.75). Color of pigments doped by erbium exhibits pink shades due to high values of coordinate a*
(11.96 - 12.61) which is connected with degree of color tone (28.93 - 31.47). Other pigments are characterized
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by very low or negative values of coordinate a* which mean yellow or yellow-green colors and degrees of color
tone are ranging from 82.88° to 97.60°. Pigments are very light except Nd,CeZrO; (L* = 85.85 - 92.61), but all of
them obtained low values of chroma, only from 9.08 to 23.23.

Table |
Color coordinates a* and b* of compounds Ln,CeZrO; applied into organic matrix in mass tone and into
ceramic glaze G 070 91 in 10 wt.% (calcination temperature 1500 °C).

1400 °C 1450 °C 1500 °C G 07091

tn a* b* a* b* a* b* a* b*

Nd -7.95 9.03 -8.29 11.69 -8.74 10.63 -1.65 19.88
Sm -0.84 14.95 -0.99 20.60 -1.35 17.45 0.24 32.09
Gd 2.35 19.47 0.26 18.60 2.88 23.05 -0.55 30.27
Dy -1.25 15.18 -2.52 16.94 -1.74 19.14 -1.03 29.69
Er 12.41 7.42 11.96 7.32 12.61 6.97 8.13 26.20
Yb -0.67 9.06 -1.35 11.98 -1.33 11.12 -1.39 28.48
Y -0.17 12.37 -0.96 13.60 -1.26 9.44 -1.02 27.66

Table Il

Color properties of pigments Ln,CeZrO, applied into organic matrix in mass tone and into ceramic glaze G 070
91 in 10 wt.% (calcination temperature 1500 °C).

Ln 1400 °C 1450 °C 1500 °C G 07091

L* C H L* C H L* C H L* C H

Nd 7875 12.03 13136 75.73 14.33 12534 7849 13.76 12943 74.40 19.95 94.74
Sm 90.75 1497 93.22 8943 2062 9275 90.67 1750 94.42 83.27 32.09 89.57
Gd 87.29 19.61 83.12 89.60 18.60 89.20 86.17 23.23 82.88 84.05 30.27 91.04
Dy 9154 1523 9471 9139 17.13 9846 91.23 19.22 95.19 8431 29.71 91.99
Er 8585 1446 30.88 8693 14.02 3147 86.22 1441 2893 81.03 2743 72.76
Yb 9175 9.08 9423 9134 12.06 96.43 92,61 11.20 96.82 85.00 28.51 92.79
Y 9090 1237 90.79 9134 13.63 94.04 9139 9.52 97.60 85.17 27.68 92.11

Pigments calcined at temperature 1500 °C were applied into ceramic glaze G 070 91 in 10 wt.%. Color
properties are shown in Table | and Table II. Values of coordinate b* are higher than in application into organic
matrix (interval 19.88 - 32.09). Pigment doped by erbium obtained orange shade which proves coordinate a*
(8.13). Other compounds have yellow-green colors, because coordinates a* reached very low values, negative
mostly. Degrees of color tone respond color shades. Lightness decreased and chroma increased rapidly because
of this application.

Particle size distribution was also evaluated. Values of mean particle size are shown in Table Ill. Optimal particle
size of inorganic pigments for applications into organic matrix (plastics) is about 2 um and for applications into
ceramic glazes is ranging from 5 to 15 um. Mean particle size increases with calcination temperature mainly
and is located in range 3.59 - 8.50 um, so pigments are suitable for applications into ceramic glazes, but for
applications into organic matrix particle size should be modified (e.g. milling).

Band gaps of compounds Ln,CeZrO, were calculated as next (Table IV). Values of band gaps correspond with
colors of semiconductors in which pigments belong (Figure 2). Calcination temperature does not have big
impact to band gaps. Values for pigment doped by erbium are ranging from 1.85 to 1.87 eV which agree with
red color even if true color is pink. Band gaps of pigment with neodymium acquired value 2.03 eV which
concures green shade (between red and orange). Other compounds have band gaps about 3 eV which confirm
yellow shades (even yellow with green addition).
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Table Ill
Mean particle size of compounds Ln,CeZrO;.

Ln 1400 °C 1450 °C 1500 °C
dso/pum dso/Hm dso/Hm
Nd 3.59 5.01 7.48
Sm 5.68 6.24 6.42
Gd 4.20 5.39 5.28
Dy 3.93 5.01 5.31
Er 6.69 7.31 8.36
Yb 5.88 6.34 6.05
Y 6.06 7.06 8.50
Table IV
Band gaps of pigments Ln,CeZrO,.
1400 °C 1450 °C 1500 °C
Ln
Eg/eV Eg/eV Eg/eV
Nd 2.03 2.03 2.03
Sm 3.00 3.00 3.01
Gd 2.99 3.00 2.99
Dy 3.01 3.01 3.01
Er 1.85 1.87 1.87
Yb 3.01 3.01 3.01
Y 3.01 3.01 3.02
Table V
Phase compositions of compounds Ln,CeZrO; calcined at temperature 1500 °C.
Ln Phase composition  Crystal structure  JPDF number™
Nd CeNdO; cubic 04-017-4168
Ce; 605 cubic 04-002-5591
Ce65Zro.3507 tetragonal 04-012-8035
Zr0, monoclinic 00-037-1484
Sm CepeSMg 4015 cubic 04-013-8942
Zr0, monoclinic 00-037-1484
Gd Cep4Gd; 603, cubic 04-016-3967
Gdo3Zrg.70185 cubic 04-006-5311
Zr0O, monoclinic 00-037-1484
Dy Ce,Zr,04 cubic 04-015-7156
CeDyOs5 cubic 04-017-4475
Zr0, monoclinic 00-037-1484
Er Er,0; cubic 04-008-8242
CegoZrg10, cubic 04-013-4359
Ce,Zr;,055 cubic 04-015-7157
Zr0, monoclinic 04-004-4339
Yb Ceg.752r0.250, tetragonal 01-077-8790
Yb,03 cubic 04-001-2438
Zr0, monoclinic 00-037-1484
Y Y15Ce03503 cubic 04-002-0294
Y,0; cubic 00-041-1105
Y05Ce02016 cubic 04-006-9426
Zr0, monoclinic 00-037-1484

Phase composition of pigments Ln,CeZrO; calcined at 1500 °C was studied as well (Table V). Two-, three- and
four-phase compounds were prepared. All samples contain non reacted ZrO,. Pyrochlore structure was
obtained only for the sample doped by dysprosium and Ce,Zr,0; was formed. Perovskite structure CeNdO; was
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synthetized for compound with neodymium which has four-phase composition. Samples doped by erbium,
ytterbium and contain starting lanthanide oxides as Er,03, Yb,03 and Y,0s.

Conclusion

The inorganic pigments based on lanthanide oxides and zirconium oxide with general formula Ln,CeZrO; (Ln =
Nd, Sm, Gd, Dy, Er, Yb, Y) were prepared by solid-state reaction with calcination temperatures 1400, 1450 and
1500 °C. Compounds applied into organic matrix in mass tone have green (Nd), pink (Er), yellow (Gd) and
yellow-green (Sm, Dy, Yb, Y) color shades. Best color properties were obtained for compounds calcined at the
highest temperature, therefore these pigments were applied into ceramic glaze G 07091 in 10 wt.% which final
color tones were green (Nd), orange (Er), yellow (Sm) and yellow-green (Gd, Dy, Yb, Y). Prepared compounds
are suitable for applications in ceramic glazes due to mean particle sizes which have been proven by color
properties in glaze G 070 91. Band gaps respond with color shades of all pigments. XRD analysis confirmed
presence of two to four phases in prepared samples. Pigments with required composition were not prepared.
For the preparation of single phase sample would be necessary to increase the firing temperature. Single-phase
pigment is not necessary, but it should have interesting color and thermal stability. Synthetized compounds
have the potential to become inorganic environmental friendly ceramic pigments.
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Introducion

Protection of the environment plays a primary role nowadays. Elimination of some chemical elements, which is
in accordance with current legislation classified as toxic or dangerous, the production of many materials based
on these elements has been restricted. From the viewpoint of the inorganic ceramic pigments, this restriction
affects many pigments containing these elements; this reduces the possibility of their use for high temperature
applications. The cobalt was also included among undesirable and problematic elements together with Pb, cr®
and it can be denoted as the only traditional chromophore providing pigments with blue shade. The second
negative aspect of the ceramic pigments containing cobalt is their high price. Therefore, the research of the
inorganic pigments with cobalt is nowadays performed so that the content of cobalt would be lower on the
necessary minimum or so that new non-traditional pigments are discovered.

The malayaites are calcium tin silicate compounds derived from natural occurring mineral the Malayaite, which
has the chemical formula CaSn0SiO, or more precisely CaSnSiOs. As the name of this mineral says, there are
large deposits of malayaite compounds to be found in Malaysia as well as in Brazil, Madagascar, Russia, or
Germany. Malayaites belong to a large family of sphene pigments. According to the nomenclature CPMA
(Colour Pigments Manufactures Association) they belong into a large group of pigments with the highest
thermic stabilityl. Malayaites are characterized by monoclinic crystal structure consisting of infinite chains of
octahedra SnOg connected with tops of tetrahedra SiO,, respectively polyhedral Ca0O,. This incurred structure is
then stable for bond of metal ion and takes part in the final pigment colouringz.

Malayiate pigments of the chemical formula CaSn(;,Co,SiOs.s were prepared in this work. Cobalt has been
chosen as chromophore providing the colour, even though this element is in the current legislation referred to
as problematic.

The purpose of this work was to prepare non-traditional cobalt pigment with blue colouring with a minimum
content of cobalt. Moreover, in the case of incorporation of the pigment into the vitreous surface of leadless
glaze, there is only minimum change of the contamination of the environment. For the synthesis of these
compounds the classical ceramic method was used. This method is based on the solid state reaction. Older
ceramic methods of the solid state reaction phase were carried out only with one calcination temperature.
However, the late works 34 emphasize the appropriateness of the use of multiple calcination procedures for
obtaining of products with higher quality. Therefore, the objective of this work was to compare samples, which
were prepared not only by one-step calcination but also by two-step calcination procedure.

Experimental part

Compounds corresponding to the chemical composition of CaSn(;.,Co,5i0s.s, where x=0; 0.005; 0.01; 0.015;
0.025; 0.03; 0.04; 0.055; 0.065; 0.075; 0.085 and 0.1 were prepared by using the ceramic method. The
following powder raw materials were used for the preparation: precipitated CaCO; (98.5%, the Merck Group
KGaA, Germany), SnO, (99.9%, Alfa Aesar GmgH&KG, Germany), nature micro-milled SiO, (99.6%, Sklopisek
Streleé, a.s., Czech Republic) and mixed Cos;0, (content 73.8% of Co, The Shepherd Color Company, USA).
Stoichiometric amounts of the starting materials for the given sample of the pigment were homogenised in the
agate mortar, then inserted into corundum crucibles and calcinated in the electric furnace with the heating
rate 10°C.min™". The calcination procedure was kept at temperatures 1250 — 1400°C in steps 50°C for the time
of 4 hours °. This working methodology was used for the samples, which were prepared by the so called the
one-step calcination procedure.

The same quantity of the doped element was compared with pigments prepared by the two-step calcination
procedure, which was carried out due to the improvement of pigment application and structural properties,
but also due to the assumption that the creation of malayaite compounds takes place in two stages. In the first
stage CaSnO; is created (approx. 1100°C), into which Si0,° is then incorporated. In this case, the calcination
procedure was carried out at two temperatures, during which the first calcination was always held at 1100°C
for 4 hours. The following second calcination was at the appropriate temperature 1200 — 1400°C/4 hours. After
the firing, all the calcinates were grinded in the agate mortar.
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The aim of this work was to assess the influence of the cobalt amount on the colour properties of the malayaite
pigment. These have been studied both in the case of powder pigments as well as after the application of two
binding systems, namely into the transparent leadless glaze P 07410 in the weight ratio 10% (Glazura Roudnice,
a.s., Czech Republic); and into the organic acrylate matrix (Parketol, Akzo Nobel Coatings CZ, a.s., Opava, Czech
Republic) in the mass tone. The colour properties were measured in the visible region of the light (400-700 nm)
using the spectrophotometer ColourQuest XE (HunterLab, USA). The colour was evaluated in the system CIE
L*a*b* (1976), where the value L* represents lightness of darkness of the pigment. The value a* (red-green
axis) and b* (yellow-blue axis) indicate colour hue. Other colour characteristics have been calculated for better
defining of the colour: the chroma C, the hue angle H° and for observing of colour changes the total colour
difference AE*¢. The standard sample (without the presence of chromophore, i.e. x=0) and the sample with
the appropriate amount of cobalt content (the content as stated above x= 0.005-0.1) have been compared. The
chroma was calculated using the formula: C=(a*2+b*2)1/2. The hue angle H° is expressed in degrees and moves
in the range within 0°- 360°C. The value of the hue angle can be found out from the formula: H°=arctg(b*/a*).
The interval H® for this studied system of malayaite pigments with cobalt is following: 195-285 blue hue, 285-
350 violet hue. The total colour difference can be found out from formula: AE*C|E=[(AL*)2+(Aa*)2+(Ab*)2]1/2,
where AL* - brightness difference between the standard and given sample, Aa*, Ab* - difference of the colour
coordinates a* and b* between the standard and the given sample7.

The phase composition of the tested powder samples was studied by the X-ray diffraction analysis using the
device D8 Advance (Bruker, GB), working with radiation CuK, and the scintillation detector (the range 20 from
10 to 80). The particle size of prepared compounds was observed too. It was measured by the device
Mastersizer 2000/MU (Malvern Instr., GB), which enables evaluation based on Frauenhofer bending or based
on the Miehe theory. In this case the evaluation has been examined based on Frauenhofer bending.

Results and discusion

The main objective of this work was to assess the influence of the amount of cobalt, which was used as a
chromophore for colouring of the malayaite lattice. On Fig. 1 is graphically shown the quantitative dependence
of the dopand on the result colour properties of samples applied into the transparent leadless glaze P 07410.
The Fig. 1a is devoted monitoring of this dependence of the compounds, which were prepared by using the
one-step calcination at 1250°C. A shift to bluer hues together with the increasing content of the cobalt was
recorded (decrease of the coordinate b* towards more negative values). The decrease of the coordinate a* was
recorded for the composition corresponding to x from 0 to 0.015, but after that coordinate a* together with
increasing of the cobalt content gradually increased. The values of colour coordinates a* and b* for the
samples containing Co in the amount of x=0.055 — 0.1 changed only slightly. The slow move toward bluer hues
was recorded in the case of the Fig. 1b), which corresponds to the samples prepared by two-step calcining
process at 1200°C. From this figure it is also evident, that in the case of the two-step calcination process at
1200°C, very similar results as at the samples, which were calcinated by the one-step firing method at 1250°C,
were achieved. The colour appearance of the ceramic tiles moved from white (x=0), through greyish (x=0.005-
0.01), blue-grey (x=0.015-0.04) over to blue-violet (x=0.055-0.1). Lower hiding power was negative aspect
common for both compared ways of calcination caused by inappropriate particle size and by insufficient
distribution of pigment in the glaze. This defect was seen particularly in tiles with applied pigments with higher
cobalt content and which were prepared at higher temperatures.
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Fig. 1: The influence of the cobalt amount on the colour properties of the CaSn;.,)C0o,Si0s.s pigment prepared
by: a) the one-step way at 1250°C; b) two-step way at 1200 °C; application — glaze P 07410

The recommended particle size for uniform surface covering of the ceramic tile by glaze with pigments is from
5to 15 um. In the case of samples prepared by one-step way at the temperature 1250°C the mean particle size
lay from 3.4 to 10.3 um. The malayaite pigments prepared at 1300°C satisfy the above mentioned condition
only into amount x=0.4. The pigment particles for composition x=0.055 and more had the mean particle size in
interval 18.1-25.1 um, where the biggest value ds; was measured for x=0.075. Particles calcinated at 1350°C
and 1400°C were very similar in characteristics — the increase of ds; up to cobalt content x=0.03, where the
highest value was found out (1350°C — 24.7 um a 1400°C — 24.9 um) followed by gradual decrease of this value.
The analysis of samples prepared by two-step process proved that mean particle size of compounds prepared
at the calcination temperatures 1200°C and 1250°C achieved again up to 15 pum. The pigment particles
prepared at the temperature of 1300°C had the higher values of ds,. The highest values were determined for x=
0.065 (26 um), after which they started to decrease. The particles synthesized at 1350°C — 1400°C had the
values of mean particle size which gradually increased together with the content of cobalt up to x=0.085, resp.
x=0.075. The biggest values of ds, for these compositions were 25.7 um, resp. 24.7 um. Even during these
calcination temperatures the recommended size was exceeded - at 1350°C (x= 0.025) and at 1400 °C (x=0.015).
However, it was found out when comparing both presented way (one-step and two-step calcination) that the
two-step way shows the more balanced and more considerate growth of particle sizes, even though two
calcination procedures were used for the preparation.
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An acrylate matrix was chosen as the second binding system, into which the monitored samples were applied
in the mass tone. Although from point of view of particle size the studied pigments are not suitable for
application into this binding system (recommended about 2 um), the evaluation of colour properties in this
binding system was realized. Mainly due to two reasons: the appropriateness of the acrylate matrix (whether it
came about to interact with malayaite pigment); but also from the reason of future evaluation of
determination of the total colour difference with regard to the quality of grinding. The calcination temperature
1350°C was chosen for visualizing of the dependence of the influence of cobalt amount on the colour
properties of pigments applied into the organic binding system. Again, one-step way (Fig. 2a) and two-step way
(Fig. 2b) have been compared. From this figure it is obvious that in this binding system the coordinate b* is
pointed down (it gains more negative values against the glaze), but a slight shift to the Ill. quadrant was also
recorded, i.e. even the negative value of the coordinate a* asserts (a contribution of the green hue).
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Fig. 2: The influence of the cobalt amount on the colour properties of the CaSn(;.,jC0o,SiOs.s pigment calcinated
at 1350°C and prepared by: a) the one-step way; b) two-step way; application — organic matrix

The sample corresponding to the chemical formula CaSnggssC0g0s555i0s.5 (Fig. 3) was chosen for better
evaluation of the quality of the compared methods and for the evaluation of the best calcination temperature,
because the first large colour change in this sample was monitored. It corresponds to the requirement of the
minimum Co content with good colour hue. The colour coordinates a* and b* of the pigment of this
composition are compared in the Fig. 3a, which was prepared by one-step and two-step way and applied in the
transparent glaze P 07410. An apparent shift to the bluer colours for samples calcinated at two temperatures is
recorded. In the case of the calcinations at one temperature, the sample at 1350°C showed the highest value
of the coordinate b* (-25.18). However, the value of the coordinate b* was got over at two-step calcination
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already at the temperature of 1300°C (-25.89). Moreover, the samples prepared at temperatures 1350°C and
1400°C had the colour coordinate b* even higher, i.e. b*= -26.70 and -27.14. Fig. 3b demonstrated the
colouring coordinates of the powder pigment and after the application in the organic binding system too. Again
the one-step and two-step ways of preparation have been compared. It is visible, that the trend connected
with colouring coordinates of the powders is retained even in the case when the pigment was applied into the
acrylate binder. Thus it is obvious that the mutual reaction between the organic matrix and the studied
pigment does not occur and the pigment is inert in the binder. Significant changes in colouring coordinates
were recorded for both studied methods at temperatures of 1300°C and 1350°C when the samples showed the
bluest hues. They are placed in the IV. quadrant of the colouring cross. The shift to the lll. quadrant of the
colouring cross was in both cases during the increase of the calcinations temperature up to 1400°C. The
pigment gained more of the green tone (shift from positive values of the coordinate a* into the negative),
moreover the blue values of coordinate b* decreased. Even in this case, it can be noted that better values have
been obtained for two-step calcinations procedure.
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Fig. 3: The influence of calcination temperature on colour properties of CaSnggs5C00555i0s.5 pigment,
compared the one-step and two-step firing after application: a) into transparent glaze P 07410; b) without
application (powders) and into the organic binder matrix (mass tone)
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Table I: The impact of calcination temperature on colour characteristics and the mean particle size dsq of
CaSng 645C00 0555i05.5 Malayaite pigment after application into glaze P 07410 (10 wt.%) - L*- the brightness,
C- the chroma, H° - the hue angle, AE* — The total colour difference

Calcination The one-step calcination The two-step calcination
temperature The colour characteristics dso The colour characteristics dso
[°C] L* C H° AE* e [um] L* C H° AE* e [um]
1200 - - - - - 67.55 18.72 279.44 36.01 5.85
1250 56.63 24.07 282.33 42.64 9.32 59.82 22.17 281.26  38.52 10.30
1300 58.46 22.14 280.38 41.64 18.10 53.93 26.66 283.78  46.93 28.26
1350 53.81 25.88 283.32 48.14 22.49 50.06 27.69 285.37 50.19 21.21
1400 54.16 2400 282.59 45.60 11.77 51.03 28.10 285.02 50.17 23.99

The Table | shows the values of the colour characteristics, which have been established for both mentioned
methods of prepared malayaites with the chemical formula CaSng445C00,0555i05.5 (applied into the transparent
leadless glaze P 074710). In the case of evaluation of the one-step method, it can be concluded that the
brightness coordinate L* was decreasing together with the increasing temperature, the chroma C almost did
not change (it was moving around the value 24) and the hue angle H° was near the area of violet (285 — 350).
Namely the values H° oscillated around of 283 and they indicated low stabilization of the colour hue. The
values of the total colour difference AE*GE are very large, the highest value was obtained for the temperature
1350°C. The mean particle size increased together with the temperature up to 1350°C (22.49 um), then they
decreased. Better results were determined for the two-step calcination method of preparation. The shift
towards darker colours together with increasing temperature was recorded (the values of the brightness
coordinate L* gradually went down); the chroma (C) was progressive growing with the increasing temperature
and the values of hue angle were moving from blue — violet area towards violet. In this case it can be claimed
that the hue angle was stabilized. The total colour difference increased together with the increasing
temperature of calcination up to the values 50.2 and after that it didn’t change. The values of the mean particle
size indicated the largest growth at the temperature of 1300°C, when the highest value ds,=28.26 um was
measured.

Table II: The impact of firing temperature on the colour characteristics of CaSngg45C00.0555i05.5 malayaite
pigment after application into the organic matrix (mass tone) - L*- brightness, C - the chroma, H° - the hue
angle, AE*¢ — the total colour difference

Calcination The colour characteristics
temperature The one-step calcination The two-step calcination
[°C] L* C H° AE* e L* C H° AE* e
1200 - - - - 69.23 13.59 180.17 28.88
1250 62.65 25.49 271.35 41.28 59.87 24.49 271.73 41.25
1300 56.01 41.07 276.46 55.95 58.50 41.24 275.90 54.76
1350 59.84 40.41 275.08 52.46 56.87 43.09 276.92 56.08
1400 52.85 12.94 191.77 41.78 61.16 31.71 180.05 43.91

In the table Il there are shown the colour characteristics for the same pigment composition after application
into the organic matrix, and it is obvious that the brightness component decreases with the increasing
temperature of the calcination at both monitored methods. A slight shift to the darker hues is very evident in
the case of the two-step calcination method. The sample calcinated at 1400°C is the exception, when the
pigment was lightened again (growth of the coordinate L*). The highest value of the chroma C at calcination at
one-step calcination was found out at the sample with the firing temperature of 1300°C. On the contrary for
the two-step calcination method it was increasing together with the growing temperature up to the maximum
value 43.09 at 1350°C, then decrease occurred. These results are in agreement with the results of the total
colour difference AE*C.E. The greatest value of the chroma corresponds to the highest value of the total colour
difference. The values of the hue angle H° correspond with above stated graphical dependence of colour
properties on the firing temperature (see Fig. 3b). The colour shade of samples prepared by the one-step
calcination moves more towards the blue-violet area (growth of the coordinate b*), however at 1400 °C it is in
the area of blue-green. The shift from the blue-green shade to the bluer is very well evident in case of the two-
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step calcination method and subsequently again towards the blue-green. In both cases it is caused by the effect
of the negative coordinate a* (contribution of the green undertone).

Table 1ll: The phase composition of studied pigments in dependence of chromophore amount and the way of
preparation

Amount of Identified phase composition (structure)

dopant The one-step calcination at 1350°C The two-step calcination at 1100°C/1350°C

CaSn(Si04)0 (monoclinic); CaSn(SiO,)0 (monoclinic);
x=0.005 Sn0, (tetragonal); Sn0, (tetragonal);

CaSn0; (orthorhombic) CaSnO; (orthorhombic)

CasSn(Si04)0 (monoclinic); CasSn(SiO4)0 (monoclinic);
x=0.015

Sn0, (tetragonal) Sn0, (tetragonal)

CaSn(Si04)0 (monoclinic); CaSn(SiO,)0 (monoclinic);
x=0.03

Sn0, (tetragonal) Sn0, (tetragonal)

CaSn(Si04)0 (monoclinic); CaSn(SiO,)0 (monoclinic);
x=0.055

Sn0, (tetragonal) Sn0, (tetragonal)

CaSn(Si04)0 (monoclinic); CaSn(Si0,)0 (monoclinic);
x=0.065

Sn0, (tetragonal) Sn0, (tetragonal)

CaSn(Si04)0 (monoclinic); CaSn(Si0,)0 (monoclinic);
x=0.085 Sn0, (tetragonal); Sn0, (tetragonal)

Ca,Co(Si,05) (tetragonal)

CaSn(Si04)0 (monoclinic); CaSn(SiO,)0 (monoclinic);

x=0.1 Sn0, (tetragonal); Sn0, (tetragonal)

Ca,Co(Si,05) (tetragonal)

The results of the X-ray diffraction analysis (see Table Ill.) proved that one phase compound was not prepared.
XRD patterns for the temperature 1350°C indicated the presence of two or three-phase compounds depending
on the dopand content and on the method of preparation. The three compounds in the case of the one-step
calcination for sample with the cobalt content x= 0.005 were identified: CaSn(SiO,)O (malayaite), CaSnO;
(perovskite) a SnO, (cassiterite). The XRD patterns for the other formula x=0.015-0.065 prove the presence of
two-component compound, namely malayaite as major phase and cassiterite as minor. Malayaites with the
highest cobalt content x=0.085 and x=0.1 had besides mentioned malayaite and casserite also Ca,Co(Si,05) (Co-
akermanite) suggesting that one-step calcination method of preparation is not sufficient for incorporation of
cobalt into the malayaite structure. Presumably, higher cobalt amount supports the creation of calcium cobalt
silicate, which then it can subsequently to influence the resulting colour properties. Only two compounds were
identified in all cases for the two-step calcination method of preparation — as the main part - CaSn(SiO,)0
(malayaite) and SnO, (cassiterite). It is evident that the two-step calcination method of preparation affords the
better quality of product. Therefore this method of preparation can be recommended for the preparation of
the malayaite compounds. The work of authors dealing with malayaite cobalt pigments8 points also to the
presence of casserite structure, it can be stated that the required malayaite compound in both comparative
methods of preparation was prepared. Moreover, from the pigmentary point of view it is not necessary to
prepare one-phase pigment but the synthesis conditions are the most important, which must be suitable for
industrial use.

Conclusion

In this work blue pigments corresponding to the chemical composition CaSn;.,Co,SiOs s with the different
cobalt content were prepared. The compounds were synthesized by calcinations at temperatures 1250 —
1400°C/4 hrs. In order to improve both the quality of the pigment, phase composition of the pigment as well as
better colour properties, the second comparable method has been used. This second method was consisted in
the two-stage calcination procedure. The first calcination was carried out at the temperature 1100°C/4hrs and
the following one at the temperature 1200 — 1400°C/4hrs. The impact of cobalt amount on the resulting colour
properties of blue pigments was mainly assessed in this work. The first major and fundamental changes
occurred in the pigment containing cobalt x=0.055, which it is a very small amount of the unwanted element.
The most suitable temperature that can be recommended for the calcination is 1350°C. From the results of
evaluation of the colour properties, size of particles and X-ray phase analysis it can be summarised, that the
pigments prepared by the two-stage calcination method were the more quality, with the better particle sizes
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more suitable into the ceramic glaze and with the better colour properties. But in terms of evaluation of the
particle size it is necessary to recommend the operation of grinding with the aim positively to influence the
particle size, which relates to the optical properties.

This work has been supported by IGA University Pardubice within the project SGSFChT _2015005.
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Introduction

Spinels of the type M*"M,>"0, attract the research interest because of their practical applications. In the case of
M* = Fe*, the resulting spinel ferrites having a general composition of MFe,0, (M = Cu, Mn, Mg, Zn, Ni, Co
etc.) are widely used in the field of inorganic pigments, information storage, magnetic separation, catalyst,
magnetic resonance imaging, gas sensors. Optical, magnetic and electric properties of ferrites combined with
their chemical, thermal and mechanical stability are important for listed applicationsl’z.

The conventional preparation of ferrites compounds is the solid state synthesis under high temperature and co-
precipitation method in alkaline environment with subsequent cacination®*. The insufficiency of solid state
method is that it required a quite high calcination temperature (approx. 800 — 1200°C), the co-precipitation
method is very sensitive to changing conditions. In addition, not only the particle size distribution of powder
material obtained is wide (nonuniform), the specific surface area is quite low. This may be restrictive for some
application of these materials.

In this study, preparation of MnFe,0,, MgFe,0, and Mgy,s;MngsFe,0, and characterization of some physic-
chemical properties was undertaken. The powder materials were prepared by classical methods — solid state
reaction and precipitation in alkaline environment. Next, these materials were synthetized by unusual methods
from a technological point of view — precipitation of mixed oxalates, preparation of mixed oxalates in solid
state and preparation using suspension mixing of starting materials>®. The properties of the prepared materials
which were determined as a part of this work have been selected with regard to their potential application as
inorganic pigments. Color properties, particle size distribution of milled and nonmilled powders, thermal
stability, specific surface area and oil consumption were observed depending on the method of preparation.

Materials and methodology

For solid state synthesis (in tables marked as ceramic method) , MnCO; (Shepherd Color Comp., USA), MgCO;
(Penta, CZ) and Fe,0; (Precheza, CZ) were weighted in proper molar ratio and subsequently mixed in mortar
grinder for 30 minutes. Mixture was transferred to a corundum firing crucible and calcined at 750°C/6hours in
an electric furnace (heating rate 10°C/min was used in every calcination steps).

For two step synthesis by suspension mixing of reactants (in tables marked as suspension mixing of RM),
MnS0,.H,0 (Lach-Ner, CZ), MgS0,.7H,0 (Lach-Ner, CZ), FeSO,.7H,0 (Lach-Ner, CZ) and Na,CO; (Penta, CZ) were
weighted in proper molar ration and mixed in ceramic mortar into homogenous mixture. After addition of urea
CO(NH;), (Penta, CZ) and fumaric acid C,H,0, (Merck, DE), which serve as the foaming agent, the water
suspension was prepared. Flowable suspension was transferred on hot plate made from stainless steel at
temperature 400°C for 15 minutes. The intermediate powder product was finally calcined at 700°C/3 hours in
an electric furnace in ceramic crucibles.

For co-precipitation method in alkaline region of pH (in tables marked as precipitation pH 10), MnCl,.4H,0
(Lach-Ner, CZ), MgCl,.6H,0 (Lach-Ner, CZ) and FeCl;.6H,0 (Lach-Ner, CZ) were weighted in proper molar and
dissolved in water (0.05M solution of metal salts). The ammonia solution (12.5 %) was added into mixture of
metal salts solutions until reached pH 10 and at this pH the solution was stirred for 15 minutes. After filtration
careful washing and drying (95°C) the intermediate product was calcined at 600°C/3 hours in an electric
furnace in ceramic crucibles.

For oxalate co-precipitation method (in tables marked as precipitation oxalic acid), MnSO,.H,0, MgS0,.7H,0,
FeS0,.7H,0 were weighted in proper ratio and dissolved in water. The solution of oxalic acid C,H,0, (Merck,
DE) in equivalent amount was added into solution of metal sulfates and then stirred for 15 minutes. The
filtered precursor was washed by deionized water and dried (95°C). Final product was obtained using thermal
decomposition of precursors in an electric furnace in ceramic crucible at 400°C/3 hours.

For preparation of oxalate precursors by solid state reaction (in tables marked as oxalate preparation in solid
state), MnSQO,.H,0, MgS0,.7H,0, FeS0,.7H,0 were weighted in proper ratio and mixed in mortar grinder for 15
minutes. Na,C,0, (Merck, DE) and surfactant polyethylene glycol (PEG 400, 50 vol.%, Merck, DE) were put in
the mortar grinder and ground for 35 minutes. The reactant mixture gradually became damp, and then a paste
formed. The reaction mixture was kept at room temperature for 2hours. The mixture was washed with
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deionized water and finally dried at 95°C. Final product was obtained using thermal decomposition of
precursors in an electric furnace in ceramic crucible at 400°C/3 hours.

Characterization techniques

Crystallochemical characterization of the final ferrite powders was performed by X-ray diffraction analysis
(monochromatic CuKa radiation, a scintillation detector, equipment Diffractometer D8 Advance, Bruker, GB).
Data were collected by step scanning over 28 range from 10° to 80° with a step size of 0.02°.

The color properties of the powdered samples pressed into a glass cuvette were analyzed by measurement of
the spectral reflectance in the visible region of light (400-700 nm) using a spectrophotometer (ColorQuest XE,
HunterLab, USA). The measurement conditions were the following: an illuminant Dgs, 10° standard observer
and measuring geometry d/8°. The color properties are described in terms of CIE L*a*b* system. In this system,
the values of a* (the green (=) - red (+) axis) and b* (the blue (-) = yellow (+) axis) indicate the color hue, the
value of L* represents the lightness or darkness of color as related to a neutral grey scale which is described by
numbers from 0 (black) to 100 (white).

The particle size distribution of the samples was measured using a laser scattering system based on Mie theory
(Mastersizer 2000/MU, Malvern Instruments, UK) after dispersion of the sample in 0.1% solution of sodium
hexametaphosphate (Fosfa, CZ). The samples were measured after calcination and the same samples after the
wet milling process. The samples were milled using planetary mill with agate milling container and zircon balls
with diameter 1-1.2 mm (weight ratio sample:balls was 20:1) and environment of ethanol and water (1:1).
Color properties, critical pigment volume concentration, thermal stability and specific surface were measured
for milled samples.

Thermal stability was tested using a heating microscope with automatic image analysis (EM201-12, Hesse
Instruments, DE). For measurement, a pellet of cylindrical form with dimensions of 3 x 3 mm was prepared.
The test was performed with temperature intervals between 20 and 1300 °C at a heating rate of 10 °C.min"".
The Critical Pigment Volume Concentration — CPVC was determined using method of linseed oil consumption
according to CSN EN ISO 787-10.

The specific surface area Sger was measured using Nova 1200 (Quantachrome, USA) using the nitrogen sorption
technique. The adsorption isotherms were fitted using the Brunauer-Emmett-Teller (BET) method for specific
surface area determination, absorption data were obtained in the relative pressure range between 0.05 and
0.25. Before each sorption measurement the sample was degassed (250°C, 4 hours).

Results and discussion

The preparation method has a major impact on particle size distribution of prepared powders. The tables I, llI
and V show the highest value dgy and the lowest value dy, in all cases for preparation using co-precipitation
method with ammonia solution (hydroxides as intermediates). The particle size distribution in this case is the
widest, the samples contain small particles and probably solid particle aggregates. In absolute values, then the
highest value ds, provides precipitation method using oxalic acid. Other preparation methods in terms of
particle size distribution are similar. After the milling the particle size distribution is comparable for all
preparation method and it is possible to use the samples for comparative study.

The samples prepared by both precipitation methods and by method using suspension mixing of raw materials
are darker than samples prepared by other methods. For Mg, sMng sFe,0, (Tab. I) the ceramic method provides
powder with higher proportion of red hue. The same situation occurs for the sample MgFe,0, (Tab. V). The
samples Mg sMng sFe,0, and MnFe,0, are brown, MgFe,0, is red.

The specific surface area (Sggr) is strongly influenced by the selected method of preparation. The highest value
of the specific surface area showed all three prepared compounds if using method of preparation oxalate by
solid state reaction with subsequent calcination at 400°C. This soft chemical method combined with low
calcination temperature provides higher values Sger than 75 mz.g'1 (MgFe,0,4, Tab. VI). In other cases the
specific surface area values ranging from 10 to 30 mz.g"l.

The thermal stability of prepared powders measured on heating microscope means the first dimensional
change of prepared tablets. Most often it is the beginning of the sintering process. Measurement in this case
showed that the precipitation methods provide powders with lower thermal stability than in the case of solid
state reactions. The thermal stability of samples prepared by classical ceramic method is 100°C higher than for
samples prepared by precipitation methods (pH 10). An unexpected result is that also the samples prepared
using oxalate preparation in solid state have the similar thermal stability as method using suspension mixing of
raw materials and ceramic method.

The CPVC number represents the dispersion ability and as pigment volume concentration increases above
CPVC, void space and porosity increase while tensile properties decrease. Prepared samples provide middle
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number of CPVC for every method of preparation. Samples prepared by precipitation method (pH 10) are
characterized by higher value of CPVC.

lzt)tlieclle size distribution and color properties of Mgy sMng sFe,0, according to the preparation method
PSD [um] PSD after milling [um] Color coordinates

MeasMnasFe;04 dio dso dgo dio dso dgo L* a* b*
Precipitation (pH 10) 0.32 222 27.78 | 0.18 0.37 1.81 39.07 192 384
Precipitation (oxalic acid) 551 9.03 14.04 | 0.35 0.84 8.24 3776 2.69 5385
Oxalate prep. in solid state 0.43 193 3190 | 0.34 0.72 3.92 42,55 3.42 8.17
Suspension mixing of RM 0.46 1.59 11.71 0.24 0.52 1.24 39.79 2.26 3.17
Ceramic method 040 169 1474 | 0.26 0.59 12.18 4121 817 5.80

Table Il
Specific surface area, thermal stability and critical pigment volume concentration of Mgy ;MngsFe,0, according
to the preparation method

Mgo.sMng sFe;04 - T CPVC
[m’.g”] [cl [%]
Precipitation (pH 10) 25.80 +1.60 760 51.5
Precipitation (oxalic acid) 52.73£3.31 755 42.6
Oxalate prep. in solid state 58.87 £1.04 845 43.0
Suspension mixing of RM 17.63 £0.59 840 44.9
Ceramic method 16.08 £ 0.84 900 41.0
Table 11l
Particle size distribution and color properties of MnFe,0, according to the preparation method
PSD [um] PSD after milling [um] Color coordinates
MnFe,0,
dio dsg dgo dig dsg dgo L* a* b*

Precipitation (pH 10) 0.28 494 36.20 | 0.22 049 175 28.82 1.72 3.06
Precipitation (oxalic acid) 6.29 1191 2237 | 0.29 0.73 1.88 36.34 217 4.03
Oxalate prep. in solid state 0.66 3.38 2249 | 041 095 244 41.22 3.26 6.08
Suspension mixing of RM 0.68 195 1338 | 0.24 049 1.06 36.86 1.60 1.75
Ceramic method 0.33 0.87 1796 | 0.21 042 0.98 38.81 273 331

Table IV
Specific surface area, thermal stability and critical pigment volume concentration of MnFe,0, according to the
preparation method

MnFe:0s Seer Tetab. CPVC

[m’.g”] [cl [%]
Precipitation (pH 10) 15.80+1.10 780 53.05
Precipitation (oxalic acid) 19.81+0.44 780 46.65
Oxalate prep. in solid state 49.29£2.12 870 42.44
Suspension mixing of RM 9.82+1.63 825 49.61
Ceramic method 11.12+1.60 880 44.88
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Table V
Particle size distribution and color properties of MgFe,0, according to the preparation method

PSD [um] PSD after milling [um] Color coordinates
MgFe,0,
dio dso deo dio dso dgo L* a* b*
Precipitation (pH 10) 0.34 9.23 49.00 | 0.28 0.97 14.47 | 47.48 15.18 15.78
Suspension mixing of RM 0.48 1.68 8.62 0.35 0.89 14.05 | 45.50 15.07 14.48

Table VI
Specific surface area, thermal stability and critical pigment volume concentration of MgFe,0, according to the
preparation method

MgFe20s Seer Tetab. CPVC

[m’.g"] [°C] [%]
Precipitation (pH 10) 26.40 £ 0.20 780 53.69
Precipitation (oxalic acid) 32.54+£0.22 755 50.60
Oxalate prep. in solid state 75.98 £0.58 785 38.37
Suspension mixing of RM 20.48 £3.08 800 34.39
Ceramic method 29.94 +£1.17 870 36.54

To confirm the resulting spinel structures, all samples were subjected to X-ray diffraction analysis. The relevant
spinel formation was confirmed for all the methods of preparation. As an example, in Figure 1, the diffraction
pattern of the sample Mgy sMngsFe,0, is given in Fig. 1. The lines corresponding to the spinel cubic grid were
only identified (marked).

Lin {Counts)

0 40 80 50
2theta scde

Figure 1. Diffractogram of Mg, sMng sFe,0, — oxalate preparation in solid state,

Conclusions

In this study, there were compared several laboratory methods of preparation for compounds of spinel —
ferrites. XRD showed that all the methods result in preparation of compounds having the desired composition.
The co-precipitation method using ammonia at pH 10 provides final powders with width particle size
distribution, with low thermal stability and with a darker tone. The powder samples with highest absolute value
of particle size were obtained by co-precipitation method using oxalic acid. The thermal stability is comparable
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with previous method but lower if compared by others. Classical method provides a ceramic powder having
excellent thermal stability, average value of particle size and specific surface area. Samples prepared by this
method are different in color. High energy consumption is the main disadvantage of this method.
Characteristics of the powders obtained by the two step method associated with the suspension by mixing the
raw materials are very similar to ceramic method. The method using preparation of mixed oxalates with
subsequent calcination provides the highest value of specific surface area, high thermal stability, average value
of particle size, good color properties and CPVC.
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Introduction

During the last decade, efforts are conducted to substitute superabsorbents based on petrochemicals by
natural materials or prepare composite superabsorbents. These eco-friendly hydrogels should be lead to
improve soil water retention and nutrient utilization by pIantsl. The presented work was focused on evaluation
of properties of modified commercial hydrogel. The modification of commercial hydrogel was done by
encapsulation in a mixture of gelatine collagen and clay. The study of effect of encapsulated hydrogels on
water-holding capacity of soil was carried out, when different amounts of encapsulated hydrogels were mixed
with dry soil. Also swelling capacity of modified hydrogels was tested at different pH. The encapsulating
mixture could be suitable to decrease content of acrylic components and non-biodegradable residues in soil
after using polyacrylate hydrogel as a soil conditioner in agricultural or horticultural applications. In addition,
collagen gelatine is a source of nutrients after its mineralization in the soil and a presence of bentonite should
contribute to improving the structure and properties of the soil due to its high cation exchange capacity.

Experimental

In presented study, water-holding capacity of modified hydrogel was studied. Also swelling capacity of
modified hydrogels was tested in solution of potassium nitrate. At selected samples, swelling capacity in
different pH was studied.

Materials

Collagen and gelatine were purchased from Tanex Vladislav and were used without further purification.
Nanoclay, hydrophilic bentonite (nBentonite) was purchased from Aldrich, bentonite B75 was supplied from
Keramost and bentonite BS was received from Sedlecky Kaolin. Hydrogel Floria was made by Degussa AG and
delivered by Agro CS. Also all of these materials were used without further purification. Other agents were in
analytical grade purity and all solutions were prepared using distilled water.

Preparation of encapsulated hydrogel

Encapsulation of commercial hydrogel was done by the following procedure. Weighed amounts of collagen
were mixed with small amount of distilled water. Subsequently, the solution was transferred into beaker with
magnetic stirrer. Temperature was set on 60°C. Meanwhile bentonite was agitated in distilled water by means
of ultrasonic device and consequently by magnetic stirrer. Then clay was added to collagen solution and
allowed to stir for 30 minutes. After this time, hydrogel was added and solution was stirred an hour. At the end,
product was filtrated and gel particles were dried in an oven at 50°C for 8 hours, then at 80°C for 6 hours.
Encapsulated hydrogel was stored in absence of moisture. Overall 30 samples were prepared.

Swelling capacity in distilled water

For determination of swelling capacity were used tea bags made of 100 mesh nylon screen. The quantity of
dried sample was placed into tea bag, immersed in distilled water and its weight was recorded at room
temperature. Swelling capacity was calculated according the formula:

SC(g/g) = (Ws - W, )/ Wo (1)

where W5 is weight of swollen gel, W is weight of dried hydrogell.

Swelling capacity in solution of potassium nitrate

Loading of a hydrogel with chemical compounds is possible to carry out by two methods. In the first method,
loaded material is added to the encapsulating mixture and built in situ whereby compound is trapped within
hydrogel and collagen gelatin cover. In second approach, the dry hydrogel is allowed to swell in the saline
solution and after equilibrium swelling, the hydrogel is dried. In the present study, the second method was
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followed by swelling the dry hydrogel in a solution of KNO; of known concentration. Modified gel was placed
into the tea-bag which was then immersed in 5% solution of KNO3. The swollen gels were dried and stored’.

Swelling capacity in various pH solutions

The pH of absorbed solutions was adjusted using aqueous NaOH and HCI solutions. The method used was the
same as the absorbency in distilled water was measured. At selected samples, swelling capacity in different pH
was studied”.

Water-holding capacity of soil®

Effect of the encapsulated hydrogel on water-holding capacity of the soil was studied. 2 g of modified hydrogel
were mixed with 200 g of dried soil (below 2 mesh) and placed in a 4.5 cm diameter plastic tube. The bottom of
the tube was sealed with nylon fabric and weighted (W,). The soil sample was drenched by distilled water from
the top of the tube until water seeped out from the bottom. When no water seeped at the bottom, the tube
was weighed again (W,). A control experiment without the hydrogel was also carried out. The water-holding
capacity (WH %) of the soil was calculated from equation 2.

WH (%) = (W, — W, )x100/200 (2)

Results and discussion

Determination of swelling capacity

Samples were immersed in distilled water and their weight after 24 hours was recorded. The best swelling
capacity had a value about 41 grams of water per one gram of dried hydrogel (Fig 2.).

Swelling Capacity in distilled water

Swelling Capacity in distilled water
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Fig.1. Swelling capacity, samples with bentonite B75

Fig.2. Swelling capacity, samples with bentonite BS
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Fig.4. Swelling in saline solution (bentonite B75)
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Water absorbency in saline solution of potassium nitrate

Swelling studies indicated that the hydrogels are sensitive to the ion presence in solution and it is very
important to know swelling behaviour of hydrogels in a salt solution, especially for agricultural and horticultural
applications3. Due to this fact the samples were also tested for swelling in a 5% solution of potassium nitrate.
The swelling capacities for modified hydrogels are shown in Figs 4-6, where first and second chart represents
commercial hydrogel modified by gelatine, collagen and bentonite B75 and BS. Third chart shows results for
modified hydrogel with bentonite nB. The best swelling ratio was 7.7 grams of potassium nitrate solution per
one g of the encapsulated hydrogel.

Swelling in solution of KNO, DTechnical Gelatine Swelling in solution of KNO, OTechnical Gelatine
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\
\ \
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.
N\

0 ¥ N\ 0+ r - r =
10% 15% 20% 2% 4% 6% 8%
Content of bentonite BS Content of bentonite nB
Fig.5. Swelling in saline solution (bentonite BS) Fig.6. Swelling in saline solution (bentonite nB)

Absorbency in solutions of various pH

The pH of absorbed solutions was adjusted using aqueous NaOH and HCl. The water absorbency decreases
drastically as pH decreases from 4 to 2 and increases from 10 to 12 (Figs 7 and 8). This is because most of the
—COO’ groups are protonized into —COOH groups when the pH < 4 and then the repulsion between polymeric
chains decreases, which leads to the decrease of water absorbency. When the pH is too high, most of the
—COOH groups change into —COO groups, the screening effect of the counter ion (Na) on the poly-anionic chain
of polymer is more evident, which also leads to a decrease of the water absorbency3.
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Fig.7. Swelling in different pH (commercial hydrogel)  Fig.8. Swelling in different pH (modified hydrogel). TG -
technical gelatine, RC — rabbit collagen

Effect of the modified hydrogel on water-holding

capacity of soil.

The water is one of the essential conditions for plant

growth. Liquid water ensures the feeding of plants with nutritional elements, which increases the growth

quality of plantss. Soils in arid areas are characterized by low water-holding capacity and excessive drainage of

rain and irrigation water below the root zone, leading to weak water efficiency by crops. Due to it, we tested

hydrogel effect on water-holding capacity of soil. As shown in Fig. 9 and 10 the best water-holding capacity of

soil (1 day) is 49.0% for the encapsulated hydrogel, and that of soil without hydrogel is 43.9%. It is noted that

soil/hydrogel mixture retains more water than the control soil. However, in comparison to the water retained

by the free hydrogels in distilled water, the soil/hydrogel mixtures retain much less water. First, in the

soil/hydrogel mixtures, each granule is surrounded by soil particles and subjected to a confining pressure by

these particless. Second, the presence of ions in soil solution makes the osmotic pressure difference between

the polymeric network and the external solution decrease, resulting in a decrease in the water absorbency of
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the hydrogel. Therefore, the swelling degree of the modified hydrogel in the soil is limited in comparison to
that in distilled water”®. However, as we can see in figures, in comparison to the control sample (soil without
hydrogel, labelled as None), the modified hydrogel improved the water-holding capacity of soil.

Water-Holding Capacity Water-Holding Capacity
\
10 25
g8 € 90 §
Q = Q2 040
E 5 BRC%B75
2 mNone T o
5 6 g 15 aTG%B75
E 2RC%nB 5 mNone
[=}
° aTG%nB = BRC%BS
=4 o
% 4 E *g' 10 BTG%BS
8 3]
s s |
41 42 43 44 45 46 47 48 49 40 42 44 46 48 éo
Water-Holding Capacity (%) Water-Holding Capacity (%)
Fig.9. Water-holding capacity in soil Fig.10. Water-holding capacity in soil
Conclusions

This work was concentrated on study of properties of modified commercial hydrogel. Various modifications of
composite hydrogels were prepared and tested. The best swelling capacity had value 7.7 grams of 5% KNO;
solution per 1 g of the encapsulated hydrogel. The best water-holding capacity of soil is 49.0% for the
encapsulated hydrogel, and that of soil without hydrogel is 43.9%. It is noted that soil/hydrogel mixture retains
more water than the control soil. Test of releasing of potassium nitrate out of the hydrogel will be carried out
and reviewed in other work.
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Introduction

Natural inorganic pigments, derived mainly from mineral source, have been known since prehistoric times.
The oldest natural yellow inorganic pigments are yellow ochre containing ferric oxide hydroxide. In ancient
Egypt, but later also in Assyria and China pure yellow was prepared by grinding of natural mineral auripigment
(As,S;) and used for painting walls and in paintings and illuminated manuscripts. One of the oldest
manufactured yellow pigment was Naples yellow (Pb,Sb,0,), which was already identified on glass
and ceramics of ancient Egypt and Mesopotamia. Depending on the composition, respectively, on the mass
ratio of antimony/lead and thermal conditions of preparation, it can provide a sulphur-yellow up to orange-
yellow tint. The cheaper yellow pigments, which were used for industrial and commercial purposes, such as
Mars yellow (FeOOH), chrome yellow (PbCrO,) and cadmium yellow (CdS), completely replaced the Naples
yellow in the 18" centuryl’z.

In the area of powder materials it is a currently most discussed topic the environmental impact
of the synthesized inorganic compounds. In this respect, it is recalled that a series of previously used pigments
contains toxic metals such as lead, cadmium and hexavalent chromium that can adversely affect the
environment and human health. The environmental regulatory restrictions make necessary to modify current
pigments containing these "problematic" elements and substitute or reduce them. For this reason, it is
considered important for the development of new safe inorganic pigments.

Ceramic pigments are chemically and thermally stable compounds which are characterized by absolute light
stability, inertness to media and weathering. These properties are ideal for high-temperature applications.
They are an integral part of many decorative and protective coatings for colouring many materials, including
glaze, ceramic bodies and porcelain enamels. The essence of these fine powders is a highly stable host lattice
of the mineral which is in its pure form colourless and therefore into its structure incorporation
of chromophore dopant which provides the colour. Nowadays research in the fields of ceramic pigments
is oriented toward the enlargement of the chromatic set of colours together with an increased thermal
and chemical stability3.

Compounds based on Bi,03 have found increasing popularity because they provide interesting colour hue from
yellow to orange. The intense colours of these powder materials are the results from the incorporation of Ln**
ions (Ln = rare earth elements) into the stable host lattice of Bi,0;. The Bi,0; itself is a light yellow powder.
Compounds based on Bi,05 produce not only interesting colours, but also contribute to a growth of the thermal
stability. The high-temperature stable modification of Bi,0O3 is a 6-phase, which is recognized as one of the best
solid-state oxygen ion conductors™. This phase is stable between 730 2C and 835 2C temperature range,
but may be stabilized below room temperature by partial cationic substitution for Bi*" ions®’.

This study is focused on the preparation of pigments basing on Bi,0; doped with selected lanthanides. The aim
was to develop conditions for the synthesis of Bi;sLngsCeqsNbysO; pigments and to determine the influence
of lanthanides and temperature of calcination on the colouring properties of this type of inorganic pigments.
Research of these synthesized compounds gives interesting hues in the organic matrix and ceramic glaze.
Prepared powder materials also represent the inorganic pigments alternative from the environmental point
of view.

Experimental

Compositions based on Bi;sLngsCe;sNbysO; (where Ln = Y, Sm, Gd, Er, Eu, Dy, Ho, Yb, Lu and Tm) were
prepared by the conventional ceramic route using corresponding oxides: Bi,0; (99 % purity, Lachema Pliva a.s.,
Brno, CZ), Nb,0Os (99.5 % purity, Bochemie, a.s. Bohumin, CZ), CeO, (99 % purity) and Ln,03 of 99.9 % purity,
which were obtained from Rare Earth Products Ltd., India. Precursors for the traditional solid state reaction
were initially manually homogenised in a porcelain mortar with a pestle. The homogenous mixture was
calcinated in corundum crucibles in an electric furnace with the heating rate 10 2C/min. In the temperature
interval from 800 2C to 1,000 2C with the step 50 2C, the calcination was maintained in isothermal conditions
for 3 h. After each heating cycle, the samples were gradually cooled down to room temperature and ground
in a porcelain mortar.
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All prepared pigments were applied to organic matrix (Parketol, Balakom a.s., Opava, CZ) in mass tone
and middle-temperature borate-silicate (transparent leadless) glaze G 070 91 (Glazura, s.r.o., Roudnice nad
Labem, CZ). Coating films on a shiny white non-absorbing paper containing the pigments in an organic matrix
were prepared so called dragging test using a Bird applicator slit width of 100 um. The mixture of pigment (10
% w/w) and glaze was applied to a dry white ceramic fragments of dimensions 25 x 25 mm. Ceramic body
coated with a glaze suspension was first dried at room temperature and then calcinated in an electric furnace
at 1,000 oC at a heating rate of 10 2C/min, keeping this temperature for 15 min. Colourimetric study of final
coating films and coloured glazes were carried out by a ColorQuest XE (HunterLab, USA) spectrophotometer
in the 400-700 nm wavelength range. The study of chromatic properties requires the use of an appropriate
system to measure the colour objectivity. The CIE L*a*b* system (1976) colour scales were used
for the assessment of the colour properties of the pigment powder. In this system, the value L* represents
the lightness or darkness of a colour in relation to scale extending from white (L* = 100) to black (L* = 0).
The value a* is the green (-)/red (+) axis, b* is the blue (-)/yellow (+) axis, which describe the colour hue.
Thorough description of colour is done by recalculation of chrome extent C (chroma) according mathematical
formula C = (a** + b*z)l/z. The colour of pigment is also expressed by the hue angle H2 (H? = arc tg (b*/a*))
defined by an angular position in the cylindrical colour space (for the orange H2 = 352-702 and for the yellow H?
= 709-1052. The next measurement conditions were D65 illuminant, 102 complementary observer and
geometry of measurements d/89.

The distribution of particle size distribution of the calcinated powder materials was obtained by laser scattering
using a Mastersizer 2000/MU (Malvern Instruments, Ltd., UK). It is a compact, highly integrated laser
measuring device for analysis of particle size in the range from 0.02 to 2,000 um. The system evaluates the
particle size using red light (He-Ne laser, wavelength 633 nm) and blue light (solid-state light source,
wavelength 466 nm). The signal was evaluated on the base of Fraunhofer bending. The measurement of
particle size distribution has three steps and instrument calculates average automatically like values d1q, dso, dog
or as a frequency or cumulative function.

Results and discussion

Colour properties are the most important characteristic of the inorganic pigments. The aim of the present work
was to investigate the influence of several lanthanides on the colouring effect of Bi; sLngsCe; sNbg s05. Pigments
applied to the organic binder system in mass tone provide yellow-orange colour hues.

Based on the a* and b* values measured for the pigments calcinated at 800 2C and applied into organic matrix,
it can be seen in the Table | that all lanthanides have the positive values of the colour coordinate a* (red hue)
and b* (yellow hue). All prepared samples show positive values of the colour coordinate a*, which lies in the
interval from 0.80-12.88. The lowest contribution of red and yellow shade has a sample containing the element
Sm, which is also characterized by a maximum value L* (86.60) and value H2 (88.87). As a consequence
provides lightest yellow hue from the series of the prepared samples. Pigments containing Ln =Y, Gd, Er, Eu, Dy
and Ho have lower values of hue H2 and in combination with relatively high values of chroma C provide most
interesting deep yellow-orange colour (Table Il). The increase of calcination temperature up to 900 2C produces
in some cases lower values L* and chroma C, and it means that the colour becomes darker. Considering that
the value H2 of these powder materials ranges from ~73 to 79 so the samples are characterized by yellow-
orange colour. The biggest shift recorded pigment with the formula Bi; sSmg ;Ce; sNbg 505, in which value colour
coordinates a* increased from 0.80 to 9.59 (Table I). Contribution of yellow shade at this calcination
temperature decreases which corresponds to values of coordinates b* (in the range 40.34-46.21).
The interesting colour samples can again identify those which contain rare earth elements Gd, Er, Dy and Ho
since they have the lowest values L* and with high values C. The compounds Bi;sEugsCe;sNbgsO;
and BiysDygsCe;5NbysO; have the smallest values H2 and L*, and therefore provide darkest yellow-orange
tinges. A further increase of calcination temperature to 1,000 oC did not induce too great changes colour
properties of prepared pigments. The highest temperature of calcination a slightly increased by almost all
values of colour coordinates a* and b* (Table I). All powder materials at this calcination temperature
are characterized by a deep yellow-orange shade. From the values of the hue HY, it is obvious that the most
significant hue change is evident for the sample with formula Bi; sGdg sCe; sNbg ;05 (Table Il). The value C for all
samples containing the lanthanides is at this calcination temperature in the range of values from 43.34 (Er) to
48.43 (Y). At the same time brightness decreased for all pigments. Simultaneously pigments containing
lanthanides are darker than identical samples prepared at lower calcination temperature. Generally, increasing
calcination temperature caused the colour darkening, deeper colour tint and the colour hue shifts to
the orange area. The colour range for all pigments moves from pale yellow, over yellow-orange to darker
orange. The best results were obtained for the pigment Bi;sGdysCe;sNbysO; which indicates the lowest
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lightness value (L* = 73.81), high values of colour coordinate a*, b* and chroma C for calcination temperature
1,000 °C. The prepared powder material provides a yellow-orange shade that matches the value hue H? =
73.40.

Table |
The effect of calcination temperature on colour properties of the Bi;sLngsCe;sNbgsO; pigments applied
into organic matrix

Ln Temperature [°C]

800 900 1,000

L* a* b* L* a* b* L* a* b*
Y 81.85 8.86 46.26 80.02 9.56 42.33 77.18 12.75 46.72
Sm 86.60 0.80 40.43 78.80 9.59 40.34 78.07 10.66 46.21
Gd 78.82 9.17 41.39 79.73 10.65 46.02 73.81 12.98 43,53
Er 79.69 11.81 45.19 78.53 12.20 44.68 75.29 12.36 41.54
Eu 81.16 7.83 41.80 76.64 12.40 41.84 76.98 12.29 42.71
Dy 78.77 12.88 46.43 77.85 12.34 44.23 78.96 10.05 47.02
Ho 79.97 10.00 47.38 77.89 11.99 46.21 75.93 10.69 43.04
Yb 83.12 6.19 47.22 80.56 9.47 45.12 78.90 10.35 44.08
Lu 83.66 5.65 47.47 81.22 8.26 42.90 80.17 9.41 45.93
Tm 82.18 7.86 48.55 79.95 9.83 44.71 77.62 11.44 45.53

Table 11l shows the colour properties (L*, a*, b*) of the pigments applied to ceramic glaze. Powder materials
containing rare earths give a light yellow colour with little greenish tint at all calcination temperature.
The colour coordinates a* provide negative values. The exception is the pigment Bi; sErgsCe; sNbgsO; which has
this coordinate positive. The lightness of all prepared pigments corresponds with high values of brightness L*.
Generally, the pigments in ceramic glaze have worse colour properties than the same pigments in an organic
binder system in mass tone.

Optical properties of the compounds and also their application preferences are determined by their particle
size distribution (PSD). The test was performed with reference to the unmilled pigments. The growing trend
of the mean size of the pigment particles ds, (Table 1) is observed with increasing calcination temperature.
The lowest value of particle size was obtained for the sample with Gd (2.28 um) calcinated at 