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Congratulations on the anniversary of Professor S.E. Kudaibergenov

The article is dedicated to the 70th anniversary of Sarkyt Elekenovich Kudaibergenov, a prominent Kazakh
scientist-chemist. His career and the most significant events of his scientific life are briefly described here. The
contribution of Professor S.E. Kudaibergenov to the development of physical chemistry of polymers and his
participation in the internationalization of the polymer scientific school are shown.

This article is devoted to the 70th anniversary of Sarkyt Elekenovich Kudaibergenov, a prominent Kazakh
scientist-chemist. S.E. Kudaibergenov is an internationally recognized expert in the field of physical chemistry
of polymers, Doctor of Chemical Sciences (1991), Professor (1994), Laureate of the Kazakh SSR State Prize
in Science and Technology (1987).

Professor S.E. Kudaibergenov is an enthusiastic person
who has been inspiring his colleagues and a large number of
% young researchers working in the field of polymer science for
Pn— . : several decades. His fundamental scientific works mainly de-
et e g & Voted to the physical chemistry of hydrophilic polymers, stim-

\ S ulated significant progress in this field [1-6].

After graduating from the Faculty of Chemistry at Kazakh
State University named after Kirov (now Al-Farabi Kazakh Na-
tional University) in 1973, Sarkyt Kudaibergenov remained at
this university as an engineer and then as a research intern. His
academic career continued at the Institute of Chemical Sciences

: of the Academy of Sciences of the Republic of Kazakhstan in
the Laboratory of Physical Chemistry of Polymers led by Academician E.A. Bekturov, a distinguished chem-
ist. A truly important milestone in the career of Professor S.E. Kudaibergenov was the work on a candidate
dissertation on the topic “Hydrodynamic properties of polyelectrolytes based on vinylethylpiperidoles-4~,
which he successfully defended in 1980. This work anticipated his innovative research on the development of
the physical chemistry of polyelectrolytes [7, 8]. Studies of polymer complexation reactions were one of the
many contributions that S.E. Kudaiberegenov made for the development of polymer science.

One of his first co-authored monographs “Polymer Complexes and Catalysts” describes the interaction
of macromolecules with metal ions, explains the mechanisms and conditions of formation of polymer-metal
complexes, which have great theoretical interest and practical application [9]. In this book the catalytic prop-
erties of some macromolecular compounds in solutions, which are models of biocatalyst-enzymes, are also
described. These works formed the basis of the author's further research [10-12]. In 1991 S.E. Kudaibergenov
defended his Doctoral Thesis “Complex formation reactions with participation of synthetic polyampholytes”
at Lomonosov Moscow State University, in 1994 he has received a title of Professor. After productive work at
the Institute of Chemical Sciences, Sarkyt Elekenovich works at responsible positions in the scientific struc-
tures of the Ministry of Education and the National Academy of Sciences of the Republic of Kazakhstan. In
1996 S.E. Kudaibergenov was invited to the position of Professor at al-Farabi Kazakh National University,

4 © 2021 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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where he organized a scientific group for the production and research of “smart” polymeric materials based on
hydrogels and interpolymer complexes. In 1999 Professor S.E. Kudaiberegenov founded a private research or-
ganization “Institute of Polymer Materials and Technologies”, which successfully operates today and contributes
to the development of polymer science in Kazakhstan. The special connection of the scientist with his small
motherland is expressed in his cooperation with Semipalatinsk Shakarim State University, where he was a pro-
fessor of the Department of Chemistry from 2005 to 2019. S.E. Kudaibergenov made a great contribution to the
organization of scientific work of Kazakh National Technical University named after K.I. Satpayev, where he
permanently headed the Laboratory of Engineering Profile (2008-2020).

As a famous scientist in the field of fundamental science Professor S.E. Kudaibergenov was able to apply
the results of theoretical research to solve important practical problems, in particular to increase the efficiency
of oil production. The scientist had experience as the head of scientific subdivisions of oil producing companies
“KazTransOil” and “KazMunayGas” (2001-2004), headed the commercialization project “Development and
implementation of polymer flooding technology to increase oil recovery”. These works are important for the
development of the economy of Kazakhstan.

In the early days of his scientific career, in 1995, S.E. Kudaibergenov completed a three-month internship
at the National Science Foundation in the USA, where he became acquainted with the system of science fund-
ing in that country. Then in 1998, as a visiting professor, he researched at Waseda University (Japan) in the
research group of Professor E. Tsuchida.

In 2002-2003 Professor S.E. Kudaibergenov was invited as a professor at Kwangju Institute of Science
and Technology (South Korea), where he researched and shared his experience with young scientists. He is
one of the first scientists in Kazakhstan who received several grants from international foundations, including
Soros Fund (1994), INTAS-Kazakhstan (1997, 1999, 2001), INTAS-Aral (2003), NATO (2011-2014), pro-
jects with China (2015-2016, 2018-2019), EU Horizon-2020 (2019-2022). Professor S.E. Kudaibergenov is
a member of the editorial board of several national English-language scientific journals and was also a guest
editor of the special issue “Advanced Technologies in Polymer-Protected and Gel-Immobilized Nanocompo-
sites” for the Polymers journal (MDPI, 2020). He is a regular guest lecturer at international scientific confer-
ences and symposia and a member of the organizing committee of several prestigious scientific forums, in-
cluding the IUPAC International Symposium on Macromolecule-Metal Complexes (MMC) and the Interna-
tional Symposium on Macro- and Supramolecular Architectures and Materials (MAM). S.E. Kudaibergenov
initiated 8 International workshops on polymer specialty that were held in Almaty, Semey and Issyk-Kul (Kyr-
gyzstan). The last workshop was held at Karagandy University of the name of academician E.A. Buketov in
2019, sponsored by the International Science and Technology Center (ISTC). Invited by S.E. Kudaibergenov,
well-known national and international scientists such as Hiroyuki Nishide (Waseda University, Tokyo), Sayora
Rashidova (Institute of Physics and Chemistry of Polymers, Uzbekistan), Gulzhian Dzhardimalieva (Institute
of Chemical Physics of RAS, Russia), Vladimir Lozinsky (Institute of Elementoorganic Compounds of RAS,
Russia), Oguz Okay (lIstanbul Technical University, Turkey), Hekki Tenhu (University of Helsinki, Finland),
Vitaliy Khutoryanskiy (University of Reading, UK) made plenary reports at the V11 International Symposium
on Specialty Polymers. The above mentioned demonstrates that Professor S.E. Kudaibergenov is a scientist of
world renown, and the results of his research are recognized in the scientific community. He is also distin-
guished by his great desire to help young scientists choose their scientific direction, find foreign partners, and
use the results for the benefit of the national scientific school.

Professor S.E. Kudaibergenov individually and in collaboration published 19 monographs in Russian,
Polish and English languages, he has more than 400 scientific publications, including 17 review articles, 11
book chapters and more than 130 scientific articles published in English in international peer-reviewed journals
with a high impact factor. In 2002 and 2021 he published fundamental monographs “Polyampholytes: Synthe-
sis, Characterization and Application” in Springer and “Polyampholytes: Past, Present, Perspectives” in Ka-
zakhstan publishing house. According to the Web of Science, Clarivate Analytics database, S.E. Kudaiber-
genov is the world's leader in the number of publications in the field of Polyampholytes [13-16]. The annual
citation index of his works reaches up to 200 citations. His Hirsch index is 20.

As a member of the editorial board of the journal “Bulletin of the Karaganda university. Chemistry series”
Professor S.E. Kudaibergenov contributes to the further promotion of our publication in international scientific
bases, his articles and reviews published in the journal are the most demanded among readers. On behalf of
the editorial board of the journal we congratulate Professor S.E. Kudaibergenov with his 70th anniversary! We
wish you great success in scientific work, good students and followers, new scientific works.
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E.M. Tax6aes, M.)K. bypkees

IIpogeccop C.E. KynaiidepreHoBTi MepeHTOMBIMEH KYTTBIKTAY

MakaJyia Ka3aKThIH KepHeKTi ranbiM-xumuri — CapkblT Enexkenyisl Kynaiioeprenosrin 70 xKbUIIBIK Mepeii-
TolibIHa apHasFaH. OHBIH eHOEK JKOJIBI )KOHE FBUIBIMH KbI3METiH/Ieri MaHbI3/Ibl Ke3eH I1epi KbICKa TYp/ie CHIIaT-
tanrad. [Ipodeccop C.E. KynaitbepreHoBTiH monuMepiepaiH (U3UKAIBIK XHMUSCHIH JaMBITyFa KOHE MOJIH-
MepJIep FhUIBIMH MEKTEeOiH HHTePHAL[MOHAJIaHIbIPYFa KOCKaH YJIeCi KOpCeTilreH.

E.M. Tax06aeB, M.2K. bypkees

Io3npasaenue ¢ wouaeem npogeccopa C.E. Kynaiideprenosa

Cratbs mocsiieHa 70-JeTHeMY F00HIICIO BBIIAIOIIETOCS Ka3aXCTAHCKOTO ydeHoOro-xumuka — KymaiiGepre-
HoBa CapkbiTa EnexenoBuua. B kpaTkoit ¢popme onmcansl ero TpyaoBoii myTh 1 HanboJiee 3HaYUMBbIE COOBITHS
HayuHoii kapbepbl. [Tokaszan Bkian nmpodeccopa C.E. KynaiibepreHosa B pa3Butie pU3NUECKOH XUMUH MOJH-
MEPOB U €Tr0 Y4aCTHE B HHTECPHALIMOHAIU3AIIUN HOHHMepHOﬁ Hay‘lHOl\;I IIKOJIBI.
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The use of Lewis acid AIClIs as a promoter in the Pd-complex catalytic system
of the cyclohexene hydroethoxycarbonylation reaction

This paper presents the results of detailed studies of the possibility of using Lewis acid AlICls as a promoter of
the catalytic three-component system PdCl2(PPhs)2—PPhs—AlICls in the hydroethoxycarbonylation reaction of
cyclohexene at low carbon monoxide pressures (2.5 MPa). As a result a high catalytic activity of the three-
component system was established and the reaction proceeds regioselectively with the formation of ethyl ether
of cyclohexanecarboxylic acid. The optimal conditions of the process have been elaborated (molar ratio of the
starting reagents [Cyclohexene]:[Ethanol] = 1:1; molar ratio of the components of the catalytic system =
= [PACI2(PPhs)2]:[PPhs]:[AICIs] = 1:6:9; carbon monoxide pressure Pco=2.5 MPa; process temperature
T =120 °C and reaction time T = 5 h) at which the target product yield reaches 80.7 %. To identify the obtained
ethyl ester of cyclohexane carboxylic acid gas chromatographic analysis and mass- and IR- spectra were carried
out. Based on the data obtained, a possible mechanism of the reaction route of cyclohexene carbonylation with
carbon monoxide and ethanol in the presence of the three-component system PdCl2(PPhs)>—PPhs—AlICls is pro-
posed and discussed.

Keywords: cyclohexene, carbon monoxide, Pd-complex catalysts, phosphine ligands, aluminium (I11) chloride,
hydroalkoxycarbonylation, ethyl ester of cyclohexanecarboxylic acid, “Hydride” mechanism.

Introduction

Production technologies based on the use of carbon oxides are being developed recently throughout the
world. Development of processes based on carbon monoxide use is motivated by a number of reasons. One of
key reasons is the need to use alternative sources of raw materials. Starting from 40’s of XIX century oil was
the main source of raw material for chemical production, and petrochemicals production on its basis developed
fast. However, a trend of crude production slowdown is observed today and effective processes that will be
able to replace it are being searched for [1-3].

The carbonylation method is used, on an industrial scale, in the synthesis of carboxylic acids, hydroxy-
acids, acid anhydrides, lactones, alcohols, ethers and esters, aldehydes and ketones. Many of these reactions
have been well-studied and developed but a number of processes still undergo the search for catalyst systems
with relatively high activity and selectivity.

It is possible to synthesize compounds with a large number of carbonyl groups having practical im-
portance by carbonylation of unsaturated compounds. Interest to this reaction is preconditioned by the possi-
bility of recovery of unsaturated compounds from non-petroleum raw material (natural gas, coal) [1-4].

The interaction of olefins with CO and H,O leads to the formation of linear or branched carboxylic acids.
Esters of carboxylic acids are obtained by replacing water with alcohol. The structure of the obtained esters
depends primarily on the nature of the catalysts used, as well as the conditions of their use. Derivatives of
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esters of carboxylic acids are mainly linear and a-branched, and synthesized with the participation of catalysts
based on metals of group VIII of the Periodic Table [5, 6].

— RCH,CH,COOR'

RHC=CH, + CO +ROH ]

L » RCH—COOR'

CHs

R=H, Alk, Ar  Cat. = metal complex catalysts

Currently, many studies have been carried out in the field of hydroesterification of alkenes [7-20] and
the degree of their transformation and sensitivity has been studied. Works [3, 17] have studied the influence
of various factors on carbonylation processes (at 70-95 °C, 1-4 MPa, for 3 hours) of primary alkenes, such as
propene, isobutylene, pentene-1, hexene-1, heptene-1, octene-1, and other terminal alkenes in the presence of
(PPh3),PdCI,—SnCl, catalysts. Output of obtained esters varies within limits of 70-95, depending on structure
of the used catalyst system.

Most of recent researches are focused on the processes of carbonylation of hexane-1, octane-1, decene-1,
and dodecene-1. In particular, hexene-1 was carbonylated in the presence of the PACl,-6PPhs-5p-TsOH system
at 125 °C and a pressure of 0.8 MPa [18, 19] as well as in the presence of the PdCl2(PPhs),-PPhs-AlCl3 system
at 120 °C and a pressure of 2.5 MPa for 5 hours [12]. As a result, 84-93.8 % of the product was obtained with
a selectivity of 98 %. In order to increase the selectivity with respect to linear esters, the systems PdCl,—mono-
phosphine ligand-LiCl-Lewis acid were used in the reaction of hydromethoxycarbonylation of alkenes [20].
The process was found to be influenced by parameters such as CO pressure, solvents and the nature of the
catalyst. 1-Dodecene was hydromethoxycarbonylated with a PdCl,—P(p-CsHs-OCHj3)s—LiCI-SnCl, catalyst
(T=110°C, Pco= 2.4 MPa, 22 h) in a high yield (93 %). The results of the carbonylation of octene-1 and
tetradecene-1 in the presence of the same catalytic system were obtained with high efficiency (96 %) within
22 hours. Previous works on the carbonylation of octene-1 together with methanol and CO in the presence of
the Pd(CH3COO),—PPhs—p-TsOH system at 80 °C and a pressure of 2.1 MPa showed a yield of 74 %, and the
conversion of the substrate was achieved in 3.5 hours [12]. Most of the studies mentioned above aimed at
increasing the yields of linear isomers, which is the main problem in the carbonylation of alkenes, since the
practical value of the resulting linear isomer of the product is very high.

Currently, cyclic carboxylic acids and their esters obtained from cycloolefins with carbon monoxide and
alcohols or phenols are an important raw material for the synthesis of pharmaceuticals and flavorings. There-
fore, more work is underway to find effective catalysts and optimal parameters for their preparation, as well
as research on kinetics and thermodynamics [6, 21-29].

) COOR
t.
+CO+ROH—a>©/

R=H, Alk, Ar  Cat. = metal complex catalysts

Esters of carboxylic acids are widely used in practice as pesticides, solvents in varnishes, dyes, flavours
in perfume compositions, additives to various types of fuel, additives to polymeric materials, etc. [30-31]. One
of the most important qualities is their use as semi-finished products in chemical and pharmaceutical synthe-
sis [5, 6]. Some esters are components of pharmaceuticals.

Based on the studies of the above literature, it is possible to conclude that the processes of carbonylation
of unsaturated compounds, especially olefins, is the most effective method for the synthesis of various organic
compounds of great practical importance. Compared to other methods for the production of carboxylic acid
esters, hydroalkoxycarbonylation of olefins has a number of advantages, such as single-stage processes, the
availability of raw materials, the possibility of influencing the reaction by changing the nature of the metal-
complex catalyst and the conditions of the process, which determines that the conduct on an industrial scale is
in all respects advantageous.
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Experimental

Primary reagents, features and methods of their study. Reagents produced by SIGMA-ALDRICH
(bis(triphenylphosphine)palladium (1) dichloride, cyclohexene (purity 99 %), triphenylphosphine, aluminium
trichloride), absolute ethyl alcohol, carbon monoxide reagent without superrefining (CO) were used as primary
reagents.

Equipments. Experiments were conducted in a steel laboratory autoclave reactor (capacity 100 ml)
equipped with a mixer and heater. The target product (ethyl ester of cyclohexanecarboxylic acid) was identified
by gas chromatography on an Agilent 7890A/5975C mass-spectrometer (USA). Chromatography conditions
were as follows: gas chromatograph 7890A with mass-selective detector 5975C produced by Agilent, helium
mobile phase (gas carrier), evaporation temperature 300 °C, flow shift (Split) 1000:1. Also, column heating
with initial oven temperature 40 °C (1 min), temperature increase 5 °C per minute and final value 250 °C that
is maintained for 1 minute were used. Total analysis time was 44 minutes and mass detector ionization was
carried out by electron impact method. A capillary chromatographic column HP-FFAP was also used; the
column length was 30 m, the inner diameter was 0.25 mm, the stationary phase was nitrophthalic acid modified
with polyethylene glycol.

Hydroethoxycarbonylation of cyclohexene. 0.08 g (1.14x10~4 mol) PdCI,(PPhs),, 0.180 g (6.84x10~* mol)
PPhs, 0.122 g (9.12x107* mol) AICls, 2.289 g (4.96x1072 mol) ethanol and 4.067 g (4.96x10-2 mol) of cyclo-
hexene were placed into a steel autoclave reactor (100 ml) equipped with a mixer and carbon monoxide injec-
tion device. Ratio of primary reagents and components of catalyst system was
[CsH10]:[C2HsOH]:[PACI2(PPhs)2]:[PPhs]:[AICIs] = 435:435:1:6:9. The reactor was sealed. To remove air in-
side of it, it is blown through with carbon monoxide three times and filled with carbon monoxide until pressure
reaches 1.5 MPa. Then, mixer and heater are turned on and within 1 hour temperature is increased up to 120 °C,
and carbon monoxide pressure grew up to 2.5 MPa. At a given temperature and pressure the reaction mixture
is intensively stirred for 5 hours. Then it is cooled to room temperature and reaction mixture fractionation is
carried out at atmospheric pressure. As a result of distillation, 6.244 g (80.7 %) of ethyl ester of cyclohex-
anecarboxylic acid was obtained.

Results and discussion

The reaction of cyclohexene hydroethoxycarbonylation in the presence of PdClz(PPhs)—PPhs—AlICI; cat-
alyst system has the following form:

(@]
\\C—O—C2H5

Pd-catalyst (1 mol%)
PPhy(6 mol%)
AICI5(9 mol%)

+ CO + C,HsOH

T=120°C
Pco=2.5 MPa
dur. =5h

The activity of the three-component catalytic system PdCI,(PPhs),—PPhs—AICIs, which contains AICI; as
a promoter, was studied in the hydroethoxycarbonylation of cyclohexene at low pressure (Pco = 2.5 MPa) of
carbon monoxide. A high catalytic activity of the catalytic system with respect to this reaction was found.
Cyclohexanecarboxylic acid ethyl ester formation reaction was confirmed by reference data for such charac-
teristics as GC/MS analysis, boiling point, and refractive index.

The effect of the reaction conditions (temperature, CO pressure, molar ratio of primary reagents, ratio of
the components of the catalytic system and reaction time) on the yield of the target product has been established
(Table 1).

Table 1 shows the results of the influence of various conditions on the yield of ethyl ester of cyclohex-
anecarboxylic acid as the target product of the reaction of hydroethoxycarbonylation of cyclohexene in the
presence of the system PdCl,(PPhs).—PPhs—AICls. Temperature, pressure of carbon monoxide, reaction time,
and the amount of AICl; in the PdCl,(PPhs),—PPhs—AICI; catalytic system were the main factors determining
the outcome of the process. An increase in the reaction temperature from 110 to 130 °C led to an increase in
the yield of target products from 65.8 to 80.7 %. A further increase in temperature reduces the yield of target
products due to catalyst deactivation (formation of palladium on carbon). The graphs of the yield of the target
products depending on the pressure of carbon monoxide and the duration of the reaction also have an extreme
form. Optimal conditions are Pco = 2.5 MPa, T =5 h. A further increase in the pressure of carbon monoxide to
3.0 MPa sharply reduces the yield of the target products. Apparently, that is due to competition between the
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olefin and carbon monoxide behind the center of the palladium focal point. The molar ratio of AICls in the
catalytic system also strongly affects on the yield of the target products. An increase in the PdClz(PPhs)—
PPhs—AICl; ratio from 1:8 to 1:9 led to an increase in the yield of target products from 72.6 to 80.7 %; a further
increase in the excess of AICI; reduces the yield of the target product. No solvents were used in this reaction,
and the ratio of the starting reagents affected the product yield. With the ratio [CsH10]:[C2HsOH] = 661:435,
the product yield is 72.3 %; further reduction to [CsHio]:[C2HsOH] = 435:435 gives the highest product yield
of 80.7 %, but further reduction to [CgH10]:[C2HsOH] = 217.5:435 reduces the yield of the target product.

Table 1
Hydroethoxycarbonylation of cyclohexene in the presence of the PdCl2(PPhs)>—PPhs-AIClz system

Exp. Product
n’;p [CeH10]:[C2HsOH] [PACIz(PPhs)2]:[PPhs]:[AICIS] 7,°C |Pco, MPa| 1,h ygg“;
1 661:435 1:6:9 120 25 5 723
2 435:435 1:6:9 120 2.5 5 80.7
3 217.5:435 1:6:9 120 2.5 5 55.6
4 435:435 1:6:8 120 25 5 72.6
5 435:435 1:6:10 120 25 5 74.2
6 435:435 1:6:9 130 25 5 66.7
7 435:435 1:6:9 110 25 5 65.8
8 435:435 1:6:9 120 3.0 5 68.0
9 435:435 1:6:9 120 2.0 5 43.4
10 435:435 1:6:9 120 2.5 4 68.5
11 435:435 1:6:9 120 25 6 77.2

Thus, it was found that the three-component catalytic system PdCl,(PPhs)—PPhs—AICls, which contains
AICIs as a promoter in the carbonylation reaction of cyclohexene at a low carbon monoxide pressure (2.5 MPa),
exhibits high catalytic activity. As a result, the following effective parameters were identified:
[CeH10]:[C2HsOH]:[Pd]:[PPhs]:[AICIs] = 435:435:1:6:9, Pco = 2.5 MPa, T = 120 °C, t = 5 h. Under the devel-
oped optimal reaction conditions, the yield of ethyl ester of cyclohexanecarboxylic acid was 80.7%.

The study and identification of the fractionated product was carried out as mentioned above (experimental
part), by gas chromatography method (shown in Figure 1). On the chromatogram we can observe a change in
the value of the total ion current at the 19th minute of exposure, which, in turn, indicates the presence of the
target product — ethyl ester of cyclohexanecarboxylic acid (at the 1st minute — unreacted ethanol; at the 3rd
minute — unreacted cyclohexene).

Abundance
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2000000,
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Figure 1. GC analysis of target product

CHEMISTRY Series. No. 2(102)/2021 11



N.Zh. Kudaibergenov, K.M. Shalmagambetov et al.

Along with the hydroethoxycarbonylation of cyclohexene in the presence of the catalytic system
PdClI,(PPhs)—PPhs—AICl; with AICIs in its composition as a promoter, there can also be a “hydride” mecha-
nism, reminiscent of the carbonylation process, which occurs in the presence of strong hydrogen acids
(p-TsOH, etc.).

The mechanism of the reaction of hydroethoxycarbonylation of cyclohexene can proceed in the same way
as the mechanism of hydroethoxycarbonylation of octene-1 in the presence of the catalytic system
PdCl>(PPhs)—PPhs-AICl; [7].

H*[(C,HsO)AICI,]

[(C,H50)AICIS]

O
Il
_C-0—=CyHs
O PhsPy, gl @
c1”” "\ Vppn, f
- C,HsOH
(L ®
11
C

Ph3P///l'. p:d “\\\\\\CI |_I’|I

PPhg PhSP////,. ‘\\\\\C|

a”  Vepn,
.--CO

P4
AN @!
PhePs, 3 NC
N
) a” epn,
CcO

Figure 2. “Hydride” mechanism of cyclohexene hydroesterification reaction

The mechanism of cyclohexene hydroesterification in the presence of three-component PdClx(PPhs)—
PPhs—AICl; catalyst system is shown in Figure 2. The stage of HPd hydride complex formation is the main
stage of the process. This complex gives the possibility of further catalytic cycle. When ethanol interacts with
aluminum (I11) chloride, which is a strong Lewis acid, it is possible to get the formation of H*[C;HsOAICl;]~
proton and [C2HsOAICIs]™ of weakly coordinating anions complexes. The polarization of O-H bonds in alcohol
under the action of strong Lewis acids allows the process to take place according to the hydride mechanism.

Conclusions

The activity of the three-component catalytic system PdClx(PPhs).—PPhs—AICls with AICl; in its compo-
sition as a promoter in the carbonylation reaction of cyclohexene with carbon monoxide and ethanol was in-
vestigated. A high catalytic activity of this catalytic system was found. The effect of process conditions, such
as components of catalyst system ratio and primary reagents mole ratio, temperature, CO pressure, reaction
time on the result of the hydroethoxycarbonylation reaction of cyclohexene in the presence of the catalytic
system PdCl,(PPhs)—PPhs-AlICl; at low carbon monoxide pressure was studied. Optimal parameters were
identified: [CsH10]:[C2HsOH]:[Pd]:[PPhs]:[AICIs] = 435:435:1:6:9, Pco = 2.5 MPa, T = 120°C, t=5 h. The
possibility of cyclohexanecarboxylic acid ethyl ester synthesizing at these parameters with a yield of 80.7 %
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was investigated. Ethyl ether of cyclohexanecarboxylic acid is of great practical importance as flavoring
agents, food additives in food, pharmaceutical and other industries.

This research is funded by the Science Committee of the Ministry of Education and Science of the Repub-
lic of Kazakhstan (Grant No. AP09058656 “Development of scientific foundations for metal complex hydroal-
koxycarbonylation of Cs-Cio olefins in oil refining”).
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H.X. Kynait6eprenos, K.M. IllanmaramberoB, A. BaBacopu, I'.2K. XKakcbuibikoBa,
®.M. Kananuesa, I1. Anmatkeisel, J.b. Mambipxan, M. BynbiOaes

Hukaorexkceni ruIpO3ITOKCUKAPOOHIIIIEY peakuuscbiHbIH Pd-kommexkcri
KaTaanTuKAIBIK kyiecinge AlCl3 JIbonc KbIIKBLIBIH IPOMOTOP PeTiHae KOJIaHy

Makanama KeMipTeK OKCHAIHIH TOMEH KbIChIMbIHAA (2,5 MIla) muKIOreKceHai THAPOITOKCUKApOOHMWIICY
peaxuusceiaaa yur koMmnoneHTTi PACl2(PPhs).—PPha—AlCIs katanutrkanbIk xyleciHiH MpOMOTOPhI peTiHe
AICI3 JIptonc KbIIKBUIBIH TafijanaHy MYMKIHIITIHIH 3epTTey HoTkenepi kenripinren. Hormkecinzme yur
KOMITOHEHTTI JKYHEHIH JKOFaphl KATAIUTHKAIBIK OCNCEHIUTITT JKOHE peaklHs PpPETrHOCEeNeKTHBTI
[UKJIOTEKCAHKAapOOH KBIIIKBUIBIHBIH AT 3(QUPIH Ty3€ OTHIPBIN KYPETIHIITI aHBIKTANAB. [IpotecTiH oHTaIIbI
mrapTrapel  TaObUTBIN  (OacTamkel — peareHTTepHiH MoJdb KarbiHacekl  [L{ukiorekcen]:[Dtanon] = 1:1;
KaTaJIMTHKAJIBIK XYiie KOMIOHeHTTepiHiH MossipiibIK KaTbiHachl = [PACl2(PPhs)2]:[PPhs]:[AICIs] = 1:6:9; Pco
KOMIpTeTi TOTBIFBIHBIH KbICBIMBL = 2,5 MIIa; nponecc remneparypacsl T = 120 °C sxoHe peakius yakbITh T = 5
car), OHJIa MaKCaTThl OHIMHIH MIBIFBIMBI 80,7 % KeTTi. ANBIHFaH IUKIOTCKCAHKAPOOH KBIIIKBUIBIHBIH 3THII
2¢upiH aHBIKTAy YLIIH ra3oxpomartorpadusblK Tanaay Kyprisiuimn, macc- xone MK-cnekrpiepi Tycipinmi.
Anbiran Monimertep Herisinge ym kommoHeHTTI PdClz(PPhs)—PPhs—AICls sxyiteciHiH KaTbICybIMeH
[UKIOTEKCEHHIH KOMIPTEK OKCHI »OHE O3TaHOJIMEH KapOOHWIIEY pPEaKIUACHIHBIH MYMKIH OOJaThIH
MEXaHU3Mi YCHIHBUIIBI KOHE TaKbUIAHIBL.

Kinm ce30ep: nMKIOTEKCEH, KOMipTeK MOHOKcHi, Pd-koMmruiekcTi karamusatopiap, Gochunmi muranarap,
amomunnii (III) xmopwai, TUAPOANKOKCHKApOOHWIEY, LUKIOTeKCAaHKapOOH KBIIKBUIBIHBIH JTHI 3¢dupi,
«THAPUITIK» MEXaHHU3M.
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The use of Lewis acid AICls as a promoter ...

H.X. Kynaii6eprenos, K.M. IllanmaramberoB, A. BaBacopu, I'.2K. XXakcbuibikoBa,
®.M. Kananuena, [1. Anmatksizsel, [1.b. Mambipxan, M. Byneioaes

Hcnoab3oBanue kucjaortsl JIsrouca AICI; B kauecTBe mpoMmoTopa
B Pd-KOMILUIEKCHOM KATAJIUTHYECKON CUCTEME B peaKuu
THAPO3TOKCUKAPOOHUIMPOBAHNSA HMKJIOTeKCeHA

B crarbe npecTaBieHbI pe3yIbTaThl ICTATBHBIX HCCIEI0BAHHH BO3MOKHOCTH UCIIOIB30BaHMUsI KUCIOTHI JIbtorca
AICI3 B kauecTBe MPOMOTOPA KaTaIUTHUECKOM TpexkoMmmnoHeHTHOH cucteMbl PACl2(PPhs)2—PPhs—AlICIs B pe-
aKIUK THIPO3TOKCUKAPOOHUIMPOBAHUS IMKIOIeKCEHA MpPH HU3KHX JABJICHUSAX MOHOKCHIOA YIJIepoja
(2,5 MITa). YcTaHOBIIEHBI BHICOKAs KATATUTHYECKAs! AKTHBHOCTH TPEXKOMIIOHEHTHOMN CHCTEMBI U PETHOCEIICK-
THBHOE NIPOTEKAaHUE PEaKLUU ¢ 00pa30BaHHEM STHIOBOTO 3(GHpa IHUKIOreKCaHKapOOHOBOH KHUCIOTHI. Paspa-
0OTaHBI ONITHMANbHBIC YCIOBUS Mpoliecca (MOIbHOE COOTHOILICHHE UCXOIHBIX PEAareHTOB [IIMKIOTeKCceH]:[3Ta-
Hou| = 1:1; MOJIAPHOE COOTHOIIEHNE KOMIIOHEHTOB KaTanmuTuueckon cuctemsl = [PAdCl2(PPhs)2]:[PPhz]:[AICIs]
= 1:6:9; naBnenne MoHOKcHa yriepoaa Pco=2,5 MIla; temneparypa nponecca T = 120 °C n Bpemst peakiyuu
T =5 ), mpu KOTOPBHIX BBIXOJ LieJeBOr0 npoaykra gocruraet 80,7 %. s naeHTH(HHKALNY [T0Ty4EHHOTO 3TH-
JI0BOTO 3()Hpa LIUKIOreKCaHKapOOHOBOM KHCIOTHI IPOBE/ICH ra30XpoMaTorpaduuecKuii aHainu3 1 CHATHI Macc-
u VK- criektpsl. Ha 0OCHOBaHHH MOJTyUYCHHBIX TAHHBIX MPE/IOKEH H 0OCYKICH BO3MOXKHBINA MEXaHHU3M IIPOTE-
KaHHUs PeaKMi KapOOHMINPOBAHUSA LIMKJIOT€KCEHA MOHOKCHIOM YIJIEpOJia U STaHOJIOM B IIPUCYTCTBHH TPEX-
kommonenTHo# cuctembl PACl2(PPhs)2—PPhs—AlICls.

Knrouegvie cnosa: IMKIOTEKCEH, MOHOKCHI yrieposa, Pd-koMIuieKcHbIe KaTanu3aTopsl, GpochrHOBbIC JH-
raapl, xaopua amromunus (11), ruapoankokcukapOOHIIHPOBaHIE, STHIOBBIH 3(pUp MUKIOreKCaHKapOOHOBOM
KUCJIOTBI, TUIPUIHBIH MEXaHH3M.
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Study of the phenolic compounds of the dry extract of Thymus crebrifolius
using a combined HPLC-UV and HPLC-ESI-MS/MS method

In world practice interest in herbal medicines is noticeably increasing every year. From this point of view,
plants of the Thymus L. genus of the Lamiaceae family are of undoubted interest. Previously we have obtained
a dry extract from the aerial part of an endemic plant of the flora of Kazakhstan Thymus crebrifolius Klokov for
the first time by double extraction of raw plant materials with 70% ethanol using ultrasound. Dry extract of
Thymus crebrifolius has a wide spectrum of antimicrobial activity, including against Helicobacter pylori, while
it is not toxic, and can be used as an antimicrobial agent. The article presents the results of a study of the
composition of phenolic compounds of dry extract of Thymus crebrifolius using a combined HPLC-UV and
HPLC-MS/MS method. 12 phenolic compounds have been identified and quantified in the dry extract of Thy-
mus crebrifolius. Four of them are phenolic acids, and eight are flavonoids. The dominant phenolic compounds
are luteolin-7-O-glucoside (109.00 mg g '), rosmarinic acid (30.98 mg g™!), naringenin (24.84 mg g™'), epicat-
echin (9.98 mg g!), myricetin (6.15 mg g') and gallic acid (3.41 mg g'). The results of chromatographic
analysis will be used to standardize drugs based on dry extract of Thymus crebrifolius.

Keywords: Thymus crebrifolius Klokov, dry extract, HPLC-UV, HPLC-ESI-MS/MS, phenolic acids, flavo-
noids, luteolin-7-O-glucoside, rosmarinic acid.

Introduction

In world practice, interest in herbal medicines is noticeably increasing every year. At the same time,
special importance is attached to the study of wild-growing plants and their use both in the form of medicinal
raw plant materials and for the production of new drugs.

From this point of view, plants of the Thymus L. genus of the Lamiaceae family are of undoubted interest.
The attention of researchers has long been attracted by plants of the genus Thymus L., whose representatives
are a source of medicinal plant materials with a wide spectrum of action.

The State Pharmacopoeia of the Republic of Kazakhstan includes the herb Thymus serpyllum L. and the
herb Thymus vulgaris L. as medicinal plants [1]. In official medicine these herbs are used as a medicinal plant
material with antibacterial, astringent, anti-inflammatory, sedative, anticonvulsant, expectorant, antispas-
modic, choleretic, analgesic, diuretic, wound healing and anthelmintic effect. It is used in the form of decoc-
tions and infusions [1].

At the same time, a possible reduction in stocks of medicinal raw plant materials leads to the need to
expand the raw material base of official medicinal plants at the expense of additional plant sources and their
complex use. The results of study of the distribution of the genus Thymus L. showed that 15 species grow on
the territory of Central Kazakhstan, 5 of them are endemic, including Thymus crebrifolius Klokov. It should
be noted that Thymus vulgaris L. does not grow in the Karaganda region. In Central Kazakhstan, the most
common Thymus serpyllum L. Thymus crebrifolius form large thickets in certain geographical areas, for ex-
ample, in the Ulytau mountains [2]. According to the results of a survey of raw materials on the territory of
the Karaganda region, Thymus crebrifolius has sufficient general operational reserves and possible volumes of
annual procurements for use in pharmacy and medicine. However, the composition and biological properties
of Thymus crebrifolius remain largely unexplored.

Previously we have obtained a dry extract from the aerial part of Thymus crebrifolius Klokov for the first
time by double extraction of plant raw materials with 70% ethanol using ultrasound. Dry extract of Thymus
crebrifolius has a wide spectrum of antimicrobial action, including against Helicobacter pylori. It is non-toxic,
and can be used as an antimicrobial agent both individually and in complex therapy [3].

Therefore, the purpose of our work is to study the phenolic compounds of the dry extract of Thymus
crebrifolius using the HPLC-UV and ESI-MS/MS combined method.
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Experimental

For study the aerial part of Thymus crebrifolius Klok. was collected in the population of the Karaganda
region of the Republic of Kazakhstan, in the vicinity of the city of Zhezkazgan in the Ulytau mountains
(N 48°4213'; E 66°5910") in June 2020 in the full flowering phase. Raw plant materials were dried, crushed
and stored in accordance with the requirements of the State Pharmacopoeia of the Republic of Kazakhstan for
medicinal plants [1]. Botanical identification was confirmed at the Institute of Botany and Phytointroduction
of the Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan (conclusion
on the species belonging of plant samples No. 01-04/261).

Dry extract of Thymus crebrifolius was obtained by double extraction of air-dry raw materials (leaves,
flower baskets and thin stems) with 70% ethanol, without soaking. The ratio of raw material mass and extract-
ant volume was 1:20. This was carried out in an Ultrasonic Cleaner at an ultrasonic frequency of 40 kHz at
room temperature (20-22 °C) for 30 minutes. After ultrasonic treatment, the liquid extracts were filtered and
the extractant was evaporated on a rotary evaporator to dryness at a temperature of 50 °C [3]. Dry extract of
Thymus crebrifolius is a dark green mass with a specific odor, which is easily soluble in 70% ethanol, dime-
thylsulfoxide, partially soluble in purified water, chloroform, ethyl acetate. The yield of dry extract of Thymus
crebrifolius was 5.76+0.07 %, in terms of air-dry raw materials. The quality indicators of the obtained dry
extract of Thymus crebrifolius met all the requirements of the analytical regulatory document.

High-performance liquid chromatography (HPLC) combined with an ultraviolet detector (UV) and real-
time tandem mass spectrometry (ESI-MS/MS) were used to analyze the polyphenolic compounds of ultrasonic
extract. The following reagents were used in the study: acetonitrile (ACN) for HPLC (>99.9%, Sigma-Aldrich,
France), formic acid (99-100 %, AnalaR NORMAPUR®, VWR Chemicals, France), highly purified water
was prepared using a Milli-Q water purification system (Millipore, France). The 17 selected phenolic com-
pounds, standards (gallic acid, caffeic acid, chlorogenic acid, ferulic acid, rosmarinic acid, catechin, epicate-
chin, naringin, rutin, luteolin-7-O-glucoside, luteolin, quercetin, apigenin, kaempferol, dihydroquercetin, my-
ricetin, naringenin) were purchased from Sigma-Aldrich (USA).

The analysis was performed on an “Agilent 1260 Infinity HPLC system” liquid chromatograph (Agilent
Technologies, USA), equipped by G1311C 1260 Pump VL, autosampler G1329B 1260 ALS, thermostatted
column compartment G1316A 1260 TCC; variable wavelength detector G1314C 1260 VWD VL+ and mass-
spectrometer G6130A Quadrupole LC-MS/MS. Operated by Windows NT based ChemStation software was
used.

Chromatographic separations were carried out on a column with a “Zorbax Eclipse Plus C18” reversed-
phase sorbent (150 mm X 4.6 mm, 3.5 um, Agilent Technologies, USA). For the separations a gradient of
mobile phase A (2.5 % (v/v) formic acid in water) and mobile phase B (2.5 % (v/v) formic acid in acetonitrile)
was used. The gradient profile was set as follows: 0.00 min 3 % B eluent, 5.00 min 10 % B eluent, 10.00 min
20 % B eluent, 15.00 min 30 % B eluent, 45.00 min 40 % B eluent, 50.00 min 30 % B eluent, 55.00 min 20 %
B eluent and 60.00 min 3 % B eluent. The flow rate was 0.4 mL/min, the column temperature was 30 °C. The
ultrasonic extracts and standards were dissolved in a mixture of solvents acetonitrile : water = 1:1 (v/v). The
injection volume was 20 pL for ultrasound extracts and for standards. The column effluent passed through a
UV detector before arriving in the MS interface. UV detection wavelengths were 280 nm and 360 nm. The
electrospray ionization mass spectrometry detection was performed in negative mode with the following opti-
mized parameters: capillary temperature 350 °C; drying gas N, 8 L/min; nebulizer pressure 45 psi. Data gain-
ing was performed using multiple reactions monitoring (MRM) method that only monitors specific mass tran-
sitions during preset retention times.

The identification of each compound was performed by comparing their retention times with authentic
standards and also confirmed by an Agilent G6130A LC-MS/MS spectrometer equipped with an electrospray
ionization source. The quantitative content of phenolic compounds in the ultrasonic extract was calculated by
the method of an external standard [4].

Results and Discussion

The composition of phenolic compounds of dry extract of Thymus crebrifolius was studied for the first
time using HPLC-UV and ESI-MS/MS combined method. The composition of the phenolic substances of the
dry extract of Thymus crebrifolius and the mass spectra for the identified compounds in the negative ionization
mode are listed in Table 1. The HPLC-UV and HPLC-ESI-MS/MS chromatograms of the test extract and the
identified phenolic compounds are shown in Figure 1.
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Figure 1. HPLC-UV and HPLC-ESI-MS/MS chromatograms, the total ion chromatogram (TIC)
and of the identified phenolic compounds of dry extract Thymus crebrifolius (SIM)
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Table 1

Identification and content of phenolic compounds of dry extract of Thymus crebrifolius

Retention time M-H~ . . Quantification
Peak (min) (mi2) Compound identity (mg g~! dry extract)
1 4.932 169 Gallic acid 3.4120.16
2 13.466 353 Chlorogenic acid 0.82+0.08
3 15.588 289 Catechin 1.2740.09
4 17.187 289 Epicatechin 9.98+0.12
5 19.166 609 Rutin 3.4340.18
6 19.880 447 Luteolin-7-O-glucoside 109.00+1.18
7 21.926 193 Ferulic acid 0.04+0.01
8 22.699 359 Rosmarinic acid 30.98+0.24
9 23.327 317 Myricetin 6.15+0.37
10 33.723 271 Naringenin 24.84+32
11 37.057 285 Luteolin 0.10+0.01
12 38.924 285 Kaempferol 0.60+0.05

The use of a “Zorbax Eclipse Plus C18” column with a particle size of 3.5 um and a gradient elution
mode made it possible to achieve a satisfactory separation of o > 1. Identification and assignment of each
compound was performed by comparing their HPLC-UV retention times and HPLC-ESI-MS/MS mass-spectra
with data from authentic phenolic standards and by the addition of witness taps. Phenolic compounds were
quantified by the integration peaks on HPLC-UV chromatograms using an external standard method.

The dry extract of Thymus crebrifolius contains such phenolic acids, as gallic acid, chlorogenic acid,
ferulic acid and rosmarinic acid. The flavonoids identified in the studied extract belong to the groups flavanols
(catechin, epicatechin), flavones (luteolin-7-O-glucoside, luteolin), flavonols (rutin, myricetin, kaempferol),
flavanone (naringenin). The dominant phenolic compounds are luteolin-7-O-glucoside (109.00 mg g'), ros-
marinic acid (30.98 mg g '), naringenin (24.84 mg g'!), epicatechin (9.98 mg g '), myricetin (6.15mg g™') and
gallic acid (3.41 mg g ).

The literature reports that the qualitative composition and quantitative content of phenolic compounds in
plants of the genus Thymus L. vary depending on the species, geographical region, climatic conditions, grow-
ing environment and growing season. Rosmarinic acid is the most common phenolic acid in extracts of the
genus Thymus L. It has a wide spectrum of biological activity: anti-inflammatory, antitumor, antiproliferative,
antiviral and others. Rosmarinic acid is one of the most effective natural antioxidants. Luteolin-7-O-glucoside
is the most common flavonoid in extracts of the genus Thymus L. It has a wide spectrum of biological effects,
including suppressing oxidative stress [5-7].

Luteolin-7-O-glucoside and rosmarinic acid are identified as the main components not only in dry extract
of Thymus crebrifolius Klok., but also in dry extracts of two chemotypes Thymus serpyllum L. and two endemic
species Thymus rasitatus Klok., Thymus eremita Klok. Therefore, luteolin-7-O-glucoside and rosmarinic acid
can be considered as chemical markers of plants of the genus Thymus L. growing on the territory of Central
Kazakhstan.

Conclusions

As a result of the study, the composition of the phenolic compounds of the dry extract of the endemic
plant of the flora of Kazakhstan Thymus crebrifolius Klokov was studied for the first time using the HPLC-
UV and ESI-MS/MS combined method. In the dry extract of Thymus crebrifolius 12 phenolic compounds have
been identified and quantified, four of them are phenolic acids, and eight are flavonoids. The dominant phe-
nolic compounds are luteolin-7-O-glucoside, rosmarinic acid, naringenin, epicatechin, myricetin, and gallic
acid. The results of chromatographic analysis will be used to standardize drugs based on dry extract of Thymus
crebrifolius.

The study was carried out with the financial support of the Science Committee of the Ministry of Educa-
tion and Science of the Republic of Kazakhstan, within the framework of grant funding project
No. AP08956260 “Development of the composition and technology of original herbal medicines for the treat-
ment and prevention of Helicobacter pylori-associated diseases”.
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C.A. UBacenko, K K. Illakapumona, A.b. bokaeBa, A.b. MapueHko,
A.B. JlaBpunenko, C.1. KonecHnueHnko

KTCX-VYK xone dKTCX-MC/MC apanac 9iciH KOJIIaHYbIMEH
Thymus crebrifolius KypFak cbIFBIHABICHIHBIH ()eHOABIK KOCHLIBICTAPBIH 3€PTTEY

OneMIiK TaxKiprbe e KT CaifbIH ©CIMIIK TEKTeC TOpLTiK IpenapaTTapra JereH KbI3bIFYIIBUIBIK alTapIIbIKTai
aprhin kenexni. Ochl TyprblIaH anFanaa, Lamiaceae tykpiMaacsiHbie Thymus L. TyKeIMaac eciMaikTepi co3cis
KBI3BIFYIIBUIBIK TYJBIPajbl. ByFaH NeiliH yibTpaAbiOBICTHI KOJIAHA OTHIPHIN, OCIMIIK MHKi3aTeiH 70 %
JTaHOJIMEH eKi per akctpakuumsuiay apkeutel Thymus crebrifolius Klokov Ka3zakcTaHHBIH 3HIEMHKAIBIK
(topacslHBIH Kep YCTi ecCiMIiriHeH Kyprak CBIFBIHABI alblHFaH OomateiH. Thymus crebrifolius kyprax
CBIFBIH/IBICHI MUKPOOKAKapChI 9CEp/IiH KeH crekTpiHe ue, conbiy iminae Helicobacter pylori-re kateicTsl, yibt
eMec JKOHE OHBI MHKPOOKAKapChl IpemapaT peTiHxe maiimamanyra Ooxansl. Makamaga XXTCX-VK xone
KTCX-MC/MC apainac oaicin naiaanana oteipsin, Kazakcran (opachHBIH S9HIEMHUKAJIBIK ociMairi Thymus
crebrifolius Klokov Kyprak ChIFBIHABICHIHBIH (DEHONIBIK KOCBUIBICTAPBIHBIH KYPAMbIH 3€PTTEY HOTHIKEIepi
ycoiapuran. Thymus crebrifolius kyprak ceirbiHIBICEIHIA 12 (DEHONIBIK KOCBUIBICTAp COMKECTEH TP jKoHEe
CaHABIK TYPJE aHBIKTAIIBI, OJIAPJBIH TOpTeyi (PEeHON KBILIKBUIAAPEL, ceri3i — duaBoHOMaTap. JJOMUHAHTTHI
(denonmBIK KOCBUTBICTAp JroTeonuH-7-O-rmoko3un (109,00 mr/r), posmapun Kprmksuiel (30,98 mr/r),
HapunreHuH (24,84 mr/r), smukarexus (9,98 mr/r), mupuuerus (6,15 mr/r) xone ramn Kpimksuist (3,41 mr/r)
Gombin TabbUTamBl. XpoMmarorpadusuislk Tanmay HoTmkexepi Thymus crebrifolius kyprak ChIFBIHIBICHIHA
HETI3JIeNTeH Jopi-TopMeKTep/li CTaHAapTTAy YIIiH KOJIaHBUIa bl

Kinm ce30ep: Thymus crebrifolius Klokov, xyprak ceireiage, JXKTCX-YK, XTCX-MC/MC, denon
KBIIIKBIIIAPHI, (PJIaBOHOMATAP, JFOTEONNH- /-O-TIII0K031A, pO3MapHH KBIIIKBLIBL.

C.A. UBacenxko, K K. Illakapumona, A.b. bokaeBa, A.b. MapueHnko,
A.B. JIaBpunenko, C.1. Konecanuenko

N3yuenne peHOJBLHBIX COeTMHEHNH CyXoro skcTpakTa Thymus crebrifolius
C UCMOJIb30BaHNEeM KOMOUHUPOBAHHOTO MeToAa BIKX-YD u BIKX-MC/MC

B MHpOBO#1 MPaKTHKE ¢ KaXIbIM TOJOM 3aMETHO BO3PACTaeT MHTEPEC K JICKAPCTBEHHBIM IIperapaTaM pacTH-
TeIBHOTO MpoucxoxaeHus. C 3TON TOYKH 3peHust 0c000e BHUMAaHKE MPUBJICKAIOT pacTeHus poaa Thymus L.
cemeiictBa Lamiaceae. Hamu paHee BrepBbIe MMOMyUYCH CYyXOW SKCTPAKT M3 HAA3EMHOM YacTd SHAEMHYHOTO
pacrenus ¢uopsl Kasaxcrana Thymus crebrifolius Klokov aBykparHoii sxcTpakiueii pacTHTEIBHOTO ChIPS
70 %-HbBIM 3TAHOJIOM C HCIIOJIb30BaHKeM yibTpasByka. Cyxoit akctpakt Thymus crebrifolius o6iamaet mupo-
KHM CIIEKTPOM aHTUMUKPOOHOTO JeicTBHs, B TOM uucie B otHomenun Helicobacter pylori, mpu sTom ou e
TOKCHYEH W MOXET ObITh HCIIOJb30BaH B Ka4ECTBE aHTHMHKPOOHOrO CpelcTBa. ABTOpaMH IPE/ICTaBJICHEI
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Ppe3yJIbTaThl HCCIIEOBAHMS COCTaBa (PEHOIBHBIX COSMMHEHHI CyX0oro skcTpakra Thymus crebrifolius ¢ ucmosns-
30BaHHEM KOMOMHHUpOBaHHOTO MeTona BIXKX-Y® u BOXX-MC/MC. B cyxom skcrpakre Thymus crebrifo-
lius uaeHTHGUIHPOBAHO U KOJIMYECTBEHHO Onpe/esieHo 12 (eHOMBHBIX COSANHEHHI, U3 HUX 4 — (DeHONIbHBIC
KUCIOTHI, 8 — draBoHOUABI. JIOMUHUPYOMUMH (hEHOIBHBIMU COCAHHEHHSAMH SBIISIFOTCS JTFOTCONHH- 7 -O-TI1t0-
ko3uzx (109,00 mr/r), posmapuHoBas kuciora (30,98 mr/r), Hapunrenu (24,84 mr/r), snukarexus (9,98 mMr/r),
mupunetus (6,15 mr/r) u ramwiosas kuciora (3,41 mr/t). Pesynbrarsl XxpomaTorpaguyeckoro aHanusa OyayT
HCHOJIb30BaHbI ISl CTaHAaPTU3aLMHU JICKAPCTBEHHBIX CPEACTB Ha OCHOBE CyXOro skcrpakra Thymus crebrifo-
lius.

Knroueswie crnosa: Thymus crebrifolius Klokov, cyxoii skcrpakr, BOXX-Y®, BOXXX-MC/MC, denonbHbie
KHUCIIOTHI, (pJIAaBOHOMIBL, JIFOTEOIUH-7-O-TIII0KO3U, PO3MApUHOBAsE KUCIIOTA.
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Pd(I1) extraction from acid solutions by bis-(2-hidroxyl-5-alkylbenzyl)amine

It is known that a series of organic compounds contained in the molecule SH, NH groups have the ability to
form the intracomplex compounds under certain conditions. These compounds allow to carry out the extraction
in acidic medium and therefore prevent the hydrolysis process. They are not dissolved in water but are soluble
in various solvents and form colored solutions and so may be used in extraction chemistry. The main purpose
of this paper was to study the ability to extract palladium by bis-(2-hidroxyl-5-alkylbenzyl)amine, synthesized
in the laboratory on the basis of industrial alkylphenols. Ammonium acetate with various pH was used as a
buffer to extract palladium from PdCl2-2H20 0.1 mkg/ml solution. The main task for the use of inert organic
compound in extraction is the selection of a reagent which dissolves it but does not form any compound. For
this purpose the influence of different solvents on this reagent was researched. The experiments show that bis-
(2-hidroxyl-5-alkylbenzyl)amine is dissolved well in organic solvents. Its solution, for example in kerosene, is
light-resistant, does not hydrolyze in water, alkalis and acids. Thus bis-(2-hidroxyl-5-alkylbenzyl)amine may
be recomended for palladium extraction.

Keywords: extraction, palladium, alkilbenzilamines, diluent, intracomplex compounds, acidic environment, hy-
drolysis, industrial alkylphenol.

Introduction

A consistent and thorough study of the search and synthesis of new extractants and their ability to extract
important elements, in particular, platinum group metals, are important. Every work done in this area leads to
the development of extraction chemistry of platinum group metals and accelerates the solution of practical
issues.

From this point of view, a number of organic compounds have the ability to form inner complex combi-
nations with metal ions under certain conditions. These organic compounds mainly include SH, NH groups in
the molecule. Extraction became a modern technique to recover and separate noble metals, including palla-
dium(Il). Several reagents were proposed, including hydroxyoximes, alkyl derivatives of 8-hydroxyquinoline,
hydrophobic amines and esters of pyridine carboxylic acids [1]. Some of them are used in the industry. How-
ever, the extraction occurs very slowly which is caused by the nature of hydrophobic extractant and symmet-
rical palladium complex.

The amine type extraction reagents are perspective for the separation of palladium from acidic nitrate
solutions like waste solutions. Palladium is extracted by quaternary ammonium salts from the nitric acid solu-
tions effectively, tertiary amines offer low distribution ratios. The effectiveness of extraction by these reagents
increases considerably in the presence of small amounts of chloride ions [2].

The mechanism of palladium extraction from hydrochloric acid is well studied; the extraction from nitrate
medium is less known. At low chloride concentrations, it has been observed that with an increase of palladium
concentration the distribution ratio increases, and the mechanism of extraction is complex.

It was shown that palladium(ll) is efficiently extracted with (RS)-1-[2-(2,4-dichlorophenyl)pentyl]-1H-
1,2,4-triazole from 0.2-5.0 M HNO; solutions and can be selectively separated from Ni(ll), Cu(ll), Pb(ll),
Fe(l11), Ag(l), as well as from lanthanides(I11) in 2-4 M HNO; solutions [3]. The extraction of Pd(Il) from
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1 M HNO:s solution proceeds via coordination mechanism,; this is an endothermic process in the 10-30 °C
temperature range.

It was shown by extraction methods and IR spectroscopy that thiacalixarenes 2 extract complex species
[PdaLimHs-2n] (m =1, n =1 and 2) and [(PdA2)nLnH4] (A = NOs~, m = 1, n = 1-4) from nitric acid solutions at
pH 3 [4]. Extraction constants for these palladium species that describe experimental data were calculated.

A comparison [5] was made between the separate extraction and coextraction of neodymium and palla-
dium from nitric acid solutions with bifunctional phosphorylated thiacalix[4]arene (TCPO) and model mono-
functional extractants (phosphorylated calixarene (CPO), thiacalixarene (TCA), and their mixtures) for mutual
influence evaluation of S- and PO-donor sites of the extractants. The results of the extraction with TCA-CPO
mixtures are of interest for a simplified process (PUREX) and a process being developed (CARBEX) as ap-
plied to recovery of neodymium and palladium from nitric acid solutions and their separation from carbonate
solutions after neodymium stripping.

The work [6] studied the extraction of chloropalladium complexes with solutions of trioctylmethylammo-
nium di(2,4,4-trimethylpentyl)dithiophosphinate in toluene over a wide range of aqueous acidities. Distribu-
tion factors and spectroscopic studies of extraction products showed that (RsN)[Pd.Cl.A] complexes are
formed in the organic phase. As the concentration of the dialkyldithiophosphinic acid increases, palladium
di(2,4,4-trimethylpentyl)dithiophosphinate is formed in the organic phase.

Thus, various derivatives of organic acids have been studied as extractants for the recovery and separation
of palladium from acid solutions [7-10].

Successful solution of the problem of protecting the biosphere, reducing the negative impact of industri-
alization on the state of the environment is directly related to the development of effective analysis methods.
And the above extractants for the selective determination of palladium do not always satisfy the requirements
for the lower boundaries of the determined contents. These extractants are often unstable reagents that can be
gradually oxidized by air. Therefore, it was interesting to study the distribution of palladium over effective
extractant solutions based on bis-(2-hidroxy-5-alkylbenzyl)amine, which is highly soluble in organic solvents.
Our task was to effectively determine the composition of the extracted compounds.

Experimental

Ammonium acetate buffer was used to obtain a PdCI,-2H,0 salt solution with a density of 0.1 mg/ml.
The solutions were concentrated using concentrated HCI in a water bath before the experiment. Then the so-
lutions were diluted to achieve the required concentrations (C) of metal and acids. The fixed values of chloride
ion concentration and ionic strength in aqueous solutions were adjusted using lithium chloride so that Cpici +
Cha =3 mol/I.

The bis-(2-hydroxyl-5-alkylbenzyl)amine 0.1 M kerosene solution was synthesized on the basis of the
industrial alkylphenols (employing Mannich reaction) in the laboratory. The structure of the obtained bis-
(2-hydroxy-5-alkylbenzyl)amine was confirmed by spectroscopic methods (Shimadzu (Japan) SF-2000 SKB
Spectr, PromEcoLab PE-5300V, UV-1700 and UV-2450 spectrophotometers) [11-12].

The palladium-containing solutions used for extraction were prepared according to the procedure de-
scribed in [13-17]. Separate solutions of bis-(2-hydroxyl-5-alkylbenzyl)amine in kerosene were used as ex-
tractants, followed by stirring an organic solution with an equal volume of 1 M NaOH, and then with water.

Extraction was carried out in test tubes at equal volumes of aqueous and organic phases at 20 °C (+1 °C).
The concentration of palladium in solutions was determined by the photometric method, and in organic phases
by the difference between the concentrations of palladium in the initial solution and in the aqueous phase after
extraction. The optical density of the solutions was determined by IR spectrometer. To assess the degree of
extraction the following quantitative values were used in the organic and aqueous phases:

R _ qo;g _ CPd,org 'Vorg ] (1)
qw CPd,org 'Vorg +CPd,W 'Vw
The proportion of the substance remaining in the aqueous phase was determined by the formula:
o= du GV @
qw CPd,org 'Vorg + CPd,w 'VW

To determine the solubility of the synthesized bis-(2-hydroxyl-5-alkylbenzyl)amine in organic solvents
an inert solvent was experimentally chosen, which does not form a compound upon dissolution of the extract-
ant. For this, the effect of different grades of solvents was tested (Table 1).
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Table 1

Selection of organic solvents for palladium — bis-(2-hydroxyl-5-alkylbenzyl)amine system at 20 °C

. The result The color . .

Organic solvents of reaction of the extract Optical density, (A) Notes
Benzene extracted weak yellow 0.10-0.41 The water phase is blurred
CCly - weak yellow 0.42-0.47 The phase is blurred
Kerosene " yellow 0.83-0.84 Transparent to both phases
Octane " colorless " -
Hexane " colorless " -
Isobutyl alcohol " weak yellow 0.50-0.52 Phases are clean
n-Butyl alcohol —— weak yellow 0.55-0.56 The phase are blurred

Measurements of optical density were carried out according to the standard method by SF-2000 SKB
“Spectrum” and PromEcoLab PE-5300V spectrophotometers in the visible and ultraviolet regions [18].

The transmission (7) of the sample placed between the light source and the detector was determined at a
given UV/visible wavelength. Transmission is the ratio of the intensity of the light transmitted through the
sample to the intensity of the incident light, which is determined by the formula:

T=1/,
where 1 is the intensity of the transmitted radiation; lo is the intensity of the radiation incident on the sample.

Optical density was determined as the decimal logarithm of the reciprocal of the transmission for mono-

chromatic radiation. It is a dimensionless quantity, which is determined by the formula:
A = log(1/T) = log(lo/1).

Results and discussion

Extraction was performed using bis-(2-hydroxyl-5-alkylbenzyl)amine by studying the distribution of pal-
ladium between two immiscible solvents (water and an organic solvent). In this case, the extraction obeys the
Gibbs phase rule:

N+F=K+2,
where N is the number of phases; F is the number of degrees of freedom; K is the number of components.

Therefore, the studied system was monovariant (F = 1) at constant temperature and pressure. In this case,
if the concentration of dissolved palladium in one phase is constant, then its concentration in the other phase
is also constant.

It was found that the bis-(2-hydroxyl-5-alkylbenzyl)amine synthesized by us, on the one hand, allows
extraction in an acidic medium, thereby preventing hydrolysis. On the other hand, the extractant increases the
selectivity of the palladium extraction process. The reagent gives soluble colored solutions, which is important
for their use, in particular in extraction chemistry.

The third light filter was used during all measurements. As can be seen from the Table 1, the largest
optical density was obtained for palladium extraction by bis-(2-hydroxyl-5-alkylbenzyl)amine compound with
kerosene. Therefore, kerosene is taken as an organic solvent useful in subsequent experiments. One of the main
conditions is to study the dependence on the duration of stirring 5 ml of 1N H>SOa, 0.5 ml of reagent (0.1 mol),
5 ml of kerosene. The optical density was measured by separating the organic phase. The results are given in
Figure 1.

It is sufficient to intensively stir the mixture for three minutes to form palladium bis-(2-hydroxyl-5-al-
kylbenzyl)amine and complete its transition to the organic phase. On this basis, in all subsequent experiments
the mixture was stirred for three minutes.

The effect of temperature (20-60 °C) on the distribution of Pd(IT) was investigated (Fig. 2). The results
show that there is a decrease in percent extraction with the increasing temperature. It is indicating the process
to be exothermic.

To study the durability of the obtained bis-(2-hydroxyl-5-alkylbenzyl)amine palladium compound, 0.5 ml
(0.1 M) of a solution containing palladium and 0.5 ml (0.1 M) kerosene solution were mixed for three minutes.
Then the optical density of the solution was measured by separating the organic phase.

It was found that the dependence of the optical density of palladium formed by bis-(2-hydroxyl-5-al-
kylbenzyl)amine at various concentrations ([Pd*] = 2-4-10* M) on time (1-24 h) remains constant. In other
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words, the synthesized reagent does not change its optical density for 24 hours, regardless of the palladium
concentration. This indicates that it creates a stable complex with palladium.

Rpg: % Rpy. %
100 . - . —» 1001
- ?5.
50+
60
| | | | | | | 25 r r . r
1 3 i 7 20 30 40 50 60
t, min T.°C

Figure 1. The dependence of palladium extraction
degree on stirring time at 20 °C

Figure 2. Effect of temperature on the extraction of Pd(lI)
from H,S0O,. Conditions: [metal ion] = 5x10~4 mol L™,
[bis-(2-hydroxyl-5-alkylbenzyl)amine] = 0.10 mol L},

[H2S04] = 1.0 mol L™ (for Pd(11))

Ammonium acetate was used as a buffer to create pH medium. To obtain optimal conditions for the

formation of a palladium complex with bis-(2-hydroxyl-5-alkylbenzyl)amine, the dependence of the degree of
palladium recovery on the pH was studied. With an increase in pH from 1 to 5.0, the main concentration of
palladium (100-95 %) is transferred into the organic phase. An increase in the concentration of [OH]™ ions in

solution leads to a decrease in the percentage of palladium recovery.

Analysis has revealed that palladium bis-(2-hidroxyl-5-alkylbenzyl)amine is a compound that has an intensive
color in the acid medium. Thus, the dependence of the optical density of the resulting compound on various con-
centrations of chloride, sulfate and phosphate acids has been studied. The results are given in Table 2.

Table 2

Dependence of the optical density of the compound formed by the bis-(2-hydroxyl-5-alkylbenzyl)amine
with palladium on mineral concentrations; [Pd?**] = 9.4-10*M, [HR] = 0.1M, t =3 min, 20 °C

Theoioarlc;(ej:crﬁltlon Optlca(l Ad)ensny, Pd?*, Corg, mg/ml | Pd?*, Cy, mg/ml | Degree of extraction, Req, %
HCI 0.01 0.85 0.008 n.f* 100.0
0.1 0.84 0.008 n.f* 100.0
1.0 0.84 0.008 n.f* 100.0
2.0 0.72 0.0076 0.0004 95.0
3.0 0.72 0.0076 0.0004 95.0
5.0 0.32 0.0030 0.00150 37.7
H,SO, 0.01 0.87 0.0080 n.f* 100.0
6.0 0.87 0.0080 n.f* 100.0
7.0 0.74 0.0076 0.0004 95.0
8.0 0.67 0.0070 0.001 88.0
9.0 0.60 0.0062 0.0018 70.0
10.0 0.60 0.0062 0.0018 70.0
HsPO, 0.01 0.85 0.0080 n.f* 100.0
1.0 0.86 0.0080 n.f* 100.0
7.0 0.71 0.0076 0.0004 95.0
8.0 0.71 0.0076 0.0004 95.0
9.0 0.70 0.0076 0.0004 95.0
10.0 0.70 0.0076 0.0004 95.0

Note. n.f.* — not found.
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It was found that palladium(ll) passes into the organic phase during the extraction in solutions from
0.01 N to 1 N. The percentage of extracts decreases starting from 2 N. For example, the extraction percentage
in 5 N chlorous acid is 37.7%.

In sulfuric acid medium from 0.01 N to 6 N, palladium(Il) passes into the organic phase. Starting with a
concentration of 7 N sulfuric acid, the percentage recovery is gradually reduced. At 7 N, this indicator was
95 %, and at 10 N ~70%.

Depending on the concentration of phosphoric acid from 0.1 N to 6 N, the degree of palladium(I1) extrac-
tion with bis-(2-hydroxyl-5-alkylbenzyl)amine remains constant. Palladium passes into the organic phase in
this interval. The extraction at 7 N is 95 %, and this indicator remains constant until the concentration of
phosphoric acid is up to 10 N.

Conclusion

The present investigation highlights that bis-(2-hydroxyl-5-alkylbenzyl)amine is a useful extractant for
Pd(1l) as well as for its separation from the most commonly associated metal ions. The separations do not
require the addition of any modifier or synergist and can be accomplished at room temperature. The stripping
agents used for separations are simple and convenient for further processing of solutions. The developed con-
ditions of separations have been successfully extended to recover Pd(I1) from synthetic mixture. The hydrolytic
stability and the recycling capacity of the extractant are good and the phase separation is fast.

Thus, it was found that bis-(2-hydroxyl-5-alkylbenzyl)amine has the ability to form complexes with pal-
ladium(I1) under certain conditions. This reagent allows extraction in acidic medium and, therefore, prevents
hydrolysis. Being soluble in various solvents, it forms colored solutions and can be used in extraction chemis-
try.

Solution of bis-(2-hydroxyl-5-alkylbenzyl)amine in kerosene is light-resistant, is not hydrolyzed in water,
alkalis and acids. Palladium extraction by this reagent depends on the aqueous and organic phases. This makes
it possible to vary the extraction characteristics in palladium-containing systems. Reagent may be recom-
mended for palladium extraction.
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C.P. MamMmajzioBa

KbImkbL1 epiTinaijiepaeH ouc-(2-ruapoKcuiI-5-aaKnideH3u1)aMuHMeH
Pd(Il) akcTpakmusichb

Momnekynaceiana SH, NH-tonrapel Gap Oipkarap OpraHHKaNblK KOCBUIBICTAp Oenrimi Oip skarmaiina
IIKIKOMIUIEKCTI KOCBUIBICTAp TY3yre KabOijnerTi. Byia KochuibicTap AKCTpaKUMSHBI KBIMIKBUIABI OpTajga
JKYpri3yre MyMKiHAIK Oepeni, Tmaposn3 mporecin Oommpipmaiinsl. Onap cyna epiMelai jkoHe opTypii
epiTKilTepae epUTiH OONFAHIBIKTAH TYPIi-TYCTi epITIHIUIEp TY3€Al, COHABIKTAH OJapIbl 3KCTPAKLIHUSIIBIK
XUMHAIa KOJJaHyFa Oonazpl. 3epTTeyiiH 0acThl MakcaThl 3epTXaHaja OHAIpICTiK Guc- (2-ruapokcu-5-
ANKWIOCH3MI)aMUH ATKWI()EHOIIAphl HETIi31H/Ae CHHTE3IeNITeH PEaKTUBTIH MaJUTaJHATe KATBICTHI SKCTPAKIIHS
Kabinerin 3eprrey. [lammanuiiniy pH epiringinepinin 0,1 pr/min any ymin PdClz2-2H20 6acran Oydep perinme
AMMOHHH areTaTsl KOJIAHBUIIBI. DKCTPAKIMs Ke3iHJIe MHePTTi OPraHUKaJbIK KOCBUIBICTHI IaiilaliaHyJaFbl
6acThI MaKcaT — OHBI epiTeTiH, Oipak 6acka KOChUIBICTap Ty30eiTiH peareHTTi TaHaay. OChl MaKkcaTTa SpTYpIi
epITKIIITEPIH OCHl peakTHBKE ocepi 3eprreimi. 3eprreyiep KepceTkeHuei, Ouc-(2-ruapokcu-5-
ANTKUIOCH3MI)aMHH OPTaHUKAJIBIK epiTKiITepae oHait epui. OHBIH epiTIHIICI MBICAIBI, KEPOCHHIIE, JKAPBIKKA
Te3IMIi, Cyaa, CUITIIepe XKoHe KBIIIKbUIIApAa THApoIu3aeHoerai. Ocpuiaiiina, nauTaguidal SKCTpaKIusIay
yiriH 6uc-(2-ruapokcu-5-aaKuIOeH3nT) aMUHIT YChIHYFa GONabl.

Kinm ce3dep: skcTpakuus, Maiaguid, aTKWIOCH3UWIAMUH, €PITKIMI, IMIKIKOMIUIEKCTI KOCBUIBICTAp, KBIIIKBLT
OpTa, TUAPOIN3, OHAIPICTIK ATKUI(EHOI.

C.P. MammajzioBa

Ikcerpakinus Pd(IT) 6uc-(2-ruapokcuii-5-aakuiaoeH3n)aMHHOM
U3 KHCJIbIX PACTBOPOB

Psin opraHuuecKHx COeMUHEHHIA, coaepkamux B cBoeit momnekysie SH, NH-rpymmsl, crioco6HbI 00pa30BhIBaTh
MIPU OTIPENENICHHBIX YCIOBUSAX BHYTPHKOMILUIEKCHBIE COeANHEHUS. JlaHHBIE COCTUHEHHS TO3BOJIIOT MPOBO-
IIITBH SKCTPAKIHUIO B KUCIION cpelie, 4TO MPeAOTBpaIaeT mpoiece ruaponusa. OHH He pacTBOPSIOTCS B BOZE H,
OyAy4u pacTBOPUMBI B PA3IMIHBIX PACTBOPUTEIISAX, 00OPa3yIOT OKpPaLIeHHBIE PACTBOPHI, 10 3TOW MPHYMHE MO-
TYT OBITH UCIIOJIB30BAHBI B AKCTPAKIIMOHHOW XMMUHU. OCHOBHASI LENb JAHHOTO MCCIENOBAaHHUS — H3ydeHHE
DKCTPAKIMOHHON CIIOCOOHOCTH MO OTHOUIEHWIO K NaUIa[ M0 peareHta Ouc-(2-ruapokcu-5-ankundeH-
31J1)aMHHa, CHHTE3UPOBAHHOTO B 1a00OpaTOPHK Ha OCHOBE MPOMBIIIICHHBIX aTKHI(EHOIOB. AllETaT aMMOHHUS
C pa3MYHbIMHU 3HaueHUsAMHU pH ObLT mpUMeHeH B kadecTBe Oydepa npu skcrpakiun namtaaus u3 0,1 Mxr/mi
pactBopa PdClz2-2H20. ['naBHBIM B HCHIOE30BaHUN HHEPTHOTO OPTAaHHMYESCKOTO COCAUHECHHUS B OKCTPAKIIUH SIB-
JsieTcst BEIOOp peareHTa, KOTOPBIH PacTBOPSIET €ro, HO He 00pa3yeT ¢ HAM JIpyTux coenuHeHuid. C 3Toil nenpio
M3yYanoch BIMSIHUAE PA3lIMYHBIX pAacTBOpUTENEH Ha 3TOT peareHt. MccinenoBanue mokasano, 9ro ouc-(2-rua-
POKCH-5-aJKHIOEH3MIT)aMUH XOPOIIIO PACTBOPSETCS B OPraHMYECKHUX pacTBopuTelnsX. Ero pactBop, Hanpumep
B KEpPOCHHE, YCTOWYHB K CBETY, HE THAPOJHM3YETCs B BOJE, MIENOYaX W KHCIOTax. TakuMm obpasom, Guc-(2-
TUAPOKCH-5-aTKUIOCH3HMIT)aMUH MOKET OBITh PEKOMEHIOBAH [T OKCTPAKIINH MAJIIa IHsl.

Knrouesvle cnosa: sxCTpakiys, Najuaauii, aJKnIOCH3WIAMUH, PaCTBOPUTENb, BHY TPUKOMIUIEKCHBIE COSANHE-
HUSI, KACIIast cpefia, TUAPOIIN3, TIPOMBIILICHHBIN aTKHI(PESHOIT.
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Modeling of nonlinear processes of nucleation and growth
of GaSxSe1x (0 <x <1) solid solutions

The results on the study of modeling and physico-chemical study of the kinetics of nucleation and growth of
GaSxSe1x (0 < x < 1) solid solution. The nucleation heterogeneous process and growth of GaSxSe1 x crystals
have been studied and simulated taking into account nonlinear equations considering the kinetic behavior of
crystallizing phases. GaSxSe1 x single and nanocrystals were grown from solution, melt, and by chemical
transport reaction through steam. GaSxSe1 x crystals were grown by chemical transport reaction in a two-tem-
perature gradient furnace in a sealed quartz ampoule. lodine was used as a transporting additive. Using the
Fokker—Planck equation, the evolution of the distribution function of crystals of solid solutions of the GaS—
GaSe system by size at the nucleation time is studied by a numerical method. For the convenience of comparing
theory with experimental data, we used the GaS1 xSex (x = 0.7 molar fraction of GaSe) composition of the solid
solution. The Monte Carlo method is used to approximate the time evolution of the nucleation of two types of
particles for the GaSo.3Seo.7 solid solution, simulated by a constant nucleus size. The results of modeling non-
linear crystallization processes are consistent with experimental data.

Keywords: nonlinear modeling, kinetics equation of crystallization, semiconductor GaS1xSex solid solutions,
numerical solution algorithm, finite-difference equations, Fokker—Planck equation, evolution of the distribution
function, Monte Carlo method.

Introduction

The optical properties of the synthesized semiconductor two-dimensional (2D) nanocrystals have pro-
spects for use in devices of quantum electronics (optical elements and switches, transistors, modulators, etc.).
The functional capabilities of these devices are determined, in particular, by such parameters of nanocrystals
as the average radius, band gap, and component composition.

The processes of nucleation and crystal growth are known to be difficult to predict, describe and con-
trol [1]. They are associated with the temporary existence of nanoparticles, making them difficult to quantify.
After the formation of nuclei, their growth is observed. In this case, the growth conditions may differ from the
initial stages of nucleation. In addition, during experimental crystallization, several technologically interacting
processes can operate [2].

This article discusses the processes of nucleation and the subsequent formation and growth of layered
crystals of 2D GaS,Se1 solid solutions [3, 4]. In particular, we consider the GaS—GaSe semiconductor system
consisting of a highly volatile inorganic melt, and the process of nonlinear nucleation and crystallization. This
situation can arise during crystallization, when trying to obtain small crystals of semiconductor solid solutions
and compounds.

Interest in semiconductor materials based on A"BY' compounds, which are characterized by quantum
effects, is due to the potential for their use in nanoscale devices. Data on the crystal and electronic structure of
GaS and GaSe compounds are given in [5, 6]. GaS and GaSe crystals belong to hexagonal syngony, charac-

terized by a layered structure and space group D}, —P6m2 [6]. They have several polymorphic modifications.
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For example, GaSe has four modifications (B-, -, y- and 8-GaSe). At room temperature 3-GaS and e-GaSe are
more thermodynamically stable modifications.

In A"BVY! crystals covalent bonds are in the layers, and a weak Van der Waals bond exists between the
layers. Due to this anisotropic properties manifest in A"'BY'. By their optical and electrical properties A""BV"!
crystals (Gas [7], GaSe [8]) are close to promising nanotechnology materials, such as graphene and topological
insulators. GaS and GaSe are wide-gap semiconductors and at room temperature have a band gap of 2.53 and
1.98 eV, respectively. They have several advantages over other A'"'"BV! materials: a large range of operating
temperatures, the possibility to create light-emitting devices on their basis in the visible spectrum, high values
of the critical field of electrical breakdown, radiation resistance.

Gas and GaSe form a continuous series of GaSxSe1« (0 <x < 1) solid solutions between each other [9, 10].
However, the formed poly- and single crystals of GaS.Se: « solid solutions often have an inhomogeneous dis-
tribution of dislocation density, which leads to mechanical stresses and the formation of intrinsic point defects
[11-14]. As aresult, such a material has irreproducible electrical, optical, photoelectric, luminescent, and other
physical characteristics.

The reasons for the nonuniform distribution of structural defects over the volume of the formed
GaS;Sei1« crystals are determined by several processes. The main ones are crystallization (edge and screw
dislocations, grain boundaries, pores can form) and heat treatment of crystals (point defects intrinsic and im-
purity can be created or eliminated), as a result of which concentration and temperature gradients appear.
However, the dimensional and kinetic parameters phases affecting the structure formation and physical prop-
erties of GaSxSei1x have not yet been considered.

In the present work the crystallization of GaS,Se1 « solid solutions is considered, taking into account
metastable phases, which are formed by fluctuations. The results of studying the crystallization of GaSySe «
in a closed system are presented. Nonlinear crystallization processes of GaSxSe1x are considered in the frame-
work of the Fokker—Planck type equation [15] in the size space. The evolution of the two-dimensional distri-
bution of kernels of different types in the GaSxSe1x melt is modeled using the Monte Carlo method [16].

Experimental

The elements Ga-5 N gallium, B5 sulfur and OSCh-17-3 selenium with impurity content no higher than
5x10* mass% were used in the synthesis of GaS and GaSe binary compounds. Syntheses of GaS and GaSe
compounds were performed by melting the initial elements taken in stoichiometric ratios in evacuated
(107 Pa) quartz ampoules. The ampoules with the corresponding components were placed in an electric fur-
nace for synthesis. At temperatures above the melting point of GaS and GaSe (melting points of GaS and GaSe
are 1288 and 1211 K, respectively), ampoules may be destroyed due to high vapor pressure of chalcogens. The
ampoules were held for 6-8 h at a temperature 5-10 K above the melting point of the compounds. Then am-
poules with liquid components GaS and GaSe were cooled in the power off mode to room temperature. The
GaS;Se1« solid solutions were prepared in a similar way. Synthesized GaS (GaSe) compounds and GaSxSe1x
solid solutions were identified by differential thermal analysis (DTA,; a heating/cooling rate of 10 K min) and
powder X-ray diffraction analysis (XRD). DTA of GaS (GaSe) compounds and GaSSe1x solid solutions was
carried out using a NETZSCH 404 F1 Pegasus system. The accuracy of measurements was £0.5 to 1 K. The
XRD phase composition of the obtained samples was performed on a Bruker D8 ADVANCE diffractometer
with the Cu K-alpha radiation [10].

When crystallizing a substance from a solution, as it is known, the solute undergoes transition from the
liquid phase to the crystalline phase. This process is accompanied by the appearance of many small single
crystals (mass crystallization). Mass crystallization was performed by cooling a supersaturated GaSxSei« So-
lution with the subsequent simultaneous formation of many crystallization centers. GaSxSei_x single crystals
were grown from solution, melt, and by chemical transport reaction through steam [17, 18].

When growing from a melt the ampule was moved in the furnace at a rate of 0.5-1.1 mm-h, and the
temperature gradient near the crystallization front was 25 = 3 K. GaSxSes « crystals were grown during chem-
ical transport reaction in a two-temperature gradient furnace in a sealed quartz ampoule. lodine was used as a
transporting additive.

A homogenized solid solution quenched in the concentration region of the T —x phase diagram of the
GaS—GaSe system may remain in the metastable state for some time. Ultimately, it reaches thermodynamic
equilibrium. At one of the equilibrium concentrations, some micro clusters can form in the matrix GaSxSeix
[19, 20].
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Fokker—Planck equation. The kinetics of nucleation in the GaS—GaSe system was studied by an equation
of the Fokker—Planck type [15]. This equation allows to describe the dynamics of changes in certain crystalli-
zation properties, considering the properties to be random walk. The equation allows to consider the evolution
of the size distribution function and to describe the walk of nuclei in the size space. In other words, the Fokker—
Planck equation characterizes diffusion with the presence of a drifting force field. It describes the evolution in
time of the probability density function of the particle’s position, which follows the stochastic differential
equation. In this case, sample particle trajectories are continuous functions of time. Such a model is used in
this work.

Within the framework of this model, we assume that crystallization is described by an equation based on
the evolution of the function ¢, of the crystal size distribution (L) in time (t). In the entire volume of the

solution, the temperature and concentration are constant. Then the Fokker—Planck kinetic equation for the
distribution density is written as

ot oL oL oL

where L>L,; L, isthe minimum crystal size; G is the linear growth rate of the crystal face, and p is the
fluctuation coefficient of the growth rate.
The supersaturation of a solution is determined as follows: y(t)=C, (t)/C;, where C, (t) is the con-

d0_ 5(‘PG)+£[pa(‘PG)], )

centration in time t, C;” is the concentration of the saturated solution. Here the linear velocity is G =p(y—1),
where B is the Kinetic coefficient of the growth rate.

The system of nonlinear equations was solved numerically, where a uniform grid was used with a step h
in size and t in time. The solution was transferred from the j-th layer to the ( j+1)-st layer by a purely

implicit difference scheme, after this the function G was recalculated. The differencing scheme for equation
(1) has the form:

J i G , » G i - i
IO (ol —lt)+ T (ol -20 < olt). @

Equation (2) has order of approximation O(r+ h2) . The difference equation for the left boundary con-

i

dition has the form
o ol _ it ol20) Lol
(péuGJ_pGJ(Pl h(Po +pG’(p°2q;112+(P2=n’. (3)
The equation has order of approximation O(«: +th+ hz) . Difference equations were solved by the sweep

method, which is applicable due to diagonal prevalence. The differencing schemes (2) and (3) are stable on
the right-hand side. After transferring the solution to the ( j +1)-st layer, a new value of the concentration C,

was calculated, as well as parameters G and n. The integral was calculated by the trapezoidal rule — its
accuracy is of the order of O(hz) , Which corresponds to the approximation of the differencing scheme. The

obtained concentration value C, was reused to find the solution on the ( j+1)-st layer. This procedure was

repeated a fixed number of times. Thus, the crystallization of a multicomponent system is considered as a
combination of physico-chemical and mathematical models. Such a model allows for the numerical implemen-
tation of nonlinear equations by a differencing scheme. Numerical experiments to study the crystallization of
GaS;Sei1x were carried out in Delphi software.

Monte Carlo Simulation. Known models of the crystal growth process with their own microphysics allow
to describe homogeneous and heterogeneous nucleation and growth with two separate one-dimensional size
distributions. With this approach, the model allows to approximate only the average mass of a heterogeneous
solution contained in growth units of a certain size. In this case it is impossible to track the spectral distribution
of the mass of the heterogeneous solution in growth units.

The evolution of the two-dimensional distribution of phase characteristics during the growth of
GaS;Se1« by transport chemical reactions was simulated by the stochastic algorithm [Gillespie (1976) [21])
for chemical reactions using the Monte Carlo method [22]. Within the framework of this algorithm, the set of
a discrete one-component Kinetic equation is defined as:
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m’'=0n'=0
where N (m,n;t) is the average number of particles consisting of m and n monomers of the first and second
kind, respectively.
A continuous version of this equation is known, for example, in the form of Laurenzi et al. [23]:
ON (n,m,t T
M:ljdm'jdn'K(m—m’,n—n';m’,n')N (m—m',;n—n";t)N(m',n";t)—-
ot 29 %
. (%)
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0 0
where K(m,n;m’,n’) in (4) and (5) is a constant set of nuclei, which now depends on the composition of
coagulating particles.

Discrete equation (4) gives the temporal rate of change in the average number of a polycrystalline mon-
omer with mass m and a single crystal monomer with mass n as the difference of two terms, the first term gives
a gain in the number of particles whose polycrystal mass has a size m, and a single crystal mass has a size n.

The equation is calculated as the sum of binary clusters between monomers: one with the mass of a
polycrystal from the phase of size m' and the mass of a single crystal from the phase of size n', and the other
with the mass of a polycrystal from the phase m—m' and the mass of a single crystal from the phase n—n'.
The second contribution describes the average rate of depletion (m,n) of particles due to their fusion with
particles of other types. To solve equations (4) and (5) the following initial conditions are required:

N (m,n;0)=N,(m,n) (6)

For a discrete equation for any t it is also possible to take N (0, 0;t)=0. The numerical solution for (4)

and (5) is complicated because of the double integral and nonlinear behavior of these equations. The nonline-
arity of the equation, in particular during the growth of GaS,Se1.y, is associated with the nature of the interac-
tion of nuclei and growth cells of a single crystal with different masses in each of them.

Results and Discussion
Figure 1 shows X-ray powder diffraction patterns of GaS,Sei x solid solutions and B-GaS and p-GaSe
pure compounds, which crystallize in hexagonal syngony with the space group P6, /mmc and have the fol-
lowing lattice parameters: B-GaS (a = 4.002 + 0.002 A and ¢ = 15.447 + 0.005 A) and p-GaSe (a = 3.755 +
0.002 A and ¢ = 15.475 + 0.005 A) at room temperature.
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Figure 1. XRD patterns of B-GaS (top), B-GaSe (bottom) and solid solutions GaS; xSex at 298 K
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These values of lattice parameters of for polytypes 3-GaS and f-GaSe compounds are consistent with the
literature data [10, 11] and the JCPDS-ICDD Powder Diffraction File (PDF) card file data: p-GaS (JCPDS No:
30-0576; a = 3.587 A and ¢ = 15492 A), B-GaSe (JCPDS No: 03-65-3508; a = 3.7555 and
¢ = 15.94 A). The values of lattice constants of GaSySe: « solid solutions are also consistent with the data of
[10, 11].

The difference between the structural parameters can be explained with the degree of purity of the com-
ponents used, the experimental procedure and calculation of the lattice parameters, as well as the polytypicity
of the GaS and GaSe compounds. The number of formula units in the lattice and the density of the compounds
were as follows: Z = 4; p,= 3.87 g/cm®, p,= 3.89 g/cm® (for GaS) and Z = 4; p,= 5.03 g/cm?,
p, = 5.07 g/cm? (for GaSe).

According to the XRD (Fig. 1) data and DTA (Fig. 2), the components of GaS and GaSe unlimitedly
dissolve in each other both in the liquid and in the solid state. Unlimited component solubility in GaS—-GaSe
occurs because both GaSe and GaS have the same crystal structure, and Se and S have similar radii, electro-
negativity and valence. In GaSe—GaS system melting occurs over a relatively narrow temperature range be-
tween the solidus and liquidus lines. In other words, solid and liquid phases are at equilibrium in a narrow
temperature range.
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Figure 2. Differential thermal analysis curves
of solid solutions GaS; xSey crystals

According to DTA and DSC data for components GaSe and GaS, the following melting parameters were
chosen: AH™ (GaSe) =30300 + 200 J mol?, T™(GaSe) = 1211 +3 K, AH™ (GaS) = 34800 + 200 J mol*, and
T™(GaS) = 1288 + 3 K. Comparison of these data with experimental data [10] indicates their correspondence.

On the basis of DTA, XRD and thermodynamic calculation, the equilibrium 7—x phase diagram of the
GaS-GasSe quasibinary system with unlimited component solubility is described and modeled (Fig. 3). The
phase diagram of the quasi-binary system GaS—GaSe is characterized with unlimited solubility of the compo-
nents in the liquid and solid states. Crystallization and melting curves have a minimum point at a composition
of about 70 mol % GaSe.

Model takes into consideration our experimental thermodynamic data on the initial GaS and GaSe com-
ponents. The concentration—-temperature dependence of the Gibbs free energy of mixing of GaS«Sei_x solid
solutions, calculated taking into account the rule of mixing components, well approximates the T—x phase
diagram of the GaS—GaSe system. Conductivity smoothly changes with a change in the composition of solid
solutions GaSxSeix (x = 0-1 mole fraction) single crystals. As the concentration of selenium in solid solutions
increases, their conductivity also gradually increases by about two orders of magnitude at 298 K.

Calculated solidus and liquidus temperatures differ slightly from the experimental data (solidus difference
was ~5 K and liquidus ~10 K). Phase diagram of the state for GaS—GaSe system is characterized by the mini-
mum (0.7 = 0.05 mol fraction GaSe and 1200 + 1 K) and presence of unlimited mutual solubility of the com-
ponents in the system.
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Our calculation and experimental DTA data on the temperatures of liquidus, solidus and the coordinates
of the invariant equilibria in the GaS—GaSe system are extremely different from the old data given in [9]. The
melting point of GaSe is 1210 K [24], which exactly +1 K matches our data.

A study of the relief of GaSi.«Sex crystals grown of various compositions indicates the formation of var-
ious two-dimensional (2D) nanostructures on the surface [19, 20]. Two main types of heterogeneities can be
distinguished: extended structures and local 2D nano-objects.

GaSxSei« solid solutions melt without decomposition and have no phase transitions. Depending on the
composition of GaSxSei-x, the physical properties of solid solutions differ noticeably.

The mathematical model used by us describes the nucleation in the dispersed region of the melt, deposi-
tion in the homogeneous phase region, transfer of monomers between the two regions, formation and subse-
guent growth of crystals in both regions. The model was composed as a system of coupled nonlinear differen-
tial equations. The number of particles of all types present was fixed and stored, which allows to ignore the
description of the nucleation rate. Moreover, it is possible to analyze each process step by step.

For convenience of comparison with the experimental data we used the GaS1Sex (x = 0.7 molar fraction
of GaSe) composition of the solid solution in the simulation. GaSo7Seo 3 corresponds to the minimum in the
GaS-GaSe phase diagram and can be considered as a quasi-one-component.

When deposition occurs in a homogeneous phase region, the concentration of monomers falls below the
equilibrium concentration at the surface of the droplets in the dispersed region. This leads to the transfer of
monomers from the droplets to the homogeneous region. Then the homogeneous phase is incorporated into
crystals and nuclei, i.e., a single crystal is grown. In this case, the presented numerical calculations, taking into
account the sizes and/or masses of particles, agree with the experimental data.

Nucleation. The evolution of the dispersed phase in crystallization experiments in a closed system occurs
by a complex mechanism. In this case, the formation of metastable intermediate solid phases and the evolution
of dispersed particles of the solid phase at the end of the process are possible. The mechanisms of such phase
transformations and the crystallization kinetics are described using nonlinear models [25, 26]. Nonlinear prop-
erties of the crystallization process are determined taking into account the boundary conditions and coefficients
of the kinetic equations, and also depend on the crystallization prehistory. Kinetic coefficients are calculated
based on the theory of diffusion growth and dissolution of second-phase precipitates. These coefficients deter-
mine the probability of attachment and ejection of one particle per unit time, respectively.

A homogenized solid solution quenched in the concentration region of the T—x phase diagram of the GaS—
GasSe system [10] can remain in a metastable state for some time. Ultimately, it reaches thermodynamic equi-
librium. At one of the equilibrium concentrations, some microclusters can form in the GaS,Seix matrix
[19, 20].

Taking into account the 2D nucleation mechanism [26], the growth of single crystal can be represented
as follows. Crystal faces grow due to the formation of two-dimensional nuclei of critical size in the absence of
screw dislocations ending on the surface. 2D nuclei are formed when individual growth units (for example,
atoms, molecules, dimers) are adsorbed on the surface of a crystal, diffuse and agglomerate. After a 2D nucleus
becomes larger than its critical size, it becomes thermodynamically advantageous for attaching growth units
to this nucleus. In a supersaturated solution a 2D nucleus larger than the critical one propagates across the face
until it reaches the crystal boundary. These boundaries can be either the edge of the crystal layer, or the front
of the layer below it or the growth front from another nucleus.

The nucleation rate J (t) approaches a stable state according to an equation of the form [27]

J(t)=J, [1—exp(—t/tIag )]
1/(6.3a(L,)Z°)=t,, 21/ (12a(L,)Z?), (7)

= “lag
where J, is the stationary nucleation rate; Z is the Zeldovich factor; a(LC) is the rate at which monomers are

absorbed by a cluster with a critical size L ; t,, is the time lag.

This expression (7) describes the asymptotic behavior of the Fokker—Planck equation and is in qualitative
agreement with the numerical calculation for the dependence of the nucleation frequency of GaS,Se1x on time.

Since the gradient (L) in the region | L —L_|<1/2Z is small, the cluster will move in this region by random
walk with a jump frequency a(L,). The time required for the cluster to disperse the 1/Z distance by random
=1/2a(L,)Z*.

walk is determined by the time lag, which is estimated as t,,,
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Using Fokker—Planck equation. Suppose that crystallization of solid solutions occurs from a uniformly
supersaturated solution in a closed system. Solution has a limited volume V attime t = 0. If the concentration
of the dispersed phase Q exceeds the solubility of the components of the system, then the nucleation and growth
of the solid phase occurs. With such crystallization, the formation of various modifications of the solid phase
is possible.

Assume that during crystallization a chemical reaction does not occur and a constant temperature of the
solution is maintained. Mixing the solution does not lead to cracking and aggregation. Mass crystallization
occurs by spontaneous nucleation, i.e., nucleation of crystallization centers, crystal growth and dissolution of
particles of the dispersed phase.

Nucleation involves the formation and growth of clusters from molecules of the initial solution. Cluster
formation occurs up to the size at which it is possible to distinguish a crystal face as a structural element
responsible for growth. The nucleation rate, crystal growth rate and dissolution of the particles of the dispersed
phase are determined with the degree of supersaturation of the solution and the size of the crystal face [28, 29].

Since the formed crystals have a limited size, it is necessary to choose the boundary conditions for the
equation of distribution density. After that, the Kinetic equation is supplemented by the initial condition and
the balance equation. Thus, we obtain a system of nonlinear equations that are solved by the difference
method [30].

The Fokker—Planck equation approximates distribution density of GaSxSei« crystals by size (Fig. 4a). It
was assumed that the temperature dependence on nanocrystals (particle) size is described by the relation

T =T,exp (E—zj , (8)

0
where R is the particle radius; R, is the initial particle radius.
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nanocrystal on time; m is particle mass with diameter

Figure 4a. Evolution of distribution function of GaSo 3Seo.7 d =30 nm, mo s arithmetic mean mass of particles

solid solution by size in nucleation time (t, s)

Comparison results of the calculation (curve) and experiment (points) of the dynamics of the mass change
(Am) of GaS,Se1x nanocrystals with respect to the initial arithmetic mean mass of particles m, diameter

~30 nm are shown in Figure 4b. Numerical experiments indicate that the concentration of crystals of a given
composition varies from the initial supersaturation to equilibrium concentration in a very short time. From the
concentration dependence of the formed GaS,Se:« crystals on the formation time, it follows that the bulk of
the crystals is formed within 2x10~* s from the moment of crystallization initiation.

At the same time, the crystal concentration of a given composition decreases from the initial supersatu-
ration to the equilibrium concentration. This process is accompanied by a decrease in the oversaturation of the
solution. The supersaturation ends with a constant number of nuclei and then the crystals grow with a further
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increase in crystal size. Thus, when using the Fokker—Planck equation, the concentration of the crystallizing
phase was taken into account, as well as data on the supersaturation and crystal size.

Using the stochastic model by the Monte Carlo method. Within the framework of the stochastic model
[21-23] we consider a spatially homogeneous volume V, in which there are particles belonging to N;s different

types of particles. Each type is characterized by both its liquid mass and the mass of its nucleus, T, =(Up, U, ).
Let us assume that the forming particle with the composition T, is a member of the p-type. After time t =0

the types can be randomly combined according to the reaction A +B,  =C where A and B, .

are particles of composition @, =(u,,u,) and T,=(u,,u, ), respectively.
According to this model, the transition probabilities for particle merging events are:
a(i,j):V’lK(i,j)ninjdtzP(i,j;t)dt, 9)
where K (i, j) is the set of nuclei; V is the volume of the solution.
P(i, j;t)dt — Pr is the probability that two particles of i and j (for ij) types with n, and n; number of

particles will collide in the nearest time interval. Then the probability of collision of two particles of the same
type i with the number of particles n, during the inevitable time interval can be represented in the form

a(i,i):V‘lK(i,i)wdtzP(i,i;t)dt. (10)

Within this structure the p index is possible for each pair of nuclei i, j that can collide. For a system with

N+1 . - .
N types (S,,S,, ....Sy) veN ( 5 ) . The set {v} defines the total collision space and is equal to the total

number of possible interactions. Then the probabilities of o (i, j) and o (i,i) transitions can be represented
by one index (a,).

This stochastic model for GaSxSes1_x crystallization was solved using an algorithm introduced by Gillespie
[21] for chemical kinetics and modified by Laurenzi et al. [23].

Comparison of Monte Carlo simulations with experimental data. The evolution of the two-dimensional
distribution of nuclei (crystal nucleus) during crystal growth was simulated using the Monte Carlo method.
A stochastic algorithm for chemical reactions was used to simulate the kinetic behavior of the nuclear distri-
bution. A set of two-component kinetic equations was used.

The performance of stochastic Monte Carlo simulation (MCS) was tested by studying the growth of crys-
tals with a constant nucleus size in solution, and the results were compared with our experimental data on the
kinetics of nucleation. The influence of a two-component set of nuclei on the dynamics of mass fluctuations
of nuclei of the process was studied.

To simulate random processes associated with the deviation of the types of nuclei from the critical size,
the Monte Carlo method was used. Time evolution of particle species was approximated based on the distri-
bution of the output value N(y), where N is the number of particle types, y is the type of particle nuclei. For
random f(m,t) and f(n,t), the equations for N are stochastic differential equations. Therefore the statistical

description of the growth process was carried out using kinetic collection equations for two corresponding
probability distributions.

In MCS the number of particles of a certain critical size grown from a solution in their original form, i.e.,
the initial number of particles was taken as <60, and the average value was calculated for 1000 realizations
taking into account the dynamic distribution of particles.

For simulation of a two-component constant of a discrete set of nuclei, the following value was used:

K(m,n;m’,n')=1.1x10"cm’™. The monomer particle had a radius of 10um (particle mass
m, = 3.77x10° g), and the dispersed monomer was a solid-liquid (SL) GaS.Sei x with a radius of 0.1 um
(mass of the SL phase no = 7.11x107%° g). The mass grid of the SL-solution was selected in accordance with
the mass of the particle (i) =i x m,, (i =1, .., N,) and the mass of the SL phase (j) = j x n,, (j=1, .,
Ns—l )

The volume of the studied system in all calculations was taken to be 1 cm?. 30 intervals for the particle
mass grid and 30 intervals for the SL phase mass grid were determined. We also took into account the
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possibility of the existence of pure monomeric particles containing pure GaS and/or GaSe particles, as well as
pure structural units of SL GaS and SL GaSe. Then the total number of types in our numerical experiment can
be calculated as: N, =N, x N, + N, +N .

The maximum number of types of structural units that can be generated during simulation, in the selected
case, is 960. Solutions obtained as a result of Monte Carlo calculations for N (1, 1; t), N (1, 0; t) and
N (0, 1; t) types are shown in Figure 5a—c. Our experimental data are also shown in Figure 5.

30
o E 20
5 s
—_ (=]
o =
= =
=
10
0 ZdD 4[I)0 600 800 1000 0 200 400 600 860 1000
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a b

0 200 400 600 800 1000
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Figure. 5. Modeling of time evolution of the types of nanocrystals (a) N (1, 0), (b) N (0,1),and (c) N (1,1)
for a GaSy 3Seo 7 solid solution modeled by a constant nucleus size (a solid phase nucleus in a melt)
K(m,n;m’,n") =1.1x10"*cm’ " . Approximation curve are the result of Monte Carlo simulation of the two-component

kinetic equation (5). Approximation curve of the averaging result over 1000 realizations

The differences between the mean values of Monte Carlo simulations and experimental data are negligible
and they can be substantiated by statistical criteria. Description of the two-dimensional discrete size distribu-
tion after 100 s also indicates agreement between the mean values of the Monte Carlo simulation and the

experimental data.
Conclusions
We used a model close to the ideal solid solution GaSxSe1x, which resembles the structure of the liquid

phase. A set of self-consistent thermodynamic parameters was obtained. The calculated phase diagram and
thermodynamic property data were in good agreement with the experimental information. In the GaS—GaSe
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system, the existence of continuous GaSxSe1 « solid solutions and the formation of a phase diagram with a
minimum at 70 mol% GaSe were confirmed.

Model of kinetics of GaSSe1-x nucleation using the Fokker—Planck equation takes into account compo-
sitional fluctuations due to the initial state of solid solutions. It was established that taking into account random
walks into the size space during crystallization allows to describe the dynamics of changes in the S,Seix prop-
erties.

By numerically solving the equation, the evolution of the size distribution function of the GaS,Se1 x crys-
tal nuclei in nucleation time is approximated. For calculations a purely implicit differencing scheme is used,
which involves splitting the extended volume of the solution into independent fragments. It follows from the
time dependence of the concentration of GaScSei1x crystals (x = 0.7) that the bulk of the crystals was formed
within 2x107% s from the moment of crystallization initiation.

The multicomponent Monte Carlo algorithm based on a stochastic approach to chemical reactions, using
the example of GaS,Se1« allowed to calculate statistical fluctuations for two-component aggregation of parti-
cles taking into account their radius and composition. Taking into account the transition probability in micro-
physical processes allows to determine how a specific pair of particles (nuclei, crystals, solid-liquid) with a set
of properties will be aggregated in the next time interval.

The solution of the continuous set of the kinetic equation shows that if an individual particle acquires a
mass much greater than the rest of the system, then it is necessary to take into account statistical fluctuations
in the region of large particle masses. Agreement between the numerical solutions of Monte Carlo simulations
and experimental data on crystal growth in the GaS—GaSe system was observed.

The variety of stationary distributions for time evolution of the types of structural units indicates the
possibility of controlling the process of two-component aggregation of nuclei by varying the properties of the
nuclei of a pair of particles during the formation of crystals of given sizes.
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C.M. AcanoB

GaSxSeix (0 <x <1) KaTThI epPITIHAICIHIH SAPOJIAHYBI
MEH O6CYiHiH CBI3BIKTBIK €MecC MPOoLecTePiH Moae/ibaey

GaSxSe1x (0 < x < 1) xarThl epiTiHAICIHIH SIPOJaHybl MEH ©CYy KMHETHKACBIH MOJEINbIEY XKoHe (HU3MKa-
XUMHUSIIBIK 3epTTeYJIepaiH HoTmKenepi kenTipiireH. GaSxSe1 x KpHCTalIapblHbIH SAPOTaHYbl MCH OCYiHIH
TeTeporeH i TMpoIeci 3epTTeNiN, KpUCTaAany (a3anapblHbIH KHHETHKAIBIK SPEKETiH €CKEPETiH ChI3BIKTHIK
eMec TeHAEyNepli ecKepe OTBIPHIN, MojenbieHAl. (GaSxSeix MOHOKpHCTaIIapsl MEH HAHOKPHCTAIAPHI
epiTiHAifeH, OanKpIMagaH )XKoHE XUMUSIIBIK Oy Oepy peakiuschl apKpuTbl ecipingi. GaSxSe1x Kpucrangapsl
XMMHSUIBIK TAChIMAJIZay PEaKLHAChl OIiCIMEH TIepMETHKAIBIK KBapl[ aMIlyJachblHAA €Ki TeMIepaTypabl
rpaJMeHT Neuline anbHAbL. Mo TachiMaIIaylibl Kocna peTinae naiinanansirad. Gokkep-Iliank Tereyin
Koinnana otbIpsi, GaS—GaSe xKyiieciHiH KaTThl epiTiHAIepiHIH KPUCTaIIapBIHBIH YIECTipY (YHKIUSICHIHBIH
SBOJIIOIMACH CAHBIK OICTICH 3ePTTENai. TEOpHUIHBI TOHKIPHOCTIK MOTIMETTEPMEH CABICTHIPYFa BIHFAMIIBI
6oy yirin GaS1 xSex KaTThl epiTiHAICIHIH KypaMbl KOAaHbUIIb! (X = 0,7 Momsipiibik ¢hpakuus GaSe). MonTte-
Kapmo omici GaSo3Seo7 KarTel epiTiHmici yIIiH OeIIeKTepAiH €Ki TYPiHIH SAPONaHyBIHBIH YaKbIT
ABOJIFOLMSCHIH JKaKbIHATY YIIIiH MaiiJalaHbUFaH, TYPaKThI SIPO eJIeMiMeH MoJiesbaeHIeH. CBI3BIKTBIK eMec
KpHCTAIIaHy POLECTEPiH MOETB/ICY HOTIDKENEPl TOKIPUOETIK MAIIMETTEPMEH COMKeC KeleIi.

Kinm ce30ep: CBI3BIKTBIK €MeC MOJENbJCY, KPUCTAlJlaHy KHHETHKACBHIHBIH TeHueyi, GaSixSex KaTTel
JKapThUIail OTKI3rimITepi, CAHABIK IIeIiMIeP IiH alrOPUTMI, aKbIPIIbI alBIPBIMIBIK TeHaeyIep, Pokkep-Ilnank
TeHJeYi, YlecTipy (yHKUMSICHIHBIH dBoonusickl, MonTe-Kapio axici.
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S.M. Asadov

C.M. Acanos

MopeaupoBaHue HeJIMHEHMHBIX MPOLECCOB 3aPOKIACHU U POCTA
TBepabIX pacTBOpoB GaSxSe1 x (0 <x<1)

IIpuBenens! pe3yabTaThl HCCIEAOBAHMS MOJEIMPOBAHMS U (PH3UKO-XUMHIECKOTO HCCIIEJOBAaHUS KHHETHUKH 3a-
posKieHus 1 pocTta TBeporo pactBopa GaSxSe1x (0 <x < 1). ['eTeporeHHslii mpouecc 3apoabIeo0pa3oBaHus
U pocra KpucTauioB GaSxSe1x U3yueH U CMOJCIMPOBAH C Y4ETOM HEIMHEHHBIX YPaBHEHHH, YUHTHIBAIOIINX
KHHETHYECKOEe MOBEJICHNUE KPUCTAIITH3YIomuXcsl (pa3. MOHOKpUCTAILIbl 1 HAHOKpUCTAILIbI GaSxSe1-x ObUTH BbI-
pallleHBl U3 pacTBOpa, pacIllaBa M IyTeM XMMHYECKOH peakiuu nepeHoca yepe3 nap. Kpucramisr GaSxSe1-x
MOTy4EeHB METOJOM XUMHYIECKOH TPaHCHOPTHOH peakiyy B IBYXTEMIIEpaTypHOI rpalieHTHOH ITeuH B 3ama-
SHHOM KBapIeBOl ammye. 1101 HCIIONb30BACS B KaueCTBE TPAHCIOPTHOH 106aBKkH. C HOMOIIBIO YPABHEHHS
Doxkepa-IInanka 4UCIEHHBEIM METOJIOM H3y4eHa SBOJIONMS (PYyHKIMN paclpeneneHus KPUCTAIIOB TBEPIBIX
pactBopoB cucteMsl GaS—GaSe 1o pa3MepaM B MOMEHT 3aposkaeHus. [l y1o0cTBa CpaBHEHHSI TEOPHH C IKC-
HEePUMEHTAIFHBIMH JaHHBIMH IPUMEHSIICS COCTaB TBEpAOro pactBopa GaSi xSex (X = 0,7 monbHas nois GaSe).
Merton MonTe-Kapio ncronp3oBaicst [uisi alnpoOKCUMAINKE BPEMEHHO# 3BOJIONNH 3apOXKICHHS JIBYX TUIIOB
YacTHL U1 TBEpJoro pacTBopa GaSo,3S€o,7, MOJEIUPYEMOro IIOCTOSIHHBIM Pa3MepOM 3apoabliia. Pe3ynbTaTsl
MO/ICIMPOBAHUSI HEIMHEHHBIX MPOLIECCOB KPUCTAIUIN3ALMHU COTTIACYIOTCS C SKCIICPUMEHTAIbHBIMHU JaHHBIMH.

Knrouesvie cnosa: HenMHEHOE MOJICIMPOBAHUE, YPABHEHUE KMHETHKU KPHUCTAJUTM3ALUH, [IOIYIPOBOIHUKO-
BbIE TBep/ible PacTBOPBI GaSxSe1-x, ANTOPUTM YHCICHHOTO PEIICHNs, KOHCUYHO-Pa3HOCTHbIC YPaBHEHHUS, ypaB-
Henune dokkepa—[Tnanka, sBosmonus GpyHKIMK pactpenenenus, merox Monte-Kapiio.
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Thermodynamic study of the thallium-thulium tellurides by EMF method

In this study the phase equilibria in the Tl.Te-TI2Tes~TITmTe2 compositions area of the TI-Tm-Te ternary
system were studied by powder X-ray diffraction (PXRD) analysis. Based on PXRD data, the solid-phase equi-
libria diagram was plotted. The thermodynamic functions of the TloeTmTes and TITmTe> ternary compounds
were calculated by the electromotive forces method. The electrochemical cells of the following type
(=) TmTe (s.) | glycerol + KC1+ TmClz| (Tm in alloys of TI-Tm-Te system) (s.) (+) were assembled and their
EMF were measured in the 300-450 K temperature range. Based on obtained EMF data for the Tl2Tes-TITe—
TITmTez and TITe-TITmTe2-TleTmTes three-phase regions, the relative partial thermodynamic functions of
TmTe in alloys were calculated. The combination of these functions with the partial molar functions of thulium
in TmTe allowed calculating the corresponding partial functions of thulium in the above phase regions. The
potential-forming reactions responsible for the indicated partial molar values were obtained based on con-
structed solid-phase equilibria diagram. Using indicated potential-forming reactions, for the first time, the
standard thermodynamic functions of formation and standard entropies of the TleTmTes and TITmTe2 com-
pounds were calculated.

Keywords: TI-Tm-Te system, TlsTmTes, TITmTez, powder X-ray diffraction analysis, solid-phase equilibria
diagram, method of electromotive forces, concentration cells, thermodynamic functions.

Introduction

The presence of a wide range of functional properties (thermoelectric, optical, electronic) in chalcogeni-
des of heavy elements makes them promising functional materials in numerous fields of modern technology,
such as electronics, optoelectronics industry, photovoltaic and photo-detection applications, fiber-optical com-
munication, etc. [1-6]. Moreover, the discovery of a topological insulators (TI) shown that these compounds
also exhibit the properties of Tl and can be used in spintronics and quantum computers, medicine, security
systems [7, 8].

The introduction of heavy metal atoms as well as d- and f-elements into the crystal lattice of these com-
pounds can lead to an improvement in their thermoelectric properties [9], and also give them additional func-
tionality, for example, magnetic properties, as well as the properties of TI [10-13].

It is known that telluride TlsTes exhibits thermoelectric properties [14]. Due to the peculiarities of the
crystal lattice it has many ternary analogs of the types TlsAXs and T1:BX3 (A-Sb, Bi, In, Au, rare-earth ele-
ments; B-Sn, Pb, Mo, Cu, rare-earth elements; X-Se, Te) [15-22], also possessing several functional proper-
ties, namely optical [23, 24], thermoelectric [25-27], magnetic [28, 29], as well as topological insulators prop-
erties [30, 31]. In recent years in order to improve thermoelectric performance intensive work has been carried
out to study solid solutions and doped phases based on these compounds [32—34].

Another class of thallium chalcogenides with the common formula TICX; (C — Sb, Bi, In, Ag, rare-earth
elements) also possess many functional properties [10, 35-40].

For design and optimization of the synthesis and the growth of the single crystal conditions besides the
phase diagram, accurate data of the thermodynamic functions are required [43-46]. Usually, the method of
differential scanning calorimetry is used to determine the thermal effects of phase transformations and the heat
capacity [47, 48]. At the same time, the method of electromotive forces (EMF) has found wide application in
practice due to the simplicity of measurements and their high accuracy. EMF measurements are often used to
investigate the partial and integral thermodynamic functions of formation. In practice, the several modifica-
tions of the EMF method are used. In this case, liquid electrolytes [49-51], solid electrolytes [52, 53], as well
as ionic liquids can serve as an electrolyte [54, 55].
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However, despite potential interest we did not find in the literature data on the thermodynamic properties
of TlsLnTes and TILnX; compounds. Considering the above, we have undertaken a comprehensive study of
solid-phase equilibria and thermodynamic properties of the TI-Gd-Te and TI-Er-Te systems [41, 42].

In this experimental study, we present the results of the investigation of the solid-phase relations in the
T, Te-Tl,Tes-TITmTe, system and the thermodynamic properties of the TleTmTes u TITmTe, ternary com-
pounds by EMF method.

Experimental

Synthesis

The initial compounds and intermediate samples from the Tl Tes-TITe-TITmTe, and TITe-TITmTe,—
TleTmTes three-phase regions were synthesized from high-purity thallium (granules, 99.999 %), thulium (in-
gots, 99.9%), tellurium (ingots 99.999 %), and telluride Tl,Te in evacuated quartz ampoules. After alloying at
1000 K, non-homogenized intermediate samples were powdered, mixed, compressed into a tablet, and an-
nealed further at 700 K for 1000 h.

The congruently melting TI,Te was synthesized by fusing thallium and tellurium in vacuumed (~ 10~ Pa)
quartz ampoule at 750 K followed by slow cooling.

The refractory compound TmTe was synthesized by ceramic method at 1000 K followed by annealing at
900 K for 1000 h.

Methodology

Studies were carried out by powder X-ray phase diffraction analysis (Bruker D8 diffractometer with
CuKai; radiation) and electromotive forces (EMF) method.

For the rational planning of thermodynamic experiments, we first studied the solid-phase equilibria of the
TI-Tm-Te system in the Tl,Te-Tl,Tes—TITmTe, compositions area (Fig. 1).

TITe+Tl,Te,+TITmTe,

TITmTe,
O+TITe+TITmTe,

4
®

Figure 1. The solid-phase equilibria diagram of the TI,Te-Tl,Tes—TITmTe, subsystem.
1-4 — alloy compositions used for XRD and EMF measurements;
the numbers in brackets are the EMF values (mV) of the cells type (1) in the three-phase regions

The data on phase relations in the Tl,Te-TlsTes—TlsTmTes composition area were taken from the previous
study [56]. The formation of a wide area of solid solutions with the TlsTes structure (3-phase) was found for
this system. Also it was established that 5-phase is tie-lined to TITe (Fig. 1) [57]. As a result, a two-phase
region 8+TITe is formed on the phase diagram. Solid-phase equilibria diagram of the Tl Tes-Tl,Te-TITmTe;
system also reflects the presence of three-phase regions Tl,Tes-TITe-TITmTez and TITe-TITmTe,—TlgTmTes
(Fig.1). Their existence is confirmed based on powder diffraction patterns of selected alloys (Fig. 2, sam-
ples 1, 4).
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Figure 2. The powder X-ray diffractogramms of the alloys from Tl Tes-TITe-TITmTe;
and TITe-TITmTe,—TlysTmTes compositions areas

Thus, EMF measurements in the indicated three-phase regions can be used for calculations of the ther-
modynamic functions of the TlsTmTesand TITmTe, ternary compounds.

The assembled electrochemical cell with a liquid electrolyte can be presented schematically as

(-) TmTe (s.) | glycerol + KCI + TmCl3| (Tm in alloys) (s.) (+). (1)

In cells (1) a glycerol solution of KCI with addition of TmCl; (0.1 %) was used as the electrolyte. It is
necessary to pay special attention to the salts (KCI u TmCls) and glycerol. They must be free from moisture
and oxygen. Therefore glycerol was dehydrated and degassed before use by pumping at a temperature of
~450 K. Anhydrous KCI and TmCIs were used. The electrolyte was stored in a sealed ampoule and used as
required. Upon the introduction of the electrolyte in a cell, contact with air was minimal.

TmTe with a negligible (0.1 at.%) tellurium excess was used as the left (negative) electrode. Our previous
studies [41, 42] showed that using metallic lanthanide as the left electrode resulted in high EMF values. Right
(positive) electrodes in the cells of type (1) were equilibrium alloys from Tl,Tes-TITe-TITmTe; and TITe—
TITmTe-TleTmTes three-phase regions. The synthesis of the alloys - right electrodes is described above. The
methods for preparing electrodes and assembling an electrochemical cell are detailed described in [54, 55]. To
control the reproducibility of the EMF results and their compliance with the phase diagram, 2 electrode-alloys
with different compositions from each three-phase region were prepared.

The electrochemical cell described [54, 55] was assembled, evacuated, filled with argon, and placed in a
cylindrical electric furnace. All contacts and current leads of the cell were kept at the same temperature. The
first equilibrium EMF values were obtained after keeping the concentration cell at ~350 K for 60 h, followed
by every 3—4 hours after the establishment of a certain temperature. The EMF data were considered equilibrium
if they did not differ from each other upon repeated measurements at a given temperature by more than 0.2 mV,
regardless of the direction of the temperature change. Within the experiment the EMF of each sample was
measured 3 times at two constant temperatures. For example, for an alloy from the Tl,Te-TlsTes-TleTmTesg
phase region at 350.8 K, EMF values were: 683.13, 683.19, 683.224. Table 1 presents the averaged value of
683.18.

Keithley 2100 6 1/2 digital multimeter was used for EMF measurements. Most measurements were car-
ried out when heating and cooling the cell in steps no more than 10°. The chromel-alumel thermocouples and
a mercury thermometer (an accuracy of +0.5 K) were used for measurements of the temperature of the elec-
trochemical cell.
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The EMF measurements were conducted in 300-450 K temperature interval. The upper limit of the tem-
perature interval of the EMF measurements was chosen so that the phase composition remained unchanged
within the experiment. The mass measurement and X-ray diffraction analysis of electrodes before and after
EMF measurements were used to control the reversibility of electrochemical cells and reproducibility of re-
sults. The mass and composition of the electrodes remained constant in the time of the experiment.

Results and Discussion
The obtained experimental data, i.e., pairs of temperature and EMF values are listed in Table 1.

Table 1

Experimentally determined data for temperature and EMF of the Tl2Tes-TITe-TITmTe2
and TITe-TITmTex-TlsTmTes phase regions in the TI-Tm-Te system

TK E, mV
' TITe-TITmTe,~TleTmTes Tl,Tes-TITe-TITmTe,

301.2 680.24 712.85
306.7 679.15 711.34
312.7 681.02 712.45
318.3 679.84 714.64
323.3 681.68 715.12
328.2 681.82 713.13
334.2 682.08 715.65
340.1 680.62 713.94
345.5 684.68 714.02
350.8 683.18 718.12
357.7 684.24 714.94
362.2 683.21 719.08
366.4 684.86 719.66
371.5 684.86 716.06
377.9 688.84 720.07
382.9 687.68 717.98
387.4 687.44 716.46
392.3 685.02 719.66
395.3 688.44 719.22
402.1 688.68 722.12
407.5 690.96 718.78
412.3 688.12 719.83
416.7 688.93 722.55
421.3 687.87 721.88
425.7 693.46 722.74
431.1 692.21 722.66
437.2 693.34 722.02
4427 692.66 724.33
446.2 693.85 724.12
449.2 693.99 725.97

The EMF measurements data of the electrochemical cell of type (1) were in full agreement with the
diagram of solid-phase equilibria of the Tl,Te-Tl,Tes-TITmTe, system (Fig. 1). At a certain temperature the
EMF value in the three-phase regions Tl,Tes—TITe-TITmTe, and TITe-TITmTe—TleTmTes were constant
and changed during the transition from one phase to another.

The temperature dependences on EMF for all alloys of the TI-Tm-Te system were linear (Fig.3). Also,
the measurements results showed that, in addition to reproducibility, the numerical values of the EMF increase
in the radial directions from Tm vertex of the TI-Tm-Te concentration triangle, which is in agreement with
the well-known thermodynamic principle [47, 48].
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Figure 3. Temperature dependencies of EMF for alloys of the Tl,Tes-TITe-TITmTe;
and TITe-TITmTe,-TleTmTes phase areas of the TI-Tm-Te system.
Alloys of different composition for each three-phase area are shown in different colors

Alloy designations are the same as in Figure 1.
Therefore, the data obtained were processed by the least-squares method, and temperature dependences
of EMF were represented by the linear equation of type

2 _ 1/2
E=a+bT it[ﬁ—Hsﬁ(r—T)z} . (2)
n

In equation (2) a and b are coefficients, n is the number of pairs of values Eand T; T is average temper-
ature in K, t is Student's test, and 62E and Sﬁ are the variances of individual EMF values and the constant b.
With the number of experimental points n = 30, and the confidence level equal to 95 %, the Student's test is
t < 2. Table 2 lists the equations obtained.

The partial molar functions of thulium telluride in the alloys at 298 K (Table 3) were calculated using the
following thermodynamic relations:

A(_BTmTe == _ZFE, (3)
AStare = 2F (Ej = zFb; 4)
ot ),
AﬁTmTe =—7zF|E-T (a—E) =-7Fa. (5)
T ).

In the equations (3)—(5), z is the charge of the potential-forming cation Tm**, F is the Faraday constant,
a and b are the constants in relation (2).

Table 2
Temperature dependencies of the EMF for the cells of the type (1) in the 300-450 K temperature interval

Ne Phase area E,mV=a+bT +2[62 /n+82(T -T)["?
1/2
1 Tl,Tes + TITe + TITmTe; 687.07 +0.0828T + 2[%+3.5-105(|— —378.2):‘
1 9 1/2
2 TITe + TlgTmTes + TITMTe, 649.22 +0.0984T + 2|:$+3.1-105 (T —378.2):|
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Table 3
Relative partial molar functions of thulium monotelluride in the alloys of the TI-Tm-Te system at T =298 K
Phase area —AGTmTe —AH TmTe AS TmTe
kJ-mol* J-mol1-K?
T, Tes + TITe + TITmTe; 206.02+0.31 198.88+1.30 23.97+3.40
TITe + TlyTmTes + TITmTe, 196.42+0.30 187.92+1.23 28.48+3.24

These values represent the difference of the corresponding partial molar functions of thulium for the left
and right electrodes of the cells of type (1). For example, for alloys from Tl,Tes + TITe + TITmTe; three-phase
area

AG tmre(in alloys) = AGm (in alloy) —AG (in TmTe),
then
AGrm (in alloy) = AGrare (in alloy) + AGrm(in TmTe). (6)

Therefore, the calculation of the partial thermodynamic functions of thulium in the above three-phase
regions was carried out by summation of the data in Table 3 with the corresponding partial
molar functions Tm in TmTe [58]: AG,, =-261.31+0.22 kJmol?, AH, =-267.62+0.92 xJ-mol?,

AS.  =-21.16+2.42 J-mol™-K™. The obtained results are given in Table 4.

Tm —

Table 4

Relative partial molar functions of thulium in the alloys of the TI-Tm-Te system at T = 298 K

Phase area —AGTm _AH Tm ASTm
kJ-mol? JmolTK?
TI,Tes+ TITe + TITmTe, 467.33+0.53 466.50+2.22 2.7815.82
TITe + TleTmTes + TITMTe, 457.73+0.52 455.54+2.15 7.3515.66

The standard integral thermodynamic functions of the TITmTe; and TlsTmTes compounds were calcu-
lated by the method of potential-forming reactions. According to the solid-phase equilibria diagram (Fig. 1),
the values of the partial molar functions of thulium in the Tl Tes-TITe-TITmTe, and TITe-TITmTe,—
TleTmTes three-phase areas are thermodynamic functions of the potential formation reactions

Tm+ Tl Tes =TITe + TITmTe; @)
Tm + 3TITe = 0.25TlgTmTes + 0.75TITmTe, (8)

According to relations (7) and (8), the standard thermodynamic functions of the formation of ternary

compounds TITmTez and TlsTmTeg can be calculated from the relations

A Z°(TITmTe,) = AZm + A, Z°(Tl,Te,) — A, Z°(TITe) , ©)
A, Z°(TI,TmTe,) = 4AZ tm +12A, Z°(TITe) —3A, Z°(TITmTe,) (10)
(Z=G, H), while the standard entropy by using relations
S°(TITmTe,) = AStm + S°(Tm) + S°(Tl,Te,) - S°(TITe) , (11)
S°(TI,TmTe,) = 4AStm +4S°(Tm) +12S°(TITe) —3S°(TITmTe,) - (12)

Using relations (9)—(12) in calculations, beside own experimental data (Table 4), the value of the standard
entropy Tm (71.014+0.209 kJ-mol™) [59] as well as thermodynamic data for TITe and Tl,Tes (Table 5), deter-
mined by using the EMF method [60] and included in the database [59] were used.

When calculating relations (10) and (12), in addition to the partial molar functions of thulium in the three-
phase region TITe+TleTmTes+TITmTe, we used the standard integral thermodynamic functions of the TIT-
mTe, compound determined in this work (Table 5).
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Table 5
Standard integral thermodynamic functions of thallium-thulium tellurides at T= 298 K
—A,G° (298K —A,H°(298K 0

Compound (Go208K) | H°(298K) 5°(298K)
kJ-mol? Jmol*-K?

TITe [60] 44.5+0.4 44.940.5 115.9+1.5
Tl2Tes [60] 90.8+0.8 90.0+1.0 279.7+3.3
TITmTe; 513.6+1.7 511.6+3.7 240.6+10.8
TleTmTes 824.1+12.0 826.2+25.7 965.0+£74.0

During the calculations of the partial thermodynamic functions of thulium (Table 4) and integral thermo-
dynamic functions of ternary compounds (Table 5), the inaccuracies were determined by the uncertainty prop-
agation method. The relatively high errors in the values of the enthalpy of formation and entropy can be ex-
plained by the fact that, in contrast to the usual potential-forming reactions with one final product, there are 2
final products in reactions (7) and (8). Therefore, when calculating the thermodynamic functions of TITmTe;
and TlyTmTeg compounds according to relations (9)—(12), the thermodynamic functions of some compounds
are subtracted from the general balance, while their errors are summed up.

Conclusion

In this paper we presented a set of experimental data on solid-phase relations in the TI-Tm-Te ternary
system in the Tl,Te-Tl,Tes—TITmTe, composition interval and thermodynamic functions of the TITmTe;and
TleTmTes compounds obtained by the powder XRD and EMF methods. The relative partial thermodynamic
functions of TmTe and Tm in alloys were obtained based on the EMF measurements. The potential-forming
reactions responsible for the above partial molar quantities were determined based on constructed solid-phase
equilibria diagram, and the standard thermodynamic functions of formation and standard entropies of the TIT-
mTe, and TlsTmTes compounds were calculated for the first time.
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Tammii-tyaui Tearypuarepin KK sniciMen TepMoanHaMUKAJIBIK 3epTTEY

Maxkanana Tl2Te-Tl2Tes-TITmTe2 xoMnosuimsuiap Anana3oHbIHAAF (aszansliK Tene-TeHmikri TI-Tm-Te
YIUTiK KYHECiHIH YHTaKTBl PEHTTEHIIK IU(PaKmusACH apKbUIBl 3€pPTTEy HOTWXKenepi kentipinreH. XRD
ZIepeKTepl HeTi3iHIe KaTThl (a3alblK Tene-TeHIIK nuarpammackl Kypsurasl. TlaTmTes skone TITmTe:2 ymrik
KOCBUIBICTAPBIHBIH TEPMOJANHAMHMKAIBIK KAaCHETTepl HJIEKTp KO3FAyIlIbl KYIUTEp SAIiCIMEH aHBIKTAJIbI.
() TmTe (xaTTsl) THMIHIETT SIEKTPOXUMHUSIIBIK YSIIBIKTAP KUHALIBI (KaTThl.) | rnmepuH + KCl + TmCls |
(TI TI-Tm-Te »xyiieciniy KopsITHanapsiHaa) (Kartel) (+) xoHe onapasiH IKK temmeparypacst 300—450 K
TeMreparypacbinaa esueH . Ansiaran DKK mepekrepi Herizinge yur ¢asansl aiimakrap yurid Tl2Tes—TITe—
TITmTe2 xone  TITe-TITmTex-TleTmTes, KopbiTmanapmarst TmTe — cambicThIpManbl  ilriHapa
TePMO/IMHAMHUKAJIBIK (DYHKIHUSIApbl aHbIKTanAbl. byn dyHkumsmapasl Tyiumiinin TmTe imiHapa MOJSpPIBIK,
(hyHKOUsIIapbIMEH OipiKTipe OTBIPHII, YKOFaphiaa aTaFaH (a3alblK allMaKTapIarsl TYJIHHIIH colikec imiHapa
¢dbyHKuusaps ecenreneni. Karrel ¢aszanbik Tene-TeHIIK ChI30achIH KOJNJaHa OTBIPHIN, KOPCETUITeH imiHapa
MOJISIPJIBIK [IaMaJiapra jkayarn OepeTiH MOTEeHIMan Ty3ylli peakuusuiapapl naiimanansim, TloTmTes xoHe
TITmTe2 KOCBUIBICTAPBIHBIH ~ CTaHAAPTTHI  TEPMOAHHAMHKAIBIK ~ (DYHKUMSIAPBl  JKOHE  CTaHIaPTThI
SHTPONUSIIAPHI €CETITENI].

Kinm ce30ep: TI-Tm-Te xyiieci, TloTmTes, TITMTez, dyHKIMOHANIB MaTepUaIaap, PeHTIeHIIK(a3abIK,
Taniay, KaTTeiha3asiblK Tere-TeHIIK AMarpaMMAachl, SJIEKTP KO3FayIIbl KYIITEp SMiCi, TepMOIMHAMHUKAIIBIK
(dhyHKUMSITAp.
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C.3. Umamanuesa, 1.®. Mexnuesa, S.U. Ixadapos, M.b. babanmnsi

TepMOIlI/IHaMI/I‘{eCKOQ HCCJICA0BAaHUE TEJJIYPUIAOB TATUS-TYJINUA METOA0M 3)1C

B craTbe npeacTaBieHb pe3yNIbTaThl HCCleqoBaHMs (ha30BbIX paBHOBecHil B o6actu coctaBoB Tl2Te—Tl2Tes—
TITmTez tpoiiroii cucremsl TI-TmM-Te MeTOZOM MOPOIIKOBOM PEHTTEHOBCKOM audpakimu. Ha ocHOBaHHK
naHHbIX POA mocTpoena nuarpamma TBepo(a3HEIX paBHOBecHi. TepMoanHaMHYeCKHe CBOMCTBA TPOHHBIX
coemuneHnit TloTmTes u TITmTe2 onpeneneHbl METOAOM IEKTPOABIDKYIINX CHII. BBIIM coOpaHBI A5eKTpo-
xumuueckue sueiiku tuna (—) TmTe (t8.) | tuuepud + KCIl + TmCls | (Tm B crutaBax cucremsl TI-Tm-Te)
(1B.) (+) 1 m3mepens! ux JJIC B unrepsaine tremmeparyp 300-450 K. Ha ocHoBanunu nomydeHHbIx gaHHbix DJIC
st Tpexdasubix obmacteit TlaTes—TITe-TITmTez u TITe-TITmTez—TleTmTes onpeaeneHbl OTHOCHTETBHBIC
napiuanbHble TepMoauHamudeckue GpyHkinn TmTe B crmaBax. KoMOMHUPYst 3TH QyHKINM ¢ MapIHaIbHBIMU
MOJIIpHBIMH (QYHKIMAMH Tyus B TmTe, BEIYHCIEHBI COOTBETCTBYOIINE MAPLHAIbHBIC (QYHKIINY TYJIUA B yKa-
3aHHBIX BBIIE (ha30BBIX 007acTsX. Mcmonp3ys quarpamMmy TBepAo(a3HBIX paBHOBECHH, COCTaBIECHBI IIOTEH-
[rao0pa3yole peakuy, OTBEYAIOIIIe 32 YKa3aHHbIE ITapIHaibHble MOJISIpHBIe BennduHbl. C HUCIONb30Ba-
HHEM COCTaBJICHHBIX IIOTEHINAI00Pa3yONINX peaKIii BIIEPBbIC paCCUUTaHbl CTAaHJAPTHBIE TEPMOIMHAMUYC-
ckue QyHKIUN 00pa3oBaHUs M CTaHAapTHBIC SHTpormu coequaeHuid TlaTmTes u TITmTeo.

Kniouesvie crosa: cucrema TI-Tm-Te, TloTmTes, TITMTez, GpyHKImOHaTBHBIE MaTepHabl, peHTreHOda30-
BBl aHanmM3, [uarpamMma TBepAo(hasHbIX PaBHOBECHi, METOJ 3NEKTPOJABIKYIIHX CHII, TCPMOIMHAMUYCCKIE
(hyHKIUH.
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E.A. Guseinova™,

Catalytic conversion of isopropyl alcohol
on the heteropolic acid — titanium oxide system

A complex of modern physicochemical methods (X-ray phase analysis, low-temperature adsorption of nitrogen,
scanning electron microscopy, element analysis) was used to study the phase and texture properties of the
phosphomolybdenum heteropoly acid-titanium oxide catalytic system. It was found that the optimal content of
phosphomolybdenum heteropoly acid, which leads to an increase in the catalytic activity of titanium dioxide,
is 7% wt.: the diisopropyl ether yield is higher, it reaches maximum values in a shorter period of time, and the
samples are characterized by greater stability. It is shown that the textural characteristics of the specific surface
area and dispersion are not the key factors responsible for the catalytic activity. It has been suggested that the
activity of phosphomolybdenum heteropoly acid-containing samples is associated with the emergence of a new
type of active centers that exhibit increased electron-donor properties (terminal oxygen atoms of the outer frag-
ments of octahedra M = O heteropolyacids). A drop in the catalytic activity of samples with a phosphomolyb-
denum heteropoly acid content of more than 7 % wt. associated with the formation of surface metaphosphoric
acid and entails a decrease in active centers.

Keywords: isopropyl alcohol, titanium dioxide, phosphomolybdenum heteropoly acid, phase composition, mor-
phology, catalysis, diisopropyl ether, texture analysis, metaphosphoric acid, metatitanic acid.

Introduction

The constant interest in heteropoly acids (HPA) on the part of researchers is due to their unique physico-
chemical and catalytic properties [1-4]. In catalysis HPA of the Keggin structure HnXM12040 (X — P%* and
Si**, M — W?®" and Mo®") are most often used. The acidic properties of these HPA were studied quite deeply
and in detail, which served as the basis for the creation of several industrial processes with their participa-
tion [5-7].

There are three ways to use HPA as catalysts: the use of acid solutions, the use of bulk acids and the use
of HPA supported on various carriers. Among the latter, many porous materials are used (silica gel, activated
carbon, alumina, etc.) [8-12].

In previously published works [13, 14], the results of catalytic conversions of isopropyl alcohol on the
HPA — n-alumina system were discussed. It was found that the modification of HPA leads to an increase in
the activity of n-alumina and selectivity for oxygen-containing products. Based on a comparative analysis of
the reaction products, it was found that the active centers of unmodified n-alumina are exclusively Lewis
centers: strong Lewis acid centers and strong Lewis basic centers, whereas after the modification of HPA they
are mainly represented by Bronsted bases. The resulting systems were characterized by X-ray phase analysis,
scanning electron microscopy, elemental analysis, and IR spectroscopy. The totality of the results made it
possible to establish that during the interaction of the Keggin structure with the basic oxide its destruction
occurs and the heteropolyanion is formed, which, having a negative charge, interacts with the electron-acceptor
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Lewis acid centers on the surface, forming a surface complex of the surface-ligand type, which has
uncompensated negative charge, and then begins to act as the new foundation of Bronsted.

Taking into account these results, as well as studies in which HPA, in particular tungstenosilic acid
(HSiW), supported on TiO; and SiO; exhibits high activity and selectivity in the process of dimethyl ether
formation [8, 14-18], it was of interest to continue this direction. The present work is devoted to the study of
the features of the conversion of isopropyl alcohol to diisopropyl ether in the presence of phosphomolybdenum
HPA applied to titanium dioxide.

Experimental

A catalyst of a given composition was prepared by impregnating titanium dioxide with a solution of HPA
in an aqueous solution of ammonia (based on HPA per carrier) onto a carrier previously calcined for 3 hours
to 200 °C. During the process, the following compounds were used:

1) industrial titanium dioxide TiO, (Evonik Resource Efficiency GmbH);

2) phosphorus-molybdenum heteropoly acid (GPC) Hr [P (M0207)s] H20;

3) isopropyl alcohol (GOST 9805-84).

The catalytic properties of the starting and modified TiO, were studied on a flow through setting in the
temperature range of 150-250 °C with a bulk feed rate of 75 h2.

The analysis of raw materials and liquid reaction products was carried out by a chromatographic method
on a CHROM 5 instrument with a flame ionization detector using a column filled with a sorbent — CELIT
S-22, with 17 % polyethylene glycol applied to the sorbent. The reaction gas products were analyzed on a
CHROM 5 chromatograph with a thermal conductivity detector. Diethylene glycol ether and n-butyric acid
deposited on the Inzen brick INZ-600 were used as the sorbent. The quantitative interpretation of the chroma-
tographic peaks included in the composition of the obtained catalysis was determined by the method of abso-
lute calibration and internal normalization.

The phase analysis of the samples was studied by X-ray phase analysis on a RIGAKU SC-70 instrument
in the range of angles of 3-60 °C at an angular scanning speed of 10 deg/min in CuK radiation (40 kV, 15 mA).
The interpretation of the diffraction patterns was carried out using the ICDD database, PDF-2.

The surface morphology, as well as the elemental composition of the samples, was studied by scanning
electron microscopy (SEM) on a JEOL JSM-6610 LV instrument with a 0.14 nm lattice resolution (with an
integrated EDX analyzer (EDS, Genesis 4000, using Si(Li) detector) at an accelerating voltage of 100 kV. The
SEM sample was mounted on carbon substrates mounted on copper grids. The statistical particle diameter was
measured by SEM analysis of the sample.

The specific surface and pore volume were measured by adsorption—desorption of nitrogen on a universal
analyzer ASAP 2400 (Micromeritics, USA). In the calculation the surface area of the nitrogen molecule was
taken to be 0.162 nm?, and the density of nitrogen in the normal liquid state was 0.808 g/cm?®. The measurement
accuracy was =3 %. Adsorption isotherms were obtained at —196 °C after degassing of the sample at 500 °C
to a residual pressure of 0.013 Pa. The pore volume and their diameter distribution were calculated based on
the desorption branch of the isotherm using the standard Barrett-Joyner-Highland procedure (measurement
accuracy =13 %).

Results and Discussion

Catalytic properties

The catalytic activity and selectivity of the formation of isopropyl alcohol conversion products are shown
in the Figure 1. It should be noted that the presented results were reproduced upon repeated preparation of
samples of each composition. Over the entire temperature range studied the conversion of isopropyl alcohol
increased the stronger, the higher the content of HPA was. The minimum conversion value was observed for
a sample containing 5 % wt. HPA: it is 16.7 % at 150 °C and increases to 43.8 % at 250 °C (the latter value is
almost identical to unmodified titanium dioxide). In the low-temperature region the highest conversion is typ-
ical for 13 % wt. of the sample, which reaches 54 %, significantly exceeding the others, but with rising in
temperature to 250 °C the conversion of 7, 10, and 13 % of HPA-containing catalysts becomes almost the
same (from 71 to 76 %).

The main products of the conversion of isopropyl alcohol under the reaction conditions were diisopropyl
ether, propylene and water. In addition, in the presence of a 5 % HPA-containing sample at temperatures of
200 and 250 °C the formation of a small amount of acetone was noted. The highest ether selectivity was ob-
served for 7 % and 10 % of HPA samples.
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Table 1 presents the data on the selectivity and yield of ether depending on the composition of the catalyst
obtained within 12 hours of the process (here it is necessary to clarify: the process was not carried out contin-
uously, but for 3 intervals, when every 4 hours of “work” were followed by “rest” of the catalyst, after which
the process was resumed again). As can be seen from the results presented in the table, the process of conver-
sion of isopropyl alcohol in the presence of titanium dioxide modified with phosphoformolybdenum HPA
differed in characteristic features. If the initial titanium dioxide had the highest ether yield every time after
three hours of catalyst operation, after which a sharp drop was observed, the trend for the modified samples is
different: the yield of ether in HPA-containing samples is higher (with the exception of 5% HPA), in addition,
the catalyst went down these parameters after already 1 hour, and they remained stable until the end of the
current interval. Here we are not faced with the task of finding an explanation for this fact, we only fixed the
trend. In general, the 7 % HPA + TiO; catalyst is most active: the diisopropyl ether yield from the 2" to the 4"
hour of each operation interval is 20.5-22 % with an ether formation selectivity of 49.2-77.1 %.
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Figure 1. The effect of the composition of the catalyst on the conversion of (a) isopropyl alcohol

and the selectivity (b) of the formation of diisopropy! ether

Effect of duration on process indicators

Table 1

Duration . _ Composition of the catalyst _ _
hours ' TiO, 5% HPA + TiO, 7 % HPA + TiO, 10 % HPA + TiOz | 13 % HPA + TiO»
S, % o, % S, % o, % S, % o, % S, % o, % S, % o, %
1 46.7 4 9.6 1.6 28.8 6.7 18.3 6.5 30 12
2 30.9 6.7 15.2 3.3 66.2 21 50.6 22 28.9 13
3 40.1 10 16.4 34 69.4 22 40.5 21.9 23.9 12.9
4 60.2 8 16.5 3.3 77.1 21.6 37.1 22.1 41.0 13
5 40.2 8 8.5 1.7 52.2 16.7 32.3 16.4 39.5 15
6 37.6 8 12.3 2.7 56.7 21 35.4 18 30 18
7 26 9.2 12.9 2.7 55 20.9 41.4 18.2 30.5 18.3
8 22.9 6 10.5 2.1 55 20.2 45.2 18,1 41.6 18
9 11.6 3 5.2 13 42.9 16.3 29.5 15 33.7 14
10 16.6 4.8 74 2 50.1 20.9 27.1 16 23.8 15
11 18.6 5.2 7.2 1.2 49.2 20.8 30.0 16.1 23.9 15.1
12 13.9 1.6 6.4 1 56.7 20.8 32 16 44.1 15
Notes. The process temperature is 150 °C. Designations: S — selectivity, a — yield of diisopropy! ether.
Phase composition
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Figure 2 shows the diffractograms of titanium dioxide before and after the introduction of HPA.
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Figure 2. The difractograms of titanium dioxide: the original, not containing HPA (a),
containing 5 % wt. HPA (b), 7 % wt. (c), 10 % wt. (d) and 13 % wt. (e)

As can be seen from Figure 2a, the initial unmodified titanium dioxide is a well crystallized phase, anatase
with characteristic narrow and high diffraction reflections at 25.58, 37.20, 38.06, 38.79, 48.28, 54.13 and
55.29 °C 26 (the interplanar distances of this phase are unchanged for all 5 samples). Type of diffraction pattern
when entering 5 % wt. GPC (Fig. 2b), with the exception of a decrease in the intensity of all reflexes, does not
change; the appearance of the HPA phase is not noted; the crystallinity of anatase is preserved. The decrease in
the intensity of reflexes of the anatase phase here and hereafter is probably associated with the appearance of
microstresses caused by the introduction of the modifier. With an increase in the content of HPA up to 7 % of
the mass (Fig. 2c) along with the anatase present on the diffractogram, the appearance of new reflections corre-
sponding to five new phases is noted: 56.32 °C 20 — TiMoOs; 21.7, 36.56 and 44.39 °C 20 — H,TisO11'-H20;
10.89, 15.53 and 31.02 °C 26 — HPA (H3sPM012040'21H0); 26.86, and 52.37° 20 — H3P3010'2H>0, as well as
32.01 and 47.04 °C 26 — PO, in addition, a decrease in the crystallinity of the sample was noted. The increase
in the content of HPA to 10 % wt. (Fig. 2d) does not lead to a significant change in the phase composition relative
to the previous sample, with the exception of the appearance of another phase of titanium dioxide — brookite
(weakly intense reflections at 39.68 and 52.24 °C 26). In the last of the studied, 13 % HPA-containing sample
(Fig. 2e), of the previously marked six phases, there are reflexes related to only three phases, namely TiO; (ana-
tase —25.55,37.17, 38.02, 38.73, 48.25, 52.24, 54.1, 55.26° 20 and brookite — 39.75° 260), H2Tis011-H20 (7.98,
21.49, 36.19° 260), HsPM012040'21H20 (10.92, 15.33, 18.46 and 31.02° 260). In addition, this sample is also char-
acterized by the greatest amorphism. Of undoubted interest is the fact that the PO, phase observed in the sample
7 % was not detected in subsequent samples.

Texture analysis

The textural characteristics and the content of elements in the samples are given in Table 2 and in the
Fig. 3. The introduction of HPA leads to a decrease in the specific surface and pore volume by 15.8-35 % and
8.3-29.2 %, respectively, relative to unmodified titanium dioxide. The presence of HPA is also accompanied
by a decrease in the total pore volume. It can be assumed that with a GPC content of up to 10 % wt. its com-
pounds are located mainly in smaller pores (pores <5 nm in size decrease up to 10 times compared to the
initial titanium dixide; Table 2), which leads to their “overgrowing”, while with an increase in the content of
HPA over 10 % wt., — on the contrary, in a wide pore space.
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Figure 3. The effect of the amount of HPA on the distribution of pore volume by diameter:

Table 2

Physical-chemical characteristics of the samples

Neof | HPA s v Phase composition Elements content,
the sam- | content, n?zFf snzgr/e& (according to the results o? X-ray phase analysis) mass. %
ple wt. % g g g yP y Ti Mo P
1 - 57 0.24 TiO; (anatase) 59.04 - -
2 5 31 0.21 TiO; (anatase) 55.1 2.94 0.48
TiO; (anatase), TiM0Os, H20sP11-H>0,
3 7 47 0.22 HaPM012040-2 1 Hs0, HsP3Orso-2H20, POs 54.9 4.89 0.64
TiO; (anatase, brookite), TiMoOa4, H20sP11-H>0,
4 10 42 0.22 HaPM012040-2 1H;0. HsP3Orso-2H,0, POs 53.3 6.93 0.81
5 13 43 0.22 TiO; (anatase), H3PM012049-21H20, iM0O4 47.3 10.06 0.97

Note. Sger is the specific surface area by BET; was determined by single-point nitrogen adsorption at p = 135 Torrand T = 77K.

According to SEM data (Fig. 4), the surface of the initial titanium dioxide is represented by numerous
isolated irregular crystallites, mainly 21-60 um in size. In addition to isolated particles, a non-significant num-
ber of their aggregates with a size of 81-100 microns also can be seen. It should be noted that, without excep-
tion, all HPA-containing samples are characterized mainly by the content of crystallites of larger average sizes
(41-80 pm) than the initial sample, which indicates a decrease in the dispersion of surface particles in the
presence of HPA and is consistent with the above texture data analysis.

By means of an EDX analysis the spectra of the five test samples were obtained, which made it possible
to reveal the peculiarities of the localization of phosphorus in a sample containing 13 % HPA. The distribution
maps of titanium, molybdenum and phosphorus in this sample also confirmed the presence of a certain heter-
ogeneity in the distribution of phosphorus.

Summarizing the study, we note that based on the nature of the modifier and the data obtained, it can be
assumed that the increased selectivity for diisopropyl ether 7 % wt. HPA-containing titanium dioxide in the pro-
cess of conversion of isopropyl alcohol is associated with the emergence of a new type of active sites, which
exhibit enhanced electron-donor properties. Provided that the integrity of the HPA structure is preserved after its
introduction into the composition of titanium dioxide (and this fact is confirmed by the data of phase analysis),
the oxygen atoms included in the HPA can act as such centers. Taking into account that 12 terminal oxygen atoms
of the outer fragments of the M = O octahedra can act as electron donor centers in the structure of phosphomo-
lybdic acid, the quantitative growth of the basic centers with the introduction of HPA is natural. It is likely that
the aforementioned low activity of modified titanium dioxide in ether with an HPA content of up to 7 % is asso-
ciated with an insufficient concentration of a new type of active sites. does not seem possible to it unambiguously
explain the noted drop in catalytic activity when the content of HPA is higher than 7 % wt. The authors assume
that the reason for these differences is the peculiarity of the distribution of phosphorus, or rather, a sharp increase
in the content of metaphosphoric acid (HsP:O102H>0) due to the combination of surface tetraders of PO, into
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rings. An indirect confirmation of the formation of metaphosphoric acid is the appearance of its additional reflex
at 22.5°C 20 in 13 % of the HPA sample. Whether this is accompanied by an increase in the acidity of the
catalyst, as stated in the work [19] is the subject of further research.
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Figure 4. Comparative SEM-characteristic of titanium dioxide samples before (a) and after the introduction of HPA
(b — 5 % by weight of HPA; ¢ — 7 % by weight of HPA; d — 10 % by weight of HPA; e — 13% by weight of HPA):
| — size distribution of crystallites; 11 — micrographs obtained by SEM; 11l — EDX spectra;

IV — Cards of elemental composition of 13 % GPC-sample
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The formation of metacids can be explained as follows: it is the interaction of titanium dioxide with HPA
can be represented as an acid-acid interaction, which leads to the formation of a surface polymer compound
due to the complexation of two acids:

i © o
| .
..-0-Ti-OH+HPA—>[n (...-Ti-OH)*m(-O-‘ll'i-O)*
I | _
o) o] 0

where * HPA, HPAN* (m + 4k —y) H +]*" y H, where (... -O-Ti—-O-)- and HPAn*— are heteropolyanoins,
which cause the charge of the polymer particle and stabilize its formation on surface.

In this case, according to the literature data [20-22] the acid-acid interaction is carried out due to the
formation of hydrogen bonds between the hydrogen atoms of the carrier surface and the oxygen atoms in the
HPA structure.

The fact of the discovery of such an interaction at different HPA contents was previously discovered in
[22], where it is also indicated that in the acid-acid type of interaction, HPA stability depends on the percentage
of HPA deposition on the carrier: at low HPA contents (5—10 wt. %) on the surface of silicon dioxide, HPA of
the 12th row is destroyed and HPA of the 6th row is formed, whereas with an increase in the content of HPA
on the support (10-25 wt. %), the structure of HPA is retained.

Conclusions

Summarizing the above results, we can make the assumption that specific surface area and dispersion
phosphomolybdenum heteropoly acid-titanium oxide catalytic system are not key factors responsible for high
catalytic activity in the process of obtaining diisopropyl ether (there is no clear correlation to this effect). It
was determined that the catalytic activity of titanium dioxide samples before and after the introduction of
heteropoly acid has a different nature (the ether input in the presence of heteropoly acid-containing samples is
higher, reaches maximum values in a shorter period of time and is characterized by greater stability). It should
be noted that the activity of heteropoly acid-containing titanium oxide catalytic system samples is determined
by the ratio of meta-titanic acid hydrate and metaphosphoric acid, when a quantitative increase in the latter
entails a decrease in new surface active centers, or their rearrangement. Presumably meta-titanic and meta-
phosphoric acids are formed when applying more than 7 % wt. phosphomolybdenum heteropoly acid and rep-
resent a surface complex polymer compound.
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K.}O. AmxamoB

D.A. I'yceiiHoBa, , C.0. Ocy6oBa

I'eTeponoJ KbIKbBLIBI — TUATAH OKCHII 2KYHECiHIH KATbICYybIMEH
H30IPONNJI CHUPTiHIH KOHBEPCHUSCHI

T'erepomonmii KBIIKBUTE — THTAH JUOKCHI XKYHECiHIH (a3albIK KoHE TEKCTYPAJIbIK KACHETTEPIiH 3epTTey YIIiH
3aMaHayd (DU3MKAIBIK-XUMUSUIBIK JIiCTep KelleHi KOJIAHBUIAB (pEeHTreHaiK(a3aiblK aHalin3, a30TTHIH a3
TeMIIepaTypajblK aJCOpOLMSICH], CKaHEpJIeyLIl SJIEKTPOHIBl MHUKPOCKONMS, JJEMEHTTIK aHaiu3). TuraH
JUOKCUIIHIH KaTaJINTHKAIBIK OEICeHIUNrIHIH JKOFapbulayblHa oKeJleTiH (ochopMOIHOIeH TeTeporonni
KBIIIKBIIBIHBIH OHTaWIbl Memmepi 7 %-apl KypalThIHBI aHBIKTAJIBI JUUA3OMPONUI S(QUPIHIH MIBIFBIMBI
JKOFapbl, KbICKA Mep3iMie MaKCHMalJbl MOHJEPre »KETeAi JKOHEe ChlHaMajap TypakrThl. KypamblHza
(hochopmMonHOIEeH TeTepOTIONHi KBIIIKBUIBI Oap YITUIepAiH OSNCeHIITITI JIEKTPOHABI-T0HOPIIBIK KACHETTEPiH
KOpCEeTETiH OeNCeHIi OPTAJBIKTApAbIH JXaHa THUNTEPiHIH Halga OoMybIMeH OaillaHBICTHI JEN CaHAJIAIbI
(reTepomnonmii KBIMIKBUIBIHBIH M=0 OKTasApachIHBIH CBIPTKBI (PparMeHTTEpiHIH HIETKI OTTETi aTOMIApHI).
Kypawmbiana ¢ochopMonubieH TeTepononanii KbIMIKbUIBI 0ap YITiHIH KAaTATUTUKAIBIK OCICeHAUTITiHIH
7 %-nan xemn TemMeHneyi OeTki KabaTTarsl MeTagocdop KBIIKBUIBIHBIH TY3iyiHe OailIaHBICTBI 00JIaIbl KOHE
OeceH i OPTANBIKTAP/IBIH TOMEH/ICYiHE SKEeNe/i.

Kinm ce30ep: M30mpONII CIUPTI, TUTaH JUOKCHI, (GOChHOPMONUOICH TeTEPONONUI KBIMIKBLIBI, (ha3aabiK
KypaMm, Mopdoorusi, KaTaiu3, JUA3OMPONAI 3(HUpi, TEKCTYpalblK KACHETTEPi, METATHTaH KBIIIKBLIBI,
MeTaocop KBIIIKBLTHL.
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Catalytic conversion of isopropyl alcohol ...

D.A. I'yceiinona, [K.}O. Amxkamon, C.3. FOcy6oBa

HpeBpameHne H30MPOMUJIOBOIO CITUPTA B IPUCYTCTBUUA CUCTEMBI
reTepomnoauKuc/iorTa — OKCH/JA THTaAaHA

KoMIuzekcoM coBpeMEHHBIX (PU3UKO-XUMHYECKHX METOI0B (PEHTTeHO(a30BbIi aHAIN3, HU3KOTEMIIEpaTy pHAs
azicopOuust a30Ta, CKAHUPYIOLIAst 3NEKTPOHHASI MUKPOCKOIIHS, SIEMEHTHBIN aHATH3) U3y4deHb! (pa30oBbIe U TEK-
CTypHbIE CBOMCTBA CUCTEMbI T€TE€PONOIUKUCIOTA — AUOKCH]] TUTaHA. Y CTAHOBJIEHO, YTO ONTHMAIBHBIM COZIEp-
xaHueM (HocopMonHOIEHOBOIT reTepONOIMKUCIOTH, KOTOPOE IIPUBOJIUT K IOBBIICHUIO KATATUTHYECKOH aK-
THUBHOCTH TMOKCH/A TUTAHA, IBIsIeTCsl 7 % Macc.: BBIXOJ] AMU30IPOIIIOBOTO 3(hHpa BBIIIE, JOCTHIAeT MAKCH-
MaJIbHBIX 3HaUYeHHH 3a 0oJjiee KOPOTKUH MPOMEXYTOK BPEMEHH, a 00pa3Ibl XapaKTepH3yroTcst OoJbIIeil cra-
OMIBHOCTBIO. BRIABUHYTO IIpeAIIONoKeH)Ee, YTO aKTHBHOCTE (OCHOPMOIIHOIEHOBOH TETEPONOINKUCIOTO-CO-
JeprKalux o0pas3IloB CBs3aHA C MOSBICHHEM aKTHBHBIX LEHTPOB HOBOTO THIIA, KOTOpPHIE IPOSIBISIOT MOBBI-
IICHHBIE 3JICKTPOHHO-AOHOPHBIE CBOICTBA (KOHLIEBBIC aTOMBI KMCJIOPOJa BHEIIHUX ()ParMEHTOB OKTa3/pOB
M=0 rereponosuKkucioThl). [TageHne KaTaTuTHIeCKO aKTHBHOCTH 00pas3LoB ¢ coaepkanueM Gochopmonnod-
JICHOBOH I'€TEepOIOIMKUCIOTH CBhIIIE 7 % Macc. CBsI3aHO ¢ 00pa30BaHHEM IIOBEPXHOCTHON MeTadochopHOi
KHCIIOTHI U BJI€YET 32 CO00H yMEHbIIEHNE aKTHBHBIX LIEHTPOB.

Knrouegvie cnosa: n300poONUIIOBbINA CIIMPT, AUOKCUJ TUTaHA, (PochOpMOIHOaCHOBAs TeTEPOIIONUKUCIOTA, (a-
30BBIi COCTaB, MOP(OJIOTHS, KaTaan3, JUH30IPOIHIOBbINA 3GUp, TEKCTYpPHbIE CBOMCTBA, METATUTAHOBAS KHC-
nota, MetadochopHas KUCIOTa.
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Investigation of the process of latex coagulation by cationic surfactants

In the article the estimation of coagulating ability using cationic electrolytes is shown. It was found that in the
case of using low molecular weight cationic electrolyte, the completeness of the release of rubber from latex is
achieved at their consumption of 20-30 kg/t of rubber. A feature of the behavior of cationic surfactants in the
latex coagulation has been established. It is shown that the consumption of cationic surfactants corresponds to
the consumption of polymer cationic electrolytes. Also, a hypothesis was put forward that cationic surfactants
violate the aggregate stability of latex systems and the mechanism of action, which is based on the interaction
of cationic surfactant micelles with latex globules carrying anionic surfactants on the surface is proposed. The
use of cationic surfactants can eliminate the use of sodium chloride in the industry of separating emulsion
styrene-butadiene rubber from latex, as well as solve some environmental problems. The final stage of the
investigation was to determine the parameters of rubber compounds and vulcanizates based on the rubber.
These rubbers, rubber compounds and vulcanizates correspond to standard parameters.

Keywords: latex, coagulation, cationic surfactants, rubber, rubber compounds, vulcanizates, parameters, envi-
ronment.

Introduction

The chemical and petrochemical industry has been actively developing in recent years. The introduction
of new technologies, hardware design of processes, catalytic systems and initiators makes it possible to in-
crease the productivity of the process, the quality of the products obtained, reduce environmental pollution and
make more complete and rational use of natural resources [1, 2].

Synthetic rubbers obtained by emulsion polymerization have a set of required properties and are widely
used in the tire and rubber industry, in composite materials for various purposes, etc. [3, 4]. However, their
production is in conflict with the regional ecology. One of the problematic stages in the production of rubbers
obtained by emulsion polymerization is the stage of separation from latex. This is due to the fact that in the
process of separating rubbers from latex, salt coagulating agents are used, the consumption of which is tens
(metal salts of the second group of the periodic system) and hundreds of kg/t of rubber (metal salts of the first
group of the periodic system). Therefore, at present, an important and urgent task is aimed at developing new
technologies and technical solutions that can reduce the consumption of salts or completely eliminate their use
in the technology of production of emulsion rubbers [5]. Quaternary ammonium salts are promising in this
regard. The review paper [5] shows the prospects of their application in the technology of rubber isolation
from latex. The consumption of low-molecular and high-molecular quaternary ammonium salts is less than
that of sodium chloride and other salts. However, the high cost of these salts, as well as the impossibility of
their usage in some variants of latex technology largely deters from their integration in the synthetic rubber
industry.

In the literature there is no information about the use of cationic surfactants (CPAV) in the technology of
rubber isolation from latex [5]. CPAV are available reagents that are widely used in various industrial sec-
tors [6, 7].

The aim of this paper is to study the possibility of using CPAV in the production technology of styrene-
butadiene rubbers.

Experimental

The latex coagulation process (Table 1) was researched using cationic surfactants produced on an indus-
trial scale [8].
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Table 1
Characteristics of styrene-butadiene latex produced by emulsion rubbers (SBR)
Parameter Value
Dry residue, wt% 21.3
Surface tension, mH/m 57.1
pH latex 9.5
Content of bound styrene, wt. % 22.7

The coagulating process was carried out at 21+1 °C. Aqueous solutions of cationic surfactants: do-
decylpyridinium chloride with concentrations ~2 wt%, decylpyridinium chloride ~2 %, cetylpyridinium bro-
mide ~2 %, cetyltrimethylammonium bromide ~2 %, alkylbenzyldimethylammonium chloride ~2 %, and so-
dium chloride — 20 wt%, N,N-dimethyl-N,N-diallylammonium chloride — 5 wt%, poly- N,N-dimethyl-N,N-
diallylammoniumchloride — 2 wt% were used as coagulating agents. An aqueous solution of sulfuric acid
with a concentration of ~ 2.0 wt% was used as an acidifying agent. The resulting rubber crumb was separated
from the aqueous phase (serum), washed with warm water and dehydrated in a drying cabinet at 8085 °C.
The completeness of coagulation was assessed visually by the transparency of the serum and gravimetrically
by the mass of the resulting rubber crumb. The following substances were used for the extraction of rubber
from latex: dodecylpyridinium chloride (DDPC); decylpyridinium chloride (DPC); cetylpyridinium bromide
(CPB); cetyltrimethylammonium bromide (CTMAB); alkylbenzyldimethylammonium chloride (ABDMAH).

Results and Discussion

The conducted studies have established (Table 2) that the amount of rubber crumbs released naturally
increases with an increase in the consumption of all the coagulating agents studied. However, a number of
interesting features were also noted in the behavior of CPAV during the coagulation of styrene-butadiene latex,
which was not previously noted when using other agents used in the isolation of rubber from latex.

Results of the research are presented in Table 2.

Table 2
Experimental results obtained in the isolation of rubber from emulsion latex using various coagulating agents

TYPE OF COAGULANT Sodium chloride

Temperature, °C 20/60

Consumption of sodium chloride xg-t™! of rubber 10 30 50 70 100 120 150
Rubber outlet (20°C), mass % 34.5 56.3 74.7 80.5 85.6 90.5 97.1
Rubber outlet (60°C), mass % 22.7 50.9 72.2 80.2 83.6 89.9 95.6
Evaluation of complete coagulation icc icc icc icc icc icc cc
TYPE OF COAGULANT N,N-dimethyl-N,N-diallylammonium chloride
Temperature, °C 20

Consumption of coagulating agent, xg-t™! of rubber 1 3 5 10 15 20 25
Rubber outlet, mass % 34.7 58.9 67.2 78.2 87.6 90.9 96.3
Evaluation of complete coagulation icc icc icc icc icc icc cc
TYPE OF COAGULANT Poly- N,N-dimethyl-N,N-diallylammonium chloride
Temperature, °C 20

Consumption of coagulating agent, kg.t™! of rubber 0.25 0.50 0.75 1.00 1.50 2.00 2.50
Rubber outlet, mass % 13.3 25.8 44.7 69.8 86.8 92.9 95.5
Evaluation of complete coagulation icc icc icc icc icc cc Cc
TYPE OF COAGULANT Dodecylpyridinium chloride

Temperature, °C 20

Consumption of coagulating agent, xg-t™! of rubber 0.25 0.50 0.75 1.00 1.25 1.50 -
Rubber outlet, mass % 12.7 20.9 42.2 80.2 89.1 93.6
Evaluation of complete coagulation icc icc icc icc icc cc -
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Continuation of Table 2

TYPE OF COAGULANT Decylpyridinium chloride

Temperature, °C 20

Consumption of coagulating agent, kg.t"! of rubber 0.25 0.50 0.75 1.00 1.50 2.00 2.50
Rubber outlet, mass % 27.3 37.8 59.9 85.0 914 92.1 944
Evaluation of complete coagulation icc icc icc icc cc cc cc
TYPE OF COAGULANT Cetylpyridinium bromide

Temperature, °C 20

Consumption of coagulating agent, xg-t™' of rubber 0.25 0.50 0.75 1.00 1.50 2.00 2.50
Rubber outlet, mass % 17.5 50.2 50.8 75.0 90.2 93.2 95.2
Evaluation of complete coagulation icc icc icc icc icc cc cc
TYPE OF COAGULANT Cetyltrimethylammonium bromide
Temperature, °C 20

Consumption of coagulating agent, kg.t"! of rubber 0.25 0.50 0.75 1.00 1.50 2.00 2.50
Rubber outlet, mass % 28.8 50.2 66.4 75.0 85.6 93.2 94.2
Evaluation of complete coagulation icc icc icc icc icc cc cc
TYPE OF COAGULANT Alkylbenzyldimethylammonium chloride
Temperature, °C 20

Consumption of coagulating agent, kg-t™! of rubber 0.50 1.0 15 2.0 25 3.0

Rubber outlet, mass % 40.3 57.7 71.6 83.8 93.9 93.0
Evaluation of complete coagulation icc icc icc icc cC cC

Notes. Abbreviations: icc — incomplete coagulation; cc — complete coagulation. The pH of the aqueous phase (serum) — 3,0;
consumption of sulfuric acid — 15,0 kg-t * rubber.

What is the peculiarity in the behavior of CPAV as agents of coagulation?

The results presented in Table 2 indicate a sharp difference in the efficiency of the coagulating action of
low molecular weight cationic reagents, which differ in their colloidal characteristics: the consumption of mi-
celle-forming CPAV (DDPC, CPC, CTAB) is an order of magnitude less than the consumption of similar in
chemical structure DMDAAMH, which does not have the ability to micelle (2.0-2.5 kgt™!, and 20.0-25.0 kgt !,
respectively). Micelle-forming low molecular weight CPAV are close to (and sometimes exceed) the high
molecular weight analog of DMDAAH the VPK-402 reagent in terms of their effectiveness in latex coagula-
tion. The high coagulating capacity of the polymer cationic reagent VPK-402 is due to the fact that in the case
of cationic polyelectrolyte, the combined effect of two astabilizing mechanisms acts — neutralization and bridg-
ing, the second mechanism enhances the effect of the first one.

The above-mentioned feature in the behavior of CPAV is probably related to their micelle-forming abil-
ity. In this case, the coagulation process will be based on the interaction of latex globules carrying adsorption
layers of anionic surfactants on the surface not with individual molecules of the cationic electrolyte, but with
CPAV micelles (Fig. 1), i.e., akind of polycondensation reaction will occur with the release of a low-molecular
product — an inorganic salt (sodium chlorides) and the formation of an unstable complex latex globule-CPAV
micelle.

The disintegration of this complex will be accompanied by the release of the water-insoluble product of
the interaction of CPAV with anionic surfactant into the sediment according to the scheme:

R + R-COOK(Na) —= - 4+ Kal
NQ R'- SOK (Na) N ooC - R NaCl
CiH

Cl'\H-\S I SOS-K

12

Or in general:
nR—COOK + n(EN+ —C(lo_le))C|— — ((EN+ —C(lo_le))—OOC—R)n + nKClI
where n is greater than 1.
In an acidic medium, the decomposition of low-stability polymer-complex structures occurs:
((EN+ —C(lo_le))—OOC—R)n + H,SO, — (EN + —C(10.15))HSO4— + R—COOH
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A hypothetical model of the interaction of latex micelles with CPAV allows us to explain the observed
(Table 3) the effect of the length of the hydrocarbon radical of CPAV on the process of isolation of rubber
from latex. Thus, when the radical contains 10-12 carbon atoms, a bi-beam structure is most likely formed
(Fig. 1a), and when the radical contains 16 carbon atoms, the size of the micelle increases and the coagulation
process can occur with the formation of 3 and 4 beam structures (Fig. 1b, c). This is also reflected in the
consumption of cationic surfactants. These hypothetical considerations are supported by some simple calcula-
tions. Namely, we found how many micelles per 1 globule of latex are approximately at the time of the intro-
duction of CPAV in the full coagulation mode (for CTAB, CPC, DPC) (Table 3) [9, 10]. The data in Table 3
show that the number of micelles surrounding the globule at the initial moment of coagulation significantly
exceeds the number of latex globules, so there are sufficient grounds for the hypothetical scheme shown in
Figure 1.

b)

éﬁ_@_(c;mm G
. /\ surfactant

Figure 1.The proposed scheme of interaction of negatively charged latex globules with micelles
of cationic surfactants (a) with a relatively short length of the hydrocarbon radical (nC = 10-12)
and (b), (c) a long radical length (nC = 16)

66 Bulletin of the Karaganda University



Investigation of the process of latex coagulation ...

Conclusion

Using cationic surfactants in the rubber industry makes it possible to achieve the complete latex coagulation
at the expense of the corresponding cationic polyelectrolyte. A hypothesis about the effect of cationic surfactants
on the destabilization of the latex aggregate stability is proposed. The process mechanisms occurring during the
introduction of a cationic surfactant in a latex system stabilized by anionic surfactants has been introduced.
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JlatekcTi KaTHOHABI OeTTIK-0e/ICeH /Il 3aTTApMEH KoaryJsiius/iay MpoueciH 3epTrrey

Makanama KaTHOHJBIK SJIEKTPOJUTTEP/IH KOAryJsanusuiay KaOiaeTi Typaibl TYCiHIK KeHe#TinreH. TemeHri
MOJIEKYJIanbl KaTHOHIBI DJIEKTPOJINTTEPAl KOJJaHFAH Ke3/le, PE3eHKEAEH JaTeKCTepli Oeinm ayablH
TOJBIKTBIFBIHA oNapAbIH 20-30 KIr/T pe3eHKe KyMmcay Ke3iHae KOJ )KETKI3IIeTIHAIr aHbIKTanapl. JKypriziareH
3epTTeyiepAe CTUPON-OyTaJueH KaydyKThl JIATEKCTEH ally MpPOLECIHAE 3epTTeNreH KaTHOHIBIK OeTTik-
6encenni 3arrapmen (BB3) acep etyi Gapbichinaa epekienik Oaiikanapl. Karnouast BB3 mibiFsiHbl moaumepiti
KaTHOHJIBI DJICKTPOJIMTTIH MIBIFBIHBIHA KAKBIH, all KeHOip skaFgaiiapia ofgaH a a3 0oJaThIHBI KOPCEeTiNTeH.
Karnonapik OeTTik-OenceHai 3aTTaplblH JAaTeKC >KyHelepiHiH JKUBIHTHIK TYPaKTBUIBIFBIHBIH OY3bUTYBIHA
BIKIAJIBI Typajbl THIIOTE3a ajiFa TApTHUIBI, OHBIH CEP €Ty MEeXaHW3Mi YCBIHBUIIBI, 0J1 KaTHOHABI bb3-1b1H
MHUIIEIUTAIApBIHBIH OCTiH/IC AHMOH/IBIK OSTTIK AKTUBTI 3aTTaP/IbI AJIBII KYPETiH JATEKC rI00yIanapbiMeH 3apa
apekerTecyiHe HerizgenreH. Ocpuiaiiia, KaTHOH/IBI OETTIK-OENCeH Il 3aTTap/Abl KOJIIaHy HAaTPUH XJIOpUAiHAe
’KOHE KbIMOAT KaTHOHABI MOJUMEpIl JJIEKTPOJIUTTI, SIMYJIBCHSUIBI CTUPOI-OyTaaueH/i KaydyK eHAipiciHme
KOJImaHy a6l OonmapipMayFa MyMKiHIiK Oepeni. Katnonaer BB3-1p1 eHri3y keitbip SKOMOTHSIBIK MacenenepIl
HIeNIyTe MYMKIHAIK TyFeI3aabl. OCBI 3epTTEYIiH COHFBI Ke3€HIH/IC YCHIHBUIFAH TEXHOJIOTHFA COUKEC pE3eHKE
HETi3iHAe pe3eHKe KOocCTaiapbl MEH BYJIKaHH3AaTTapAblH MHAWKATOPIIAPHIH aHBIKTay OonIbl. bapmbeik Herisri
KepceTKIimTep OONBIHINA 3ePTTENETIH YATLIEp TallanTapra cai.

Kinm ce30ep: naTekc, Koaryysus, OeTTiK-OelceHjai 3arTrap, pe3eHKe KOCBUIbICTap, BYJKaHHM3aTTap,
KacHeTTepi, KopLIaraH opTa.
C. Huxynun, B. Bepexnuxos, T. bynarenkas, H. Huxynuna
HccaenoBanue Inpoiecca KoaryJjadalum JiaTekca

KATHOHHBIMH IMMOBEPXHOCTHO-AaKTUBHBIMHA BellIeCTBaAaMHU

B cTaTpe pacmmpeHs IpecTaBICHNS O KOarylIupyIOmei CltocOOHOCTH KaTHOHHBIX IEKTPOIUTOB. Y CTAHOB-
JIEHO, 4TO B CIydYae NMPUMEHEHUs] HU3KOMOJIEKYIIPHBIX KaTHOHHBIX JIEKTPOJINTOB IOJHOTA BBIIEICHHS Kay-
YyKa W3 JJATEKCOB JocTUTaeTcs mpu ux pacxozae 20—30 kr/t xaydyka. [IpoBeIleHHBIMI HCCIIEIOBaHUSIMH ObLTa
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OTMEYeHa 0COOCHHOCTh B MOBEIACHUH HCCIICIYEMbIX KATHOHHBIX MOBEPXHOCTHO-aKTHBHBIX BEILECTB B IPO-
Hecce BbIIENCHHs OyTaHeH-CTUPOJIBHOTO KaydyKa U3 jgaTekca. [Ioka3aHo, 9TO pacxXoj KATHOHHBIX MOBEPX-
HOCTHO-aKTHBHBIX BEIIECTB OJIM30K K pacxoay (a B HEKOTOPBIX CITy4asX [Jae MEHbIIE) MOJMMEPHOTO KATHOH-
HOT'O 3JIEKTPOJINTA. BRIIBUHYTA TUIIOTE3a IEUCTBUSI KATHOHHBIX [TOBEPXHOCTHO-AKTHBHBIX BEIIECTB HA HApy-
[IEHKE arperaTUBHON yCTONYMBOCTH JIATEKCHBIX CHCTEM, MPEJIOKEH MEXAHU3M €ro JIeHCTBHs, KOTOPBIA 0C-
HOBaH Ha B3auMoJeiicTin Mutiesl KITAB ¢ natekcHbIMH r7100yIaMu, HECYIIUMU Ha TIOBEPXHOCTH aHHOHHBIE
TTAB. Takum 06pa3oMm, UCITOIb30BaHHE KATHOHHBIX TIOBEPXHOCTHO-aKTHBHBIX BEIECTB MO3BOJISIET HCKIIIOUUTh
NpPUMEHEHHE KaK XJIOPHa HATPHS, TaK U 0oJiee JOPOTOCTOAMIEr0 KATHOHHOTO TOJMMEPHOTO SJICKTPOJIUTA B
MPOM3BOJICTBE SMYJIbCHOHHOTO OyTaMeH-CTHPOJIBHOTO Kayuyka. Baeapenne KITAB mo3BouT pennTs HEKo-
TOPBIE SKOJIOTHYECKUE MPOOIEMBI. 3aBepIIAIONINE 3TAll JTaHHOTO UCCIICIOBAHMS 3aKII0UAICS B ONPECICHUN
MoKa3areliell pe3NHOBBIX CMECEil U BYJIKAHM3AaTOB HA OCHOBE Kay4yKa, BBIJIEIECHHOTO MO MPEII0KEHHON TeX-
Hostorud. I10 BceM OCHOBHBIM IMOKA3aTEeNsIM KCCIIelyeMble 00pa3ibl COOTBETCTBOBAIH TIPEIBABISICMbIM TPE-
OOBaHHUSIM.

Knrouesvie cnosa: JIaTCKC, KoaryJsilusi, HIOBEPXHOCTHO-aKTUBHBIC BEIICCTBA, PE3UHOBBLIC CMECH, BYJIKAHU3AaThI,
CBOﬁCTBa, OKpYy2Karouias cpeaa.
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Catalytic oxidation of CO in gases
emitted by industrial processes and vehicle exhaust

A new type of catalysts not containing noble metal oxides have been developed and the possibilities of their
application both for the complete neutralization of carbon monoxide in exhaust gases and the process of deep
oxidation of volatile hydrocarbons are studied. It has been found that the activity of catalysts based on vanadium
and phosphorus oxides supported on Al20s, SiOz, TiO2 by and their modification with of 1-3 % oxides of Cu,
Cr, Co, Zn enhanced the conversion of the deep oxidation process to 95-100 % at the temperatures of
673-693 K and volumetric velocities of 5000-10000 h-*. During the simultaneous oxidation of CO and C3Hs
at a CO conversion of 90 %, the C3Hg conversion was 70 %. It has been established that oxidation of CO and
C1-C4 hydrocarbons, and especially propane, with the participation of synthesized catalytic series, occurs by
stepwise and associative mechanisms. The oxidation of CO and CsHs required a high oxygen content of
1:20-25 mol. Besides utilizing carbon monoxide in exhaust gases from motor vehicles, these catalytic systems
can be successfully used to neutralize industrial gases, especially those emitted from oil refineries and thermal
power plants. Preliminary research has shown that these catalytic systems can operate for about 50 000 hours
without changing the activity.

Keywords: catalyst, organic compounds, catalytic systems, monoxide, propane, exhaust gases, aluminium ox-
ide, cobalt, chrome, vanadium oxide.

Introduction

It is known that since the second half of the last century the exponential growth of industry, especially oil
refining, petrochemicals, metallurgy, energy complexes, organic compounds, automotive industry, spontane-
ously led to rapid pollution of the environment. It should be noted that most of the toxic gases emitted into the
environment fall on the share of metallurgy, thermal power plants (~50 %), and more recently in the field of
rapid development of road transport (~20 %) in the world [1-6]. Automobiles are the most popular mode of
transport used by people. During the operation of these vehicles, air pollution emitted from transportation
contributes to emissions of air toxics and poor air quality, which has negative impacts on the health and welfare
of mankind [7-9].

The amount of exhaust gases emitted into the environment from industrial plants and vehicles continues
to increase from year to year. In particular, 0.3-12 % carbon monoxide, 0.5-1.0 % NO, gases, 0.2-3 % CxHy,
0.1-3 % organic compounds, 3—10 % water vapour, I-15 % soot, and carbon dioxide from internal combustion
engines, in addition to SO, from the vehicle engines that run on the diesel fuel is also released into the envi-
ronment. Although many “euro” standards (EURO 4 to EURO 6) are set for the norms and amount of the emit-
ted exhaust gases, they are often not followed, which is associated with many problems [10-14].

Recent research show that catalytic systems based on the most valuable non-ferrous and rare metals are
currently used for the conversion and disposal of carbon monoxide, nitrogen gases, and volatile hydrocarbons.
Depending on the neutralization process, catalytic methods are the most preferred ones in industrial waste
disposal. [15].

Experimental

Initially, a vanadium-phosphorus catalyst was synthesized. Catalyst samples were obtained by known
methods, precipitated, and impregnated on aluminium oxide and silicon oxide [16]. The catalysts were then
heat-treated by known methods [17]. The catalyst is then cooled, crushed, sieved, and divided into the required

0.2-0.8 mm (or 0.2-0.4; 0.4-0.6; 0.6-0.8 mm) parts. Such catalyst samples are called “newly synthesized”
samples. In this case, depending on the initial materials, catalyst samples are taken in ratios such as V:P = 1:10.
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It should be noted that the main active mass precipitated or impregnated on the carriers is 8-10 % of the total
catalytic system.

The activity and kinetic regularities of the synthesized catalysts in the conversion, oxidation reactions of
CO, C1—C4 hydrocarbons, and NOy gases were studied in open-flow and pulse system reactors.

Gas mixtures CO+He, O,+He, CO,+He, CO+0,+He, NO+He, NO,+He, CH4+He, C,Hs+He, CsHg+He,
C4H1ot+He were prepared in certain volume concentrations (volume %) and filled into air balloons. Some of
them were prepared by known methods and given to the system directly before the reactions. Gas mixtures are
taken at CO (0.5-5.0 %), CO2 (2-15 %), O, (1-20 %), CxH,(0.5-2.0 %), H20 (1-20 %), NO (200-600 ppm),
NO; (200-1000 ppm), which is close to the emissions of real automobiles, thermal power plants, oil refining,
and petrochemical industries. Moreover, the gas mixtures were used separately as a model for Kinetic studies.
Analysis of CO, CO,, NO,, and hydrocarbons was performed on AMX (calorimeter) and SVET-500 chromato-
graphs. The gas carrier was He (helium); separation of the CO, CO2, and hydrocarbons was carried out in a
column filled with “Poropak Q” (length 3.0 m) at a programmed temperature (3°C/min) 30-90 °C. It should
be noted that carbon monoxide is obtained by the treatment of concentrated sulphuric acid with formic acid.
02, N2, and CO were analyzed in a parallel column using NaX zeolite (1.2 m length), where a rate of helium
was 50 ml/min, and N2O and NO- on activated carbon using CKT. Other organic compounds, (acetone, ben-
zene, toluene, chlorobenzene, and others) were taken and analyzed using a carrier adsorbent containing SE-30
on a chromoton ina 3 m column.

Adsorption isotherms, pore distributions, surface area, and pore volumes information has been studied by
using the BET method for synthesized and activated (I); promoters added (Cr,03 or C0205) (Il); deactivated
samples (I11). The results showed that the values of samples | and Il do not differ significantly during both
adsorption and desorption, but the distribution of the pore volume and surface area of sample 111 differs from
other ones. It should be noted that for samples with added Co and Cr oxides the P/P,-dependent distribution of
the adsorption and desorption isotherms and the P/P,-dependent distribution occur according to known regu-
larities.

In the laboratory the experiments were carried out with a vertically aligned tubular quartz reactor operat-
ing at atmospheric pressure. The schematic of the experiment set up is shown in Figure 1.
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Figure 1. The experimental vertically-aligned reactor

m e

Due to the corrosive reaction products, all materials used in the experimental setup were corrosion-re-
sistant: quartz glass, heated Teflon pipes (T = 180 °C), and Teflon connectors.

Results and Discussion

The activity of the synthesized catalytic systems was initially tested at a temperature of 673-723 K, at a
volume rate of 8000-10000 hL. In all cases, the effect of different promoters on their activity was studied by
taking the catalytic systems based on V-P-0/Al,O3 and V-P-O/SiO; (Table 1).
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Table 1

The activity of the catalytic systems synthesized for the oxidation reactions of carbon monoxide
and propane depended on the nature of the carriers and added promoters

Promotor Conversion, %

-1
Catalysts P P, T,K| V,h co CaHs

- - 573 | 8000 40 50

- Zn | 573 | 8000 45 54

Mg - 673 | 8000 45 56

Co - 673 | 8000 50 58

- Cu | 673 | 8000 68 62

V-P-0O/Si0, | Cr - 673 | 8000 68 61
Ni - 673 | 8000 52 48

- Zn | 723 | 10000 50 55

Co - 723 | 10000 54 62

- Cu | 723 | 10000 70 65

Cr — 723 | 10000 74 66

673 | 8000 42 52

l\;g : 723 | 10000 46 60

a 7n 673 | 8000 48 61

673 | 8000 80 54

V-P-O/Al,03 NI C_u 723 | 10000 55 60
Cr ~~ | 673 | 8000 70 65
Cr ~ | 673 | 8000 70 66
B Cu 723 | 10000 76 70

723 | 10000 72 68
Mg | Zn | 673 | 8000 47 54
Mg | Cu | 673 | 8000 70 64
Mg | Co | 673 | 8000 52 56
Mg | Co | 723 | 10000 60 65
V-P-0O/Si02 | Mg | Cr | 673 | 8000 72 65

zn | cu |673| 8000 | 75 | 78
Zn | co | 723 | 10000 | 60 | 60

zn | cr | 723 | 10000 | 62 | 60

Ni | Co |723| 10000 | 73 | 65

Cu | Co | 673] 8000 | 80 | 73

Co | cu | 723| 10000 | 82 | 73

lcu| cr|e3| so00 | 92 | 90
V-P-0/510: | o, | ¢ | 723 | 10000 | 96 | 96
Co | cr |673| 8000 | 84 | 90

Co | Mn | 723 | 10000 | 78 | 70

Cu | Cr | 673| 8000 | 96 | o7

cu | cr |723| 10000 | 97 | 95

Cu | Co | 673| 8000 | 88 | 83

V-_P-O/ALOs | Co | Cr | 673| 8000 | 90 | 84
Cr | Co | 723 | 10000 | 92 | 84

Mg | Cu | 673 | 8000 70 68
Mg | Co | 723 | 10000 64 70

As can be seen from the results, one or two types of promoters were added to V-P-O/Al,Oz and
V-P-0/SiOy, and their activity in the process of CO and propane conversion was studied. The amount of added
promoters is 1-3 %. Initially, MgO was added to V-P—O/Al,Os and V-P—O/SiO; catalyst after which modified
by Zn, Mn, Cu, Co, Cr, Ni oxides, and all catalysts showed 50-70 % catalytic activity. No significant change
was observed when MgO was replaced by the NiO, although subsequent additions slightly increased the con-
version of CO and C3Hs (70-76%).

As can be seen from the results in the table, catalytic systems obtained with the addition of 1-3 % CuO
and then 1-3 % Co0.0s or Cr,0s; showed high (90-95 %) activity in both carbon monoxide conversion and
propane conversion.

First we studied the effect of the ratio of CO:O, on the CO oxidation reaction.

CHEMISTRY Series. No. 2(102)/2021 71



|.G. Melikova, A.J. Efendi et al.

Table 2
CO conversion on CO:Oz ratios, T = 713 K, V = 10000 h!

CO conversion on CO:0; ratios
05:1 | 1:1| 15| 1:10 | 1:20
13 | 18 27 46
15 | 20 | 34 48
15 | 31 53 61
20 | 41 81 87
18 | 37 73 86
50 | 80 | 98 100
46 | 64 | 83 93

Catalysts

V-P-0/SiO;
V-P-0O/Al;O3
V-P-0O/Al,03 + 2 % Mg
V-P-0O/Al,03 + 2 % Cu
V—P—
V—P—
V—-P—

O/AI,0s+1%Cu
O/AI,03+2% Cu+2%Cr
O/AI,03+2% Cu+1%Cr

[N
05N | |OT W

Some of the catalytic systems that were synthesized and showed high activity were selected, and the
oxidation reaction on their surface in the range of CO:0; = 0.5-1:20 ratios was studied (Table 2). The results
show that the conversion of CO is very low in the presence of V-P-0/SiO, and V-P-O/Al,O;3 catalysts at
C0O:0,=0.5:1and 1:1.

When a small amount of Mg, Cu is added into the catalyst, the conversion of CO does not increase much.
However, CO conversion begins to increase significantly (20-50 %) in the presence of catalyst samples with
the addition of Co and Cr. The catalytic oxidation process increases rapidly at a ratio of CO:0, = 1:5. In special
cases, it reaches 60-80 %. At higher values of this ratio (1:10 and 1:20), the conversion of CO in the presence
of all catalyst samples exceeds almost 50 %, and on the V-P-O/Al-O; + 2 % Cu + 1 % Cr catalyst it reaches
90-92 %, and 100 % in the presence of V-P-O/Al,O3+ 2 % Cu + 2 % Cr catalyst. The effect of synthesis and
preparation methods of catalytic systems on the oxidation of carbon monoxide and propane has also been
studied (Table 3).

Table 3
The effect of catalysts preparation method on oxidation of CO and propane [1]

Synthesis method Temp;a(rature, Voll\J/rT]ﬁ_lrate, (6{0) cc()xrll\;zrsmn, CsHs cs?c:frsmn,
Co-precipitation 673 8000 100 70
Impregnation 693 8000 95 70
Shifting 673 8000 96 75
Mechanical-chemical 653 10000 95 75
Cu0, AlyO3, ZnO industrial 573 7000 75 50
CuO, CrOzHTK 473 7000 70 50
Perovskite 615 5600 95 100 %, 923 K
Pt (USA) 523 560 95 100 %, 953 K
VIP VOPO4 VIV = 1/45

In the presence of catalysts obtained by precipitation and impregnation methods, the conversion of carbon
monoxide was100 % and the conversion of propane was 70 % at a temperature of about 673-693 K and a
volume rate of 8000-10000 h[17].

Although the conversion of propane varies slightly under approximately the same conditions in the im-
pregnated and mixed samples of catalytic systems, the conversion of carbon monoxide decreases slightly, to
95-96 %. These results can be applied to catalyst samples obtained by mechanochemical methods.

It is known, that the abovementioned methods are easier ways to prepare catalysts. While comparing the
activity of the prepared catalysts with the catalyst samples (CuO, ZnO, CaO, Cr,03) used in industry Pt (USA)
in motor vehicles, it is observed that the results are nearly the same as (Pt (USA)) or catalysts are during the
conversion of carbon monoxide (Table 3). However, the industrial catalyst can provide 100 % conversion of
propane at very high temperatures at 933 K. Lowering the temperature by 200—400 K in such processes means
saving a lot of energy.

Furthermore, considering the presence of many organic compounds in exhaust gases emitted into the
environment from industrial plants and vehicles, including isopropyl alcohol, acetone, benzene, mono- and
dichlorobenzene, toluene, the study of their oxidation processes, along with other hydrocarbons, is a very
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important problem. The best results were also shown here by the V-P-O/Al;O3 + CuO + Cr,0O3 catalytic sys-
tems (Fig. 2).

o, %
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1— V-P-0/SiO; + Mg; 2 — V-P-O/ALOs + CuO; 3 — V-P-0/Al,0s + ZnO;
4 — VV-P-0/Al,03 + Cr,03; 5 —V-P-O/Al;03 + 1 % Cu + 1 % Cr; 6 — V-P-0/Al,03+ 2 % Cu + 2 % Cr

Figure 2. The activity of catalytic systems in an oxidation process of different organic compounds
(acetone, isopropyl alcohol, benzenes). CO:0,:H,0:CO,:CyHy = 1:20:5:10:6

In addition to the hydrocarbons listed on these selected active catalytic systems, we have studied the
conversion of other organic compounds. It is also clear that the 100 % conversion of CO at temperatures of
633-673 K and the conversion of organic compounds within the 95-96 % conversion of C3Hg—C4H1 are also
high (97-98 %) (Fig. 3).

a, %
100 - =t
] :%v/—'
90 - /:%/
80 | 4;A%/
| &
70

573 593 613 633 653 673 T,K
1 — CO; 2 — CsHg; 3 — C4Hag; 4 — organics (acetone, isopropyl alcohol, benzenes, and toluene)

Figure 3. Temperature effect on the oxidation of hydrocarbon, CO, and organic compounds
in the presence of V-P-O/Al;03+ 2 % Cu + 2 % Cr

In the ratios of CO:0, = 1:1 and 1:2, the catalysis proceeds at a very slow rate and is practically stabilized
after two pulses. Although the oxidation of CO doubles at a ratio of CO:O = 1:5, a very high rate is still not
observed. However, the nature of the kinetic curve does not change at a ratio of CO:O- = I:10 and more 1:20,
catalysis is observed to proceed at high speed.

CHEMISTRY Series. No. 2(102)/2021 73



|.G. Melikova, A.J. Efendi et al.

Conclusions

Active catalytic systems and optimal conditions for the conversion of 95-98 % CO, 80-85 % CyH, have
been identified, when the amounts of carbon monoxide, hydrocarbons, water vapor, carbon dioxide were in
close proportions to real gas mixtures (CO:02:CyH4:CO2:H,0-1:15:6:12:6) in the oxidation. It has been shown
that the catalytic systems we obtained and used for the oxidation were more active at temperatures 200-300K
less, i.e., at 500-700 K, compared to catalysts containing precious metals such as Pt, Pd, Au.
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OHepKICiNTIiK NpouecTepAeH JKoHe ABTOKOJIIK KYPAJJaPbIHAH IIBIFAPbLIATHIH
razaapaarbl CO-HbIH KATAJIUTHKAJIBIK TOTBIFYbI

KypambIHIa achul MeTal OKCHATEPI »OK, TYpJi Kocmajapsl 0ap OKCHATEp HETi3iHAe jKaHa THIITI
KaTAJTUTHKAIIBIK JKYHENIep d3ipJIeH Il *KoHe OJapabl MaiiianaHbUFaH ra3iapaarsl KOMIpTEri TOTBIFBIH TOJBIK
Geiitapantanaplpy *aHe 6acka yIina KeMipCyTeKTepMeH TepeH TOTBIFY IPOLIECi YIIiH KOJIaHy MyMKiHAIKTepi
kepcerinai. Al20s, SiO2, TiOz2—re xarputFaH BaHaguil xkoHe (ocdop OKcuaTepi HerisiHzeri Karaausatop-
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napapy Gencenpiniri onapaey, 1-3 % Cu, Cr, Co, Zn okcuarepiMeH MOAMGUKALUACH HOTIXKeCiHAe 673—
693 K temneparypana xone 5000-10000 car! keneMaik KbUIIaMABIKTA TEPEH TOTHIFY mpouecin 95-100 %-
Fa JIeffiH )KeTKi3y Ke3iH/e )KOFaphl HOTKE KepceTeTiHi aHbIKTaabl. bip Mesrinae CO xone C3Hs ToThIFysr CO
— 90 % xouBepcusicel ke3inge CsHs xomBepcmsicel 70 % kypansl. CoHpaii-ak, cynslH Oenrini  Oip
KOHIICHTpAIUsFa ACHiH TOTBIFY IPOLIECIHE OH 9CEp €TETiHI aHBIKTAbI, 6ipaK OChl KOHIICHTPALMSAaH )KOFapbl
OoJsrraHza OHBIH acepi, KepiciHme Texeynri (akTop OONBIN caHAIaAbl. ABTOKONIK KYPATJapbHAH IIBIFATHIH
ra3ap/arsl KeMipTeri TOTHIFBIH KoJere jkaparyiqaH Oacka, OyJI KaTalUTHKAIBIK JKYHelep ©eHEpKaCIiNTikK
raszapapl, ocipece MyHall ©HJEYy KOCIOPBIHIAPHI MEH JKbUIy 3JICKTP CTAHIMSUIAPBIHAH IIBIFApbUIATHIH
ra3fapsl 3a1alChI3IaHABIPy YLIIH COTTI KOJJAHBUIYbl MYMKIH €KEHJIr KepceTUIreH. ANIBIH- aja 3epITey
KOPCETKeH/IeH, OyJI KaTaluTHKAJBIK JKyHelep y3aK yakpIT apajbIFbIH[a, aTan aiiTkanga, miamamer 50 000
caraT OeJICeHAUTIKTI ©3TepTIEeCTeH KYMBIC iCTEH anabl.

Kinm ce30ep: kaTanuszatop, OpTaHHKAJbIK KOCBUIBICTAp, KATAIUTHKAJIBIK JKYHeNep, MOHOOKCHJ, MPOTaH,
MaiaaHbUTFaH ra3iap, aTlOMUHUI TOTBIFBI, KOOAIBT, XPOM, BaHATUIA.

N.I'. Menukosa, A.Jlx. Ddenau, 5.M. badaes, [.M. ®@apamxkes,
K.II. Mycazane, A.M. Canaxusl, JI.I'. MareppamoBa

Karanutnyeckoe oxkucienue CO B rasax,
BblJIeJIIeMbIX IPOMBIILIEHHOCTHIO U ABTOTPAHCIIOPTOM

Pa3paboTaHbl KaTaIUTHYCCKHE CHCTEMBI HOBOT'O THIIA HA OCHOBE OKCHIOB C Pa3NYHbIMK 100aBKaMH, HE CO-
JepKallfe OKCHIOB GJIaropoIHBIX METAILIOB, M IOKa3aHbl BO3MOXKHOCTH UX PHUMEHCHHS IS [TOJTHOM HeHTpa-
JIM3aIHHA MOHOOKCH/IA YIJIEPO/ia B BBIXJIOMHBIX Ta3aX M Mpolecca MyO0KOro OKUCICHHUS C IPYTUMH JIETYYHMH
YIJIEBOJIOPOAAMH. Y CTAaHOBJICHO, YTO aKTHBHOCTh KaTaJlM3aTOPOB Ha OCHOBE OKCHIOB BaHamus U ¢ocdopa,
HaHeceHHBIX Ha Al203, SiOz, TiOz, B pesynbrate ux Mogupukauuu 1-3 % oxcunamu Cu, Cr, Co, Zn 1oKa3si-
BAaeT BBICOKHE pe3yJIbTaThl NPH JOBEACHUM KOHBEPCHH Ipoliecca iyOokoro okucieHus no 95-100 % npu
temneparype 673-693 K u 06bemubIX ckopocTsx 5000-10000 4. Oxnospemennoe okuciaenne CO u CaHs
npu kouBepcrn CO — 90 %, xonBepcus C3Hs paBHa 70 %. Taxke ycTaHOBIICHO, YTO BOJA JIO €€ OIpeJIeIICH-
HO KOHLICHTPALMH MOJIOXKUTEIBHO BIMSIET Ha TPOLIECC OKUCIICHHUS, HO BBIIIE 3TOM KOHIICHTPAIMH OKa3bIBaCT
TopMmossitiee JeiicTBue. [lokasaHo, 4TO, KpOME YTHIM3ALUKA MOHOOKCHA YTIIepoa B BBIXJIONHBIX ra3ax OT
ABTOTPAHCIOPTHBIX CPENICTB, 3TH KATATUTHYCCKUE CUCTEMBI MOTYT YCIICIIHO IIPUMEHSTHCS IS 00€3BPEKUBa-
HHMS IPOMBILITICHHBIX I'a30B, 0COOCHHO BHIOpAChIBAEMBIX He(TenepepadaThIBalOIIMMI IPESAIPUATHAMY U TETI-
JIO3JIEKTPOCTAHIMAMH. [IpeiBapUTENIbHOE HCCIIEI0BaHIE MOKA3alI0, YTO JAHHbIC KaTaJUTHYCCKHE CHCTEMBI
MOTYT paboTaTh JTUTENbHOE BpeMsl, a UMeHHO 0k0J10 50 000 1, 6e3 M3MEHEHHST aKTUBHOCTH.

Kniouesvie cnosa. KaTaJin3aTop, OpraHndeCKue COCAUHECHNA, KATATUTUIECKUE CUCTEMBI, MOHOOKCH/I, ITPOIaH,
BBIXJIOITHBIC T'a3bl, OKUCh AJIIOMUHUA, 1<06am,Ta, XpoMa U BaHaIus.
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Research of the process of obtaining potassium fertilizers from carnallite ore

To provide domestic and foreign markets with potash fertilizers Kazakhstan has begun to create own production
of these products. But at the moment enterprises engaged in mining potash salts did not reach a practical stage.
The Chelkarcarnallite ore deposit is a unique one in solving these urgent problems. The article presents results
of the study of processing Chelkar potash ore washed from sodium chloride to obtain a potassium fertilizer
containing potassium and magnesium sulfates. The kinetics of nitric acid decomposition of carnallite ore has
been investigated. The calculated value of reaction activation energy of potassium sulfate and nitric acid inter-
action characterizes the kinetic region of the process behavior. Optimal conditions for decomposition of washed
calcined ore with 30 % nitric acid solution at 50 °C were determined. It has been found that to ensure better
filtration properties and high rate of suspension separation, washed non-calcined ore should be used to exclude
gypsum dehydration, which causes its phase conversion into anhydrite. The double salt of potassium-magne-
sium sulfate was separated by crystallization from nitric acid extract and an ammoniated mother liquor drying
allowed to obtain a salt, which is ballast-free chlorine-free complex nitrogen-potassium-magnesium fertilizer.

Keywords: potash ore, mineral fertilizer, potassium sulfate, sodium salts, Chelkar deposit, mother liquor,
decomposition, evaporation, crystallization.

Introduction

Application of potash fertilizers along with phosphorus and nitrogen ones is essential for sustainable crop
yields, and it is one of main indicators of agricultural development in a country. Among them, sulfate potash
fertilizers are most suitable for crops in Southeast Asia, which is the main consumer of potash fertilizers in the
world. From an agrochemical point of view, this type of fertilizer is of particular value, since many agricultural
crops, such as potatoes, tomatoes, cabbage, peas, flax, soybeans react negatively to the chlorine presence in
the soil [1].

Total reserves of potash salts in the world are estimated about 40 billion tons, Canada, Russia, Belarus,
and Germany are main potash producers [2]. The Central Asian region of the CIS countries also has significant
reserves of potassium-bearing ores. In this regard, to provide domestic and foreign markets with competitive
potash fertilizers a number of countries in this region (Kazakhstan, Turkmenistan, Uzbekistan) have intensified
efforts to create own production of these compounds in recent years. The interest of the region countries in
potash fertilizer production is also determined by the proximity of large markets for products (China, India,
etc.) [2].

According to academic data, potash salts are abundant in the Caspian Basin in Kazakhstan. Composition
of the salts is predominantly chloride, their beds are found in the arches of many salt domes practically through-
out the entire territory of the basin. “Satimola”, “Chelkar”, “Inder”, and “Zhilyanskoe” are the most studied
domes [3]. The project of Kazakhstan Potash corporation (China) on creation of an enterprise for mining the
potash salts and their processing into fertilizers in Kazakhstan has not yet turned into a practical stage [4].
Among them Chelkar is a rather complex deposit: a layered salt dome containing several minerals: sylvinite,
carnallite, bischofite, halite, borate, etc. [5]. Carnallite is a main component of this ore, which consists of two
compounds of chlorine with potassium and magnesium. It is a mineral of medium abundance and sedimentary
origin. Sylvinite rock is formed as combination of sylvite, halite and other salts. In terms of mineral composi-
tion, carnallite ore contains up to 65 % carnallite, 5-15 % of sylvite and 15-25 % of halite. Carnallite ore
compares favorably with sylvinite in its composition, it contains a wider range of salts.

Currently there is no technology for processing the Chelkar deposit ore, therefore development of
domestic production of potash fertilizers based on this raw material is an urgent problem. To solve these
problems it is necessary to carry out a complex studies on processing the natural salts, which are a complex
salt system.
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Previously we have determined the following average chemical composition of the ore, mass %: Na,O —
8.47; K;O — 14.04; CaO — 7.72; MgO — 5.55; SO,> — 26.58; CI- — 18.77 [6]. Based on the chemical
composition and X-ray diffraction patterns, the mineralogical composition of carnallite ore was determined,
which showed the heterogeneity of this salt and presence of both water-soluble components in the form of
carnallite, glaserite and halite, and insoluble calcium sulfatein its composition [6]. In this regard, the possibility
of enriching the Chelkar ore for potassium was studied due to preliminary washing of the impurity mineral
halite as a salt with a higher solubility. The results of an experiment on washing ore by incomplete dissolution
showed that this is an effective method for removing highly soluble sodium salts from the composition of raw
materials (impurity components in potash fertilizers). The obtained data on the degree of ore washing from
sodium salts allowed to propose a washing mode for 20 minutes at a mass ratio of water : salt equal to 1:2,
which ensures minimal losses of valuable potassium with washing water [7]. Further, the optimal enrichment
mode was worked out using a mother liquor, for two-fold washing of the original ore to achieve maximum
washing degree from sodium with a potassium saturated solution. As a result of washing, almost all of the
sodium chloride was removed from the ore with the keeping potassium and magnesium sulfates, as evidenced
by the results of X-ray phase analysis. For further processing of the washed ore into fertilizers the obtained
sample was calcined at 550 °C, then subjected to dissolution in water at temperatures of 50 and 90 °C. The
results of this study showed that it leads to only a partial transition of potassium and magnesium sulfates to a
solution with complete dissolution of residual amounts of sodium salts [8]. Therefore, to obtain chlorine-free
water-soluble mineral fertilizer containing potassium and magnesium sulfates it is necessary to search for other
chemical methods for processing the concentrated ore.

Experimental

There are known methods of processing polyhalite ores of various deposits on the territory of Russian
Federation using nitric acid, which have shown high efficiency of transferring salts into solution with insoluble
residue separation [9]. Therefore, the process of dissolution of washed calcined potash ore of above composi-
tion with nitric acid solution in the concentration range of 10-50 % at salt : acid ratio 1:1.5 at temperature of
50 °C was studied. The kinetics of ore decomposition with 10% nitric acid was preliminarily studied by com-
position of liquid and solid phases in the range of 10-40 minutes. The process was carried out in thermostated
glass reactor with a stirrer under the exhaust ventilation turned on with sampling from the side neck of the
reactor. At the end of the decomposition, the suspension was separated in a vacuum filtration unit with 0.06
MPa, the precipitate was washed with hot water; filtration productivity was determined by a dry washed
precipitate. Composition of liquid and solid phases was analyzed for K,O and Na;O content using a PFA-378
flame photometer, the content of CaO, MgO, ClI-, SO,* and N was determined by chemical titrimetric method
according to standard procedures.

All studies of potassium ore decomposition by nitric acid solution were double-checked for different
process conditions. Total standard uncertainty of measurement and standard deviation for analyses of liquid
and solid phase composition was calculated of 3 parallel sample measurements taking into account sample
weighing, calibration and measurement on the flame photometer. For measurement of KO content in the solid
phase obtained at nitric-acid decomposition the total standard uncertainty was 0.0067. Relative standard devi-
ation from the averaged value with a confidence level P = 0.95 was 0.0061.

Crystallization of potassium-magnesium salts was carried out by mineral-salt method, taking into account
the initial solution composition and crystallization fields on the solubility diagram in K;SO+~MgSO.—H;0
system. The solution was evaporated at a constant temperature of 75 °C in UT-4302E laboratory water bath.
The precipitated crystals were separated by filtration, washed with ethanol, and examined by X-ray analysis.
The mother liquor was ammoniated to pH = 6 and dried in a dryer at 60 °C. Scanning electron microscope
JSM-6490I (Jeol, Japan) was used for microscopic spectral analysis of salts. Semi-quantitative X-ray analysis
of solid phase samples was carried out on D8 Advance (Bruker) apparatus with Cu-K, at tube voltage 40 kV
and current 40 mA. Processing of the obtained data of diffraction patterns and calculation of interplanar
distances were carried out using the EVA software. Sample decoding and phase search were performed using
Search/match program with the use of 2020 PDF-2 powder diffractometric data base of the International Center
for Diffraction Data (ICDD), USA.

Results and Discussion
The results of studying nitric acid decomposition of washed potash ore are shown in Figure 1 and Table 1.
The kinetic dependences (Fig. 1) of potassium and magnesium salts dissolution show that the composition of
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liquid and solid phases in terms of potassium and magnesium reaches equilibrium by 30 minutes of decompo-
sition, and the process rate for potassium is higher in the first 10 minutes.

C, %
18

=t K20 liquid

=—t— K20 solid
MgO liquid

—&— MgO solid

~Sh—

0 10 20 30 40 Time min

Figure 1. Kinetics of nitric acid decomposition of potash ore

Thus, at 30 minutes the solution contains 4.14 % K;O and 2.36 % MgO, and further this content is not
practically changed. Accordingly, the content of these components in the solid phase decreases by the thirtieth
minute to a minimum value of 1.6 % K-0 and 3.01 % MgO, i.e., the equilibrium is reached. Therefore, it is
effectually to choose 30 minutes time for the washed ore decomposition.

The process kinetic parameters were calculated; on the basis of experimental data, the order of reactions
proceeding in this process was determined:

K2SO4 + 2HNO3 «» 2KNOs + H2SO4 Q)
MgSOs + 2HNO3 <> Mg(NOs); + H2SO4 (2

The order of these reactions was determined by Van 't Hoff method [10] in the time interval of 10-40
minutes at 50 °C at the following changing main components concentration in the solution: from 0.13 mol/l to
0.45 mol/I for K;0, and from 0.19 mol/l to 0.58 mol/l for MgO. Reaction rates were calculated using graphic
differentiation method by the tangent to the C = f(t) dependence. It was found that 1st and 2nd were of the first
order reactions. Therefore the reaction rate is described by the first order equation V = &-C for each of the
components. The reaction rate constant calculated for potassium oxide as a main component was 0.09 min-* at
a temperature of 50 °C. To determine reaction activation energy in the optimal mode, the process Kinetics was
calculated in a similar way for a temperature of 40 °C, for which the reaction rate constant was 0.03 mint. We

apply the Arrhenius equation, expressing dependence of the reaction rate on temperature:
E

k=Kke R, 3)
where k — reaction rate constant; ko — pre-exponential multiplier (calculates the number of molecule colli-
sions, their special orientation and other factors that do not depend on temperature); R — universal gas con-
stant; E — reaction activation energy.

In the reaction (1) activation energy E = 92.22 KJ/mole have been determined by solving the equations
for two temperatures. The process rate was determined by the rate of chemical reaction, which increases at
temperature growing and does not depend on diffusion stage rate [11]. When potassium ion maximum con-
centration is reached in the solution, the system comes to a state of equilibrium, and potassium, magnesium,
sulfate and nitrate ions are in equilibrium in the formed solution. Therefore, to study the effect of nitric acid
solution concentration on the extraction degree of potassium salts into the solution, 50 °C was chosen as the
optimum process temperature, which provides the maximum process rate. A higher temperature was not ex-
pedient because of acid increased fuming due to accelerating its decomposition with nitrogen oxide release.

Composition of nitric acid extract obtained in the optimal temperature-time mode after separation into
liquid and solid phases (Table 1) showed that, upon decomposition with 10 % nitric acid, a part of potassium
(1.6 % K20), remained in the original salt. The increase of nitric acid concentration to 30 % leads to 100 %
extraction degree of potassium salts into a solution is reached; and liquid phase contains 4.51 % of K,0O. At
the same time, sulfate ion content increases in the solution from 10.12% to 10.9% and MgO content also grows
from 2.36 to 2.54 %.
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Table 1

Influence of nitric acid concentration on phases’composition after calcined ore decomposition

Composition of cal- Post- Component content in phases, %
cined washed ore decomposition at HNOs concentration

Component % phase 10 % 30 % 50 %
solid 1.60 0 0

K0 15.96 liquid 4.14 451 4.41

solid 25.20 29.40 29.21

a0 19.30 liquid 0.22 0.06 0.05

solid 3.01 5.00 5.63

MgO 8.95 liquid 2.36 254 2.70

9 solid 54.80 61,11 64.23

S04 62.12 liquid 10.12 10.90 8.76

Sodium ion absence is associated with preliminary complete ore washing from sodium and chloride ions.
At that, calcium oxide is practically absent in the liquid phase and its content is determined by solubility in
nitric-acid extract, therefore all calcium is completely bound in the form of insoluble calcium sulfate, repre-
sented by anhydrite and gypsum. This fact is confirmed by the X-ray diffraction pattern of the insoluble resi-
due, which consists entirely of the indicated salts (Fig. 2).

2

A < IN1

A = 1 PDF 00-037-1496 Anhydrite, syn CaS04 76.0%

= ':I I PDF 00-006-0046 Gypsum CaS04-2H20 21.0%

2 ‘- I PDF 00-047-0703 Calcrum Oxide Hydrate Ca02-8H20 3.0%
a (=3
g E =
E 8 a i

ol 2 E
g 2 - s " E :: = =
E 8 o = - & i 2 - -
o - = 2 = < o= = 5 Z = 2
Iz 5 3 g s 3 7 7 § =~ & 3 5

= e = = | = - .~ =t

g2 = = ‘ o = L ‘ ~ | ) e = .
[ @ || \ i i - | A - e e rd{['»!&,'r-,l.'-‘ LI
£ : / | ] L bttt g an D sttt Sha el At ANt
g ® j. Ll lwm-]»«aﬁ'l\f .,w,fé[ Lh-..’;-\l‘-&-"ﬂ.-\\‘rf"'m‘wl! Jeypeot’ 4‘-‘-**“'J&‘f““'ﬁ“~“”‘ oDt ’
R T

g

g

=

9 113 15 17 138 1 2 23 27 ¥ 31 33 33 37 i 4l 43 435 47 49 51 53 55 37 3% 61 €63 65 67 [} BT

Coupled TwoTheta/Theta 2Theta (Coupled TwoTheta/Theta) WL=1.540602Theta
Figure 2. X-ray diffraction pattern of the insoluble residue after nitric acid decomposition of raw materials

Further increase of nitric acid concentration leads to a slight decline of potassium oxide content in the
solution; it can be explained by salting out with magnesium salts, of content which increases to 2.7 %. Simul-
taneously, sulfate ions content in the liquid phase decreases and these ions content increases in the solid phase;
it is also caused by salting out of magnesium sulfate. The results obtained allow to conclude that 30 % nitric
acid should be used to decompose the washed ore.

Filtration productivity of nitric acid extract is 160 kg/m?h on dry precipitate; low precipitate filterability
is obviously associated with gypsum phase transition into waterless anhydrite during washed ore calcination.
This transition is also indicated by the precipitate composition on the X-ray diffraction pattern, which deter-
mined CaSO,content as 76 % and CaSO.-2H,0 content as 21 %. It is known that anhydrite is formed as small
crystals, which determine precipitate filtration properties. Crystals clog filter pores and significantly increase
filtration time. Since insoluble residue filtration is a limiting stage [12], conditions should be chosen to increase
filtration productivity and accelerate the process. For this, an additional study of washed ore decomposition
was carried out, and it was not subjected to preliminary calcination. In this case, gypsum dehydration does not
occur and it can improve the precipitate filtration properties. The result of this decomposition and subsequent
filtration showed an increase in filtration productivity by 20 times, up to 3200 kg/m?h on dry washed
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precipitate. It confirms an assumption about gypsum content in the precipitate. The water obtained after wash-
ing the insoluble residue was used to dilute nitric acid to the required concentration.

The production solution obtained in optimal decomposition mode contains 8.34 % of K;SOs, 7.62 % of
MgSOs, and 2.03 % of N. Crystals isolated by an isothermal method, i.e., by partial evaporation of the filtrate
to half the volume after washing were subjected to X-ray phase analysis. X-ray analysis of the obtained salt
(Fig. 3) identified a pure double acidic salt of potassium-magnesium sulfate KMgH(SO.)2-HO. This indicates
that upon evaporation at a temperature of 75 °C a point of the system composition was in the field of joint
crystallization of potassium sulfate and this double salt. This composition is confirmed by elemental analysis
and a spectrogram of the salt obtained on SEM (Fig. 4). Carbon content in the sample is determined by thor-
ough washing this water-soluble salt from a mother liquor with ethanol.

IN2
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519669 A

3000

3411934
T 3299994

2000

367502 A
283465 A
a8

230977 A

432843 4
259917 A
1.81288 A

1.95990 A
153513 A

S 782568 A

ST 304914
—— 3671

CounteCoupled TwoTheta/Theta

1000

10 12 14 16 12 20 22 4 16 28 30 32 34 36 38 40 42 44 46 48 30 32 34 36 38 60 62

Coupled TwoTheta/Theta 2Theta (Coupled TwoTheta/Theta) WL=1.540602Theta

Figure 3. X-ray diffraction pattern of the salt obtained by isothermal crystallization from the filtrate

Element | Mass %
C 5.35

0 53.75
Mg 6.19

S 19.69

K 15.01
Total 100.00

E, keV

Figure 4. Spectrogram and element composition of the crystallized salt

White crystalline product contains 18.0 % of KO and 10.3 % of MgO in the form of sulfates; it does not
include chloride ions and insoluble impurities, but contains a small amount of free nitric acid. Acidic mineral
fertilizer cannot be used on physiologically acidic and neutral soils, therefore the production solution was
ammoniated to pH = 6 to obtain a neutral product. After drying the ammoniated solution, a pale yellow-green
close to white solid product was obtained. The product composition was determined by X-ray phase analysis
(Fig. 5).

The production salt has pH = 6.0, does not contain insoluble impurities and chlorine; it is completely
water-soluble salt consisting of potassium-ammonium nitrate KNO3z-NHsNO; (48.7 %), crystalline hydrate
magnesium-ammonium sulfate (NH4)2Mg(SQOs4)2:6H20 (38.9 %) and ammonium nitrate (12.4 %). This is also
indicated by the spectrogram of this product obtained on the SEM (Fig. 6).
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Figure 5. X-ray diffraction pattern of the salt obtained by drying the product solution

Element Mass %

C 8.85

N 17.03
0 49.96
Na 0.42
Mg 3.01
Al 0.23

p 0.22

S 7.84
Cl 0.25

K 11.49
Ca 0.69
Total 100.00

Figure 6. Spectrogram and element compositionof the target salt

The product contains: potassium (11.49 %), magnesium (3.01 %), sulfur (7.84 %) and nitrogen (17.03 %)
on average with 9-13 % deviation corresponds to the above salt composition. The presence in the composition
of an insignificant fraction of chloride ions (0.25 %), sodium ions (0.42 %) and calcium (0.69 %) is within the
solubility of these ions in the product solution from which the salt is obtained. The ratio of main nutrients in
the obtained fertilizer N:K was 1.5:1, taking into account the following microelements
N:K:S:Mg = 1.5:1:0.7:0.3. The obtained product was a complex potassium-nitrogen-magnesium water-soluble
chlorine-free ballastless fertilizer, the main salt components of which were potassium nitrate, magnesium sul-
fate, nitrate and ammonium sulfate.

Conclusions

The kinetics of nitric acid decomposition of carnallite ore from the Chelkar deposit was studied in order
to obtain chlorine-free water-soluble potassium fertilizer. It was found that the equilibrium in potassium and
magnesium in liquid and solid phases was reached to 30 minutes of decomposition. The first order of the
reactions was determined by calculation. The calculated value of reaction activation energy for interaction of
potassium sulfate with nitric acid Ea= 92.22 KJ/mol characterizes kinetic region of the process. The research
results allowed to determine the optimal mode of washed potash ore decomposition, which ensures the com-
plete extraction of potassium into the liquid phase: temperature 50 °C, concentration of nitric acid 30 %. The
study of nitric acid extract filtration productivity showed that to ensure better filtration properties and high rate
of suspension separation, the washed non-calcined ore should be used to exclude gypsum dehydration, which
causes its phase transition into anhydrite. Mineral potassium-magnesium sulfate fertilizers were obtained by
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crystallization from nitric acid solution by the isothermal method and by drying the ammoniated solution. The
composition of obtained products was identified by X-ray analysis.
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KapHananTt KeHiHeH KaJNH THIHANTKBIIITAPBIH aJIy IPOLECIH 3epTTey

[miKi JkOHE CBHIPTKBI HApBIKTHI KaJMil THIHAWTKBIITAPHIMEH KaMTaMachl3 €Ty MakcaThiHIa KaszakcraH ochl
OHIMJIep/IiH MEHIIIKTI OHIIpiciH Kypa Oactamel. bipak Kasipri yakpITTa Kaquid TyY3JapblH ©HIIpETiH
KCIMOPBIHAAp iC )KY3iHAE oNl Ke3eHre oTKeH koK. Kapnammr keHiniy I[llamkap keH OpHBI OCBI ©3€KTi
Macelnesnepii enyae epexuieneHe . Makanana kajaui )koHe MarHuii cynbdaTrapsl 6ap Kanuii THIHaAHTKBILIBIH
Ty YIIiH HATPUH XJIOPHUIIHEH JKYBUIFaH KNI KeHIH OHJIeyIeTi 3epTTey HaTmkenepi kenripinreH. Kapaammmr
KeHiHiH a30T KbIIIKbUIBIMEH BLIbIpAY KHHETHKAChl 3epTTenai. Kamuil cynb(aThHBIH a30T KBIIIKBUIBIMEH
OpEKETTECY PEaKUUSCHIHBIH AKTUBTCHY SHEPIHSCHIHBIH €CENTEIreH MOHI MPOIECTiH KHHETHKAIBIK aiiMarblH
cumatTaiapl. JKyputran Kyiaipinares kel koaueHTpanusicsl 30 % a30T KemKpuibiMeH 50 °C-Ta bIIBIpaTyaIbiH
OHTAMNBl MIapTTaphl aHBIKTANABL. Cy3yAiH KaKChl KACHETTEpiH OHE CYCHEH3USHBI OONyIiH >KOFaphI
JKBULIAMJIBIFBIH KAMTAaMachl3 €Ty YIIIH THMIC JeTHApaTanusChiH OOJIpIpMay YILIIH XKyBUIFAH KyHIipimmereH
KeHJ MaiajgaHy KepeK eKeHAIrl aHBIKTAIABL, Oy OHBIH AaHTHIPUTKE (a3alblk ©3repyiH TyIbIpajbl.
Kpucrannany apKpUIbl a30T KBIIKBUIBI CHIFBIHJBICEIHAH KaJMH-MarHUi CyJb(aThIHBIH KOC TY3bl OJiHTeH
JKOHE aMMOHM3AIMSUIaHFaH KYHTIPT CYHBIKTBIKTBI KETITIPreHHEeH KeiiH XJI0pChI3 Kyp/eli a30T-Kani-MarHui
THIHAWTKBIIBI OOJIBII TAOBLIATHIH TY3 AJIBIHA/IBI.

Kinm ce30ep: xanuii KeHi, MUHEpaIbl THIHAUTKBIIITAP, KadHi cynb(arbl, HaTpuil Ty3napsel, lllankap keH
OPHBI, KYHTIPT CYHBIKTHIK, BIIBIpAy, OyJlaHy, KpHUCTaJaHy.
I''M. CeiitmaraumoBa, A. Aceuixanksizel, . A. Tlerpomasnosckuit, XK.K. [Ixaamynnaesa

HccnenoBanne npouecca mosty4eHuss KaJIUMHBIX YA00peHU
U3 KapHAJINTOBBIX Py

B nensix oOecrieyeHust BHYTPEHHETO M BHEIIHETO PHIHKA KAIMHHBIME yno0penusmu Kazaxcran npuctymun K
CO3J[aHHI0 COOCTBEHHOTO MPOU3BOCTBA JAHHOM MpoaykunH. OHaKO B HACTOSIINA MOMEHT HPEINPHATHS 110
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G.M. Seitmagzimova, A. Assylkhankyzy et al.

J00BIYE KATMIHBIX COJICH HE MepenuId B IPAKTHUECKYIO CTaaui0. MecTopoxkIeHne KapHAJUIUTOBBIX pya Yen-
Kap SBIISIETCS] YHUKAIBHBIM B PELICHUU JaHHBIX aKTyaldbHBIX PoOieM. B cTaThe mpHBeneHBI pe3yIbTaThl UC-
clleIoBaHus IepepabOTKU OTMBITOH OT XJIOpHIa HATPHUs KaJTMUHON pyIbl AU TIOJIyYeHUs KaTMiHOTO ynoope-
HUS, COAEpIKaIIero cynb(aTsl kamus 1 Maraus. McciienoBana KHHETHKA a30THO-KHCIIOTHOTO Pa3sIOKEHMS Kap-
HaAJUIUTOBOH pybl. PaccunTanHOe 3HAUeHNE SHEPrUM aKTHBALUH PEaKIMU B3aNMOACHCTBHS Cynb(ara Kaius
C a30THOH KUCJIOTOH XapaKTepu3yeT KHHETHIECKYIo 001acTh poTeKaHus nporecca. OnpeneneHsl ONTHMAab-
HBIE YCJIOBHS Pa3JIOKECHUS OTMBITON IPOKAJIEHHOHN py/bl a30THOM KucaoTol koHueHTpauun 30 % mpu 50 °C.
YcraHOBIIEHO, UTO IS 0OecTedeH s Ty YIIuX (QUIBTPYIONIIMX CBOMCTB U BHICOKOH CKOPOCTH pa3ZeNeHus cyc-
MIEH3UH ClIelyeT UCIONb30BaTh OTMBITYIO HETIPOKATICHHYIO PYAy JUIS UCKIIOUEHHUs JeTHApaTalluy TUIICA, BbI-
3pIBatoero (ha3oBoe MPEeBpaIleHHE ero B aHrUAPHUT. KpucTajuisaryei n3 a30THOKUCIOTHON BBITSKKH BbIJIE-
JIeHa JBOHAs cOJb CyJb(aTa Kalus-MarHus, U BbICYIIMBaHUE aMMOHH3UPOBAHHOTO MAaTOYHOT'O PACTBOPA 03~
BOJIMJIO TTOJIYYUTH COJIb, TIPEICTABIIONIy0 co00it Oe30auacTHOE 6ECXITOPHOE CII0KHOE a30THO-KAIMIHO-Mar-
HHEBOE y100peHue.

Kniouesvie cnosa: xanmitHas pyaa, MUHEpaJIbHOE yI0OpeHHe, CyIb(aT Kaius, CONM HATPHSI, MECTOPOKICHHE
Yenkap, MAaTOYHBIN pacTBOP, Pa3lOKECHUE, BBITAPUBAHNE, KPHCTAIITA3AITHSL.
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Thermokinetic parameters of the primary coal tars destruction
in the presence of catalysts and polymeric materials

The hydrogen-donor abilities of polymers and the activity of catalysts in the process of thermal destruction of
the organic mass of primary coal tar (PCT) are studied by non-isothermal kinetics methods. PCT, magnetic
microspheres, nickel-deposited chrysotilechrysotile and FesO4 nanocatalysts were used as initial raw materials.
Polymers such as polyethylene (PE), polystyrene (PS) and polyethylene glycol (PEG) were selected as a hy-
drogen donor. The phases Mgs[OH]4{Si20s} and NiO were determined by X-ray phase analysis (XRD) in the
obtained catalyst (nickel-deposited chrysotile), and the presence of highly dispersed nickel oxide particles on
the surface and inside the nanotubes was shown by the transmission electron microscope (TEM). Nickel oxide
particles of 8-11 nm and 30-37 nm were evenly distributed on the surface and inside the chrysotile nanotubes.
The kinetic parameters of the thermal destruction of a mixture of PCT, catalyst and polymer material were
determined on the basis of thermogravimetric analysis using the integral method and the method for determin-
ing the thermokinetic parameters by the inflection point on the thermogravimetric curve (TG). The change in
the activation energy, rate constant and pre-exponential factor with an increase in the degree of destruction of
the organic mass of the PCT is established. It was shown that the nature of polymers and catalysts significantly
affects the value of the rate constant and the activation energy. The calculated activation energies of the thermal
destruction of a mixture of coal tar with PS and PE in the presence of a catalyst (nickel-deposited chrysotile)
by the first method are 47.6 kJ/mol and 40.4 kJ/mol, and by the second method are 47.3 kJ/mol and 86.5 kJ/mol
respectively.

Keywords: primary coal tar, nanocatalyst, chrysotile, magnetic microsphere, polymer, thermal destruction, ther-
mokinetic parameters.

Introduction

At present, due to the high growth of oil and oil products consumption coal, PCT and high-temperature
coal tar are considered as an alternative sources of raw materials for secondary processes of the motor fuels
production and for petrochemistry industry. Therefore much attention is paid to thermocatalytic and hydro-
genation processing of heavy hydrocarbon raw materials (HHR) into light oil products. The method of ther-
mogravimetric analysis allows to determine the weight loss of HHR sample as a function of temperature at a
constant heating rate, and thereby establish the parameters of thermal destruction in the presence of various
catalysts and hydrogen donors. It is known that polymeric materials are used as a hydrogen donor for thermal
destruction of HHR [1]. Various nanosized catalysts and porous materials, such as microspheres isolated from
coal ash and mountain mineral chrysotile, can be used as a catalyst for the thermal destruction of HHR.

Recently the natural mineral chrysotile has been of great interest, since this matrix can be of macroscopic
size. It consists of nanotubes, the inner diameter of which is about 5 nm and the outer diameter is about 30 nm.
These nanotubes can be about 1 cm long, and they are arranged in a close tohexagonal packing [2].

Earlier it was shown that chrysotile mineral is widely used in various fields of science and technology: in
electronics, electricity, the production of dielectrics, nanowires, and in the production of nanocatalysts, as well
as a carrier for catalysts of destructive hydrogenation of HHR [3-6].

The aim of this work is to study the hydrogen-donor abilities of polymers and the activity of catalysts in
the process of thermal destruction of organic mass of PCT using non-isothermal kinetics methods.
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Experimental

Primary coal tar of Shubarkol Komir JSC [7] was used as the study object and magnetic microspheres
obtained from ash residues of coal [8] (catalyst 1), chrysotile with applied nickel (catalyst 2) and Fes04 nano-
catalyst [9] (catalyst 3) were taken as a catalysts.

Reagent grade polymers such as PE, PS and PEG were chosen as the hydrogen donor. The amount of
added catalyst and polymer to the PCT was 1 % on the feedstock.

The chemical formula of chrysotile is MgsSi2Os(OH)a4. Chrysotile fibers are formed from twisted planes
of MgO and SiO; [6]. Chrysotile was preliminarily leached with 20 % hydrochloric acid solution to remove
magnesium, potassium and other alkaline earth metals. The process of filling the channels with chrysotile was
carried out using the wet method. Leached chrysotile was dried at 105 °C for an hour. The chrysotile channels
were filled with an aqueous solution of nickel salt (NiNOs). For this, a 5 % solution of nickel nitrate salt was
added to the leached chrysotile and heated for 2 hours with periodic stirring. Then the resulting mass was dried
at 105 °C and cooled to room temperature, after which the sample was kept in a muffle oven at 500 °C for
2 hours.

The structural characteristics of the synthesized catalyst 2 were established by XRD. X-ray diffraction
patterns were taken on a Dron-4-07 X-ray diffractometer, and the size of nickel particles was estimated by
TEM using a JoelJem-1400Plus. The presence of nickel metal on the surface of chrysotile was confirmed using
the method of X-ray fluorescence analysis, obtained on a FOCUS-2M spectrometer.

The kinetic regularities of the thermal destruction of PCT and a mixture of resin with catalyst and polymer
were investigated in the temperature range of 33—600 °C using a LabsysEvoSetaram device (France) at a heat-
ing rate () of 20 K/min under non-isothermal conditions, while recording the weight change. Thermal analysis
was performed in a nitrogen atmosphere to exclude oxidation reactions [10]. In all experiments 10 mg of the
initial samples were used.

To calculate the thermokinetic parameters of the resin decomposition and a mixture of resin with catalyst
and polymer, two methods have been used: the first was the integral method proposed in [11], the second was
the method for determining the thermokinetic parameters from the inflection point on the TG curve [12].

Results and discussion

Physicochemical properties of catalysts. Using the wet method of incipient wetness impregnation, a so-
lution of nickel nitrate salt was applied to the surface and inside the chrysotile tubes. XRD of the obtained
catalyst 2 showed the presence of an intense reflex 7.38; 4.48; 3.66; 2.58; 2.09; 1.53; 1.30; 1.20 A — Chrysotile
Mgs[OH]4{Si20s} (ASTM 25-645), and reflex: 2.41; 2.09; 1.47; 1.26; 1.20 A — NiO (ASTM 78-423).

In the synthesized catalyst 2 TEM showed the presence of highly dispersed particles of nickel oxide on
the surface and inside the nanotubes. On the basis of statistical processing, a curve of the size distribution of
nickel particles was obtained (Fig. 1). The Figure 1 shows that nickel particles 8-11 nm and 30-37 nm are
evenly distributed on the surface of chrysotile nanotubes, and the distribution maximum is at 15 nm.

35 R
30
25
20
15
10

Figure 1. Micrograph of chrysotile, obtained on TEM (a)
and the curve of the distribution of nickel particles by size (b)
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The results of X-ray fluorescence analysis of catalyst 2 showed the presence of nickel Ni (63.68 %),
silicon Si (23.1 %), iron Fe (11.57 %), chromium Cr (0.409 %) and manganese Mn (0.03 %).
The kinetics of thermal destruction processes can be studied on the basis of thermogravimetric analysis
data [13, 14]. For one-stage process the reaction rate obeys the Arrhenius equation:
dm
dr
where m is the mass of the non-volatile substance of the sample at the moment of time t; E is the activation
energy; ko is the preexponential factor; R is the universal gas constant; T is the absolute temperature; n is the
reaction order.
In the first approach the entire section of the TG curve, which related to one stage, is used to establish the
Kinetic parameters [11].
The values of the rate in the mass changing of the sample are determined experimentally as the inclination
of the tangent to the curve at given points. The parameters a, and b, were selected by linearizing the velocity

equation:

n

z_koe—E/RT m",

h——— =g ——1 | (1)
m

E.
where a; =Ink, ; b, ZEI'

The last expression (1) represents the equation of a straight line in coordinates
r 1
n———=1| = |, 2
m_ —m (Tj @
where a, — is the cut off segment of the ordinate; b, — is the slope tangent.

From the slope tangent (2) of the coordinate lines, the activation energy E of the thermal destruction
process of the samples were calculated, which depend on the degree of their mass loss.
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1 — initial PCT; 2 — mixture of PCT with catalyst 1; 3 — mixture of PCT with catalyst 2;
4 — mixture of PCT with catalyst 3

Figure 2. Thermogravimetric curves of weight loss () and rate of weight loss (b) of the initial PCT
and a mixture of PCT with various catalysts

TG curves of weight loss versus temperature are depicted in Figure 2a. TG curve of thermolysis of the
initial resin showed that the main weight loss at a sample heating rate of 20 K/min occurs in the temperature
range of 430-650 K. The addition of chrysotile containing nickel to PCT leads to some displacement of weight
loss curve towards low temperatures 450-580 K, and the addition of a magnetic microspheres shifts to 450
610 K, nanocatalyst FesO, — to 450-610 K. Figure 2b shows that the peak characterizing the maximum of
decomposition rate of the PCT organic mass mixture in the low-temperature region, corresponds to the peak
of organic mass mixture decomposition of the resin with chrysotile containing nickel.
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Figure 3. Thermogravimetric curves of weight loss (a) and rate of weight loss (b)
of a mixture of PCT with catalyst 1 and various polymers

As shown in Figure 3a, when catalyst 1 and polymer additives such as PE, PS, and PEG are added to the
PCS, the main weight loss is observed in the temperature range of 440-570 K, 480-580 K, and 470-620 K,
respectively. Figure 3b illustrates that the addition of catalyst 1, polystyrene, and polyethylene to the initial tar
increases the rate of weight loss. When PS is added to the mixture of coal tar and catalyst 1, a high weight loss
and rate of weight loss are observed. In addition, a shift of the peak characterizing the maximum decomposition
rate (Fig. 3b) of a tar mixture and catalyst 1, and PS is observed in the low-temperature region. Based on the
TG curve, it was found that the weight loss of the resin increases from 69 (thermal degradation of the initial
resin sample) to 93 wt% upon simultaneous destruction of the resin with polystyrene and catalyst 1, and with
polyethylene and catalyst 1 to 89 wt%, respectively. These results confirm that polyolefin polymers play the
role of a hydrogen donor and promote tar decomposition [1, 15-17]. The use of PEG as a hydrogen donor
showed that during the destruction of a mixture of resin and catalyst 1, the polymer reduces the weight loss
and the rate of weight loss (Fig. 3a, b).
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1 — mixture of PCT with catalyst 2; 2 — mixture of PCT with catalyst 2 and PE;
3 — mixture of PCT with catalyst 2 and PS; 4 — mixture of PCT with catalyst 2 and PEG

Figure 4. Thermogravimetric curves of weight loss (a) and rate of weight loss (b)
of a mixture of PCT with catalyst 2 and various polymers:

Figure 4a, b illustrates the effect of catalyst 2 and added polymers such as PE, PS and PEG to the resin
on the change in weight loss and the rate of weight loss. From the presented TG curve (Fig. 4a) it can be seen
that the main weight loss of the tar with catalyst 2 and polyethylene occurs in the temperature range
480-570 K, with polystyrene and PEG at 480-580 K. Based on the TG curve, it was found that the weight loss
of the tar increases from 69 (thermal destruction of the initial resin sample) to 83 wt% upon simultaneous
destruction of the tar with polystyrene and catalyst 1, and with polyethylene and catalyst 1 to 84 wt%,
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respectively. When PS is added to a mixture consisting of tar and catalyst 2, a high rate of weight loss and a
shift of the peak characterizing the maximum of decomposition rate of the resin mixture to the high-tempera-
ture region are observed (Fig. 4b). Figure 4b illustrates that polyethylene and polystyrene promote the coal tar
decomposition of the resin, since the rate of weight loss increases, and PEG inhibits of the tar degradation.

From equation (1) the activation energy E and the preexponential factor ko of thermal destruction of the
tar mixture with catalyst 2 were determined (Fig. 5).
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Figure 5. Linearization of the temperature dependence
of the rate of PCT thermal destruction in the presence of catalyst 2

As can be seen from Table 1, for the tar mixture and catalyst 2 the activation energy is 38 kJ/mol, which
corresponds to a high rate of weight loss (Fig. 2), and the activation energy of the mixture of resin and catalyst 1
is 34.2 kd/mol, with catalyst 3, the activation energy is 24 kJ/mol, which corresponds to low rate of weight
loss. The values of the pre-exponential factor increase with the growth of the activation energy.

Table 1

Calculated thermokinetic parameters of thermal destruction of PCT
in the presence of catalysts and polymers [11]

Investigated composition E, kJ /mol ko
PCT 39.4 1.86-10°
PCT + Catalystl 34.2 5.1-10?
PCT + Catalyst 2 38 1.4-103
PCT + Catalyst 3 24 42.3
PCT + Catalyst 3 + PE 35 7.23-10?
PCT + Catalyst 1 + PE 32 2.9-10?
PCT + Catalyst 1 + PS 35 1.26-103
PCT + Catalyst 1 + PEG 38 7.9:10?
PCT + Catalyst 2 + PE 40.4 1.61-103
PCT + Catalyst 2 + PS 47.6 7.94-10°
PCT + Catalyst 2 + PEG 38.7 9.22-102
PCT + PE 30.3 1.69-10?
PCT + PS 23 18
PCT + PEG 29.6 80

The obtained thermokinetic parameters E and ko of the tar thermal destruction (Table 1) in the presence
of catalysts and polymers showed that a high activation energy is characteristic of the thermal destruction of
the coal tar with PS and catalyst 2, which is 47.6 kJ/mol, and the low value is 32 kJ/mol, which is typical for
resins in the presence of PE and catalyst 1. The calculated values of E and ko suggest that one of the reasons
for the increase in the rate of weight loss under the conditions of thermal destruction of resins with catalyst 2
in the presence of PS and PE is the high donor capacity of these polymers. Another reason is associated with
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the developed specific surface area (40 m#g) of chrysotile with applied nickel and oriented packing of tubes
(Fig. 1) with high adsorption properties.

The second approach is to use three equations for the inflection point on the TG curve to determine the
thermokinetic parameters [12]. Using the second method, we determined the thermokinetic parameters of the
coal tar thermal destruction in the presence of catalysts and polymers.

The thermogravimetric curve of the thermal destruction of the resin with the catalyst 2 is depicted in
Figure 6.

/

04 =—"

160 180 200 220 240 260 280 300 320 340 360
Temperature,°C

Figure 6. Thermogravimetric curve of the thermal decomposition of PCT with catalyst 2

Based on the TG curve, T,,,.B, Cy. and (3—(:) have been obtained. Based on the initial data ob-
T =Tuink

tained, the process exponent n, the activation energy E, the preexponential factor ko and the rate constant k,
presented in Table 2, were calculated.

Table 2
Calculated thermokinetic parameters of thermal destruction of PCT
in the presence of catalysts and polymers [12]
Investigated composition E, kJ/ mol n Ko k
PCT 28.5 1 1.03 3.2-10°8
PCT + Catalystl 66 1 5.8-10° 7.59-10°°
PCT + Catalyst 2 46.4 1 1.05-102 5.7-103
PCT + Catalyst 3 43.4 1 345 4.95-10°
PCT + Catalyst 3 + PE 30 1 3.96 43-10°%
PCT + Catalyst 1 + PE 43.04 1 2.56-10" 47110
PCT + Catalyst 1 + PS 48.25 1 5.95-102 7.28-10°8
PCT + Catalyst 1 + PEG 17 1 1.36-10* 2.55-10°3
PCT + Catalyst 2 + PE 86.5 3.2 3.25-10° 1.1-102
PCT + Catalyst 2 + PS 47.3 1 1.28:102 5.8-10°%
PCT + Catalyst 2 + PEG 27.4 1 1.19 3.43:10°°
PCT + PE 105 9.12 2.16-10° 1.12-1072
PCT + PS 168 71.05 5.3-10Y 8.4-103
PCT + PEG 72.4 45.65 7.9-108 3.8-10°%

Table 2 shows that the coal tar mixture with the polymer is characterized by the highest index of thermal
decomposition (n). This is probably due to the fact that there is more thermally unstable C-O, C—N bonds than
C—C bonds in coal tar. It is possible that the free radicals formed during the process of thermal decomposition
initiate the depolymerization of polymer macromolecules, and thus a synergetic effect is observed. From the
literature data it is known that the conversion degree of PE, PS PEG during pyrolysis with coal in the presence
of cracking catalysts is less than the corresponding indicators of thermal conversion of individual polymers.
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The resulting polymer cleavage products inhibit the activity of catalysts during the thermal decomposition of
coal with polymers [15]. This explains the low values of the index of thermal decomposition (n) in the presence
of a catalyst in the mixture.

Table 2 shows that the activation energy (E) of the thermal destruction of the resin increases from 17 to
168 kJ/mol. With the addition of polymers without a catalyst high activation energies are observed
(72.4 kJ/mol, 105 kJ/mol, 168 kJ/mol), which are explained by the acceleration of the depolymerization reac-
tion of macromolecules, and, possibly, the high-temperature transformations of the resin-polymer mixture with
a decrease of volatile products yield.

The different values of the thermal destruction thermokinetic parameters of resin and polymers mixture
with and without a catalyst obtained in the first and second methods show the simultaneous occurrence of
many parallel reactions with different values of activation energies and rate constants. This is due to the
difference in the strength of the dissociating bonds in resin-polymer mixture. It was reported [18] that the high
value of the activation energy makes a large contribution to the rate of tar mass loss in the process of pyrolysis.
It should be taken into account that the increase and decrease in the activation energy (Table 1, 2) is associated
with the complex composition of the primary coal tar.

On the basis of two methods the thermokinetic parameters of the resin thermal destruction in the presence
of a polymer and a catalyst were obtained, which allowed to choose a catalytic system consisting of catalyst 2
and PE.

Conclusion

The rate constant, the pre-exponential factor and the activation energy were calculated using two methods
of non-isothermal kinetics. The values of the activation energy and the rate of destruction calculated by the
first method depend on the nature of the polymer and the activity of the catalyst. The calculated activation
energies of 47.6 kJ/mol and 40.4 kJ/mol are characteristic of the thermal destruction of the coal tar with PS
and PE in the presence of catalyst 2. The high rate of mass loss under conditions of thermal destruction of the
mixture of coal tar, catalyst 2 and polymers (PS and PE) is associated with the high donor abilities of these
polymers and the developed specific surface area of nickel-deposited chrysotile.

It was found that the activation energy of the thermal destruction of the tar increases from 17 to
168 kJ/mol when the second method was used to determine the thermokinetic parameters. High activation
energies (72.4 kJ/mol, 105 kJ/mol, 168 kJ/mol) were observed when polymers were added without a catalyst.
It is explained by the acceleration of the depolymerization reaction of polymer macromolecules, and, possibly,
by the high-temperature transformations of the tar-polymer mixture are accelerated with a decrease in the yield
of volatile products. PE as the active hydrogen donor and the catalyst 2 were selected for the process of HHR
hydrogenation based on the obtained results of determining the thermokinetic parameters of the mixture
destruction.

The kinetics of thermal destruction of PCT with various polymer additives and catalysts is necessary for
mathematical modeling of the HHR catalytic hydrogenation process.
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®. Ma, K. Cy, C.B. Kum, I'.T". baiikenona, /I.E. AlitoexoBa, A. Tycunxau

Karaan3zatopsap MeH nmojuMepJiik MaTepualap KaTbIChIHAAFbI OIpiHIILTiK
TACKOMIP IIAHBIPHI JeCTPYKUMACHIHBIH TEPMOKHHETHKAJBIK IIapaMeTpJiepi

belin3oTepMHsUIBIK  KMHETHKA ojicTepiMeH OipiHmiimik TackeMip maibipeiHel (BTIL) opraHukanbik
MAaCCaChIHBIH TEPMUSUIBIK BIOBIPAY TIPOIECIHACTT IMOJIMMEPIEPAiH CYTETi-IOHOPINBIK KadileTTepi KoHE
KaTanu3aTtopiapasly Oencenmimiri 3eprrenmi. bacranker mmkisar perigge BTLL, maraurTi Mukpocdepa,
HHUKeIbMeH OalbIThuFaH Xpu30THi xkoHe FesOs HaHOKaTanm3aTops! maitnananeiasl. CyTeri JOHOPHI peTiHae
nommyTrieH (I19), momuctupon (I1C) xone nmommdTHeHT KON (I1O1) momMepnepi ansiaapl. CHHTE3IeTeH
KaTanu3aropaa (HUKeIbMeH OalbIThUIFAaH XPU30THI) PEHTTeH K (a3anbik Tannay (PDT) omiciHiH kemeriMeH
Mgs[OH]s{Si20s} sxone NiO azamapbl aHBIKTAIIBI, TPAHCMHUCCHSIBIK 3JIEKTPOHABI MHKpockor (TOM)
HAHOTYTIKIIENEP/IiH iIIKi GeiriHae ®oHe 0eTKi KabaThIH/a )KOFaphl TUCTIEPCTI HUKEIh OKCUII OOJIIEKTePiHIH
6ap exeHiH kepcerTi. Hukens okcuainiyg 8—11 M xaHe 30—37 HM OenmekTepi XpU30THII HAHOTYTIKIIENEePiHIH
imki Gemirinae jxoHe OeTki KabaTelHAa OipkelKi TapaiFaH. TepMOTpaBUMETPUSUIBIK Tayufay HeriziHmae
MHTETPAIIBIK dIiC )KOHE TEPMOKHHETHKAJBIK ITapaMeTpiepai TepMOrpaBUMeTpHsUIbIK KuChIKTarsl (TI) wmimy
HYKTeci OoibIHINA aHBIKTAy ofici apkeuiel BTIL, xaramm3zaTop >KOHE MONMUMEPII MaTepHal KOCHACHIHBIH
TEePMOAECTPYKIMACHIHBIH KHHETHKANBIK Mapamerpiepi aHbIKTangsl. BTII opraHWKamblk MaccachbIHBIH
JIECTPYKINS JTOPEKECIHIH >KOFaphUIaybIMEH AaKTHBTCHIIPY OSHEPTHACH], JKBUIJaMABIK KOHCTaHTACHl JKOHE
SKCIOHCHITHAIIBI (akTOp MOHIEPiHiH e3repici TabbUIABI. [lomuMepiiep MeH KaTalu3aTopiap TaOUFaThIHBIH
XKBUIIAMIBIK KOHCTAHTAChl MEH aKTHBTEHAIPY SHEPTUsIChl MOH/IEPIHIH ©3repiciHe BIKIMaIIbl ocepi KOPCeTii.
Karanmzarop (HUKENbMEH KanTajFaH XpU30THII) KaThIChIHIAFb! maibpaeiH [1C-MeH sxone [19-MeH Kocnachl
TEPMOACCTPYKIMSICHIHBIH aKTHBTCHAIPY 3HEPTHUsCHI, coiikeciHIue, OipiHui amic OoiipiHma 47,6 xIx/Moib
xkoHe 40,4 x/Ix/Monb, exiHmi oic OoitpraIIa 47,3 KJ{/MOIE )KoHE 86,5 K/[K/MONb Kypajbl.

Kinm ce30ep: anramksl KeMip MAHBIPBI, HAHOKATAIN3aTOP, XPU3OTHI, MAarHUTTIK MHUKpocdepa, HMOoIIMep,
TEPMHUSIIBIK AECTPYKINS, TEPMOKHHETHKAIBIK ITapaMeTpIIep.
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TepMoKuHeTHYECKHE TAPAMETPHI 1€CTPYKUNH NEPBUYHONH KaAMEHHOYT0JIbHOI CMOJIbI
B IPUCYTCTBMHU KATAJIN3ATOPOB U MOJMMEPHBIX MATEPHAJIOB

M3yuyens! BOJOPOHO-IOHOPHBIE CIIOCOOHOCTH MOJIMMEPOB U AKTUBHOCTH KaTaIW3aTOPOB B MPOLECCE TEPMH-
YeCKO! IECTPYKIMH OpraHMIeCKOH MacChl — IepBUYHOI kamMeHHOyroiabHOH cMoibl (ITIKC) — metonamu He-
N30TEePMUYECKO KMHETHKU. B KadecTBe MCXOIHOTO CHIPhs ObUTH Hcmonb3oBaHbl [IKC, MarHuTHass MUKpO-
cdepa, XpU30THI ¢ HAHECEHHBIM HHKeNeM W HaHoKatamm3atop FesOs. B xauectBe moHopa Bomopona ObUTH
BBIOpaHBI MOJMMEpEH], Takue Kak noindtuieH (I19), momuctupon (IIC) n moamaTuieHTIMKONb. B momyderHOM
KaTanu3aTrope (XpU30THI ¢ HAaHECEHHBIM HHMKEIEM) € IMOMOIIBIO0 PEHTIeHO(a30BOro aHainm3a ObUTH YCTAHOB-
aensl cnexyronme daspl: Mgs[OH]s{Si20s} u NiO; TpaHCMHCCHOHBIN SIEKTPOHHBIH MHKPOCKOI MOKa3al
HaJIM41e BBICOKOAUCIIEPCHBIX YaCTHUIl OKCHIA HUKEN HAa MOBEPXHOCTU U BHYTPH HaHOTPYOOK. YacTHIBI OK-
cuna Hukenst 8—11 uM 1 30-37 HM paBHOMEPHO ObLIH pachpeiesieHbl Ha TIOBEPXHOCTH U BHYTPU HaHOTPYOOK
xpusoTuia. Ha ocHOBE TepMOrpaBUMETPUUECKOTO aHANN3a ONPEAEIeHbl KHHETUIECKHE TTapaMeTphl TEpMO/Ie-
crpykimu cMecu I1KC, katann3aTtopa ¥ HOIMMEPHOTO MaTepHalia ¢ OMOIIBIO HHTETPaJbHOTO METO/Ia U Me-
TOJa ONpeNeNIeHUs TePMOKHHETHYECKIX MTapaMeTPOB 0 TOUKe Mepernda Ha TepMOTrpaBUMETPHYECKON KpH-
BOU. YCTaHOBJICHBI H3MEHEHHE YHEPIHi aKTHBALUH, KOHCTAaHTHI CKOPOCTH U MPEIIKCIOHEHIIAIBHOTO MHO-
JKUTEIISI C yBENMUCHNUEM CTEIICHH JecTpyKiuu opranudeckoi Maccsl [IKC. [Toka3aHo, 4To Ipupo/ia MoJIuMepoB
Y KaTalIn3aTOPOB CYIIECTBEHHO BIMSAET HA BEIMYNHY KOHCTAHTHI CKOPOCTH M SHEPTHH akTHBanuu. Paccunran-
HBbIE 3HAYEHMS SHEPT Uil aKTUBAIUH TepMoaecTpyKimu cMecu cmoinsl ¢ [1C u [13 B npucyTcTBHM KaTann3aropa
(XpH30THII ¢ HAHECEHHBIM HUKEJIEM) COCTABIIAIOT 1O nepBoMy Metony 47,6 xJlx/mons u 40,4 x/[x/Momb, a o
Bropomy — 47,3 xJlx/mMoinb u 86,5 k/[)k/MOJIB, COOTBETCTBEHHO.

Kniouesvie cnoea: nepBudHas KaMEHHOYTOJbHAs CMOJIA, HAHOKATaIU3aTOP, XPU3OTWI, MarHUTHas MUKPO-
chepa, MOIUMEP, TEPMOJICCTPYKIHS, TEPMOKHHETHYCCKUE MTaPaAMETPBI.
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Application of the CLIL method in the classes of Inorganic Chemistry

The article considers the features of applying the CLIL method to integrated teaching of Inorganic Chemistry
in English. To develop students' subject and language skills the content and language integrated learning (CLIL)
method was studied in the format of online learning. Inorganic chemistry classes for first-year students of B012
Chemistry Teacher Training Program group were conducted in online format for the control group, and for the
experimental group using CLIL method. Students were selected not randomly, according to English and subject
level for experimental work based on entrance control work. In the pedagogical experiment the method of
mathematical statistics was used to confirm the reliability of the obtained results and to prove the representa-
tiveness of the sample. The validity of the proposed research hypothesis was proved by Student’s t-test method.
The levels of students’ knowledge are summarized in accordance with learning outcomes according to their
competencies. During the lesson, work was carried out on the use of CLIL technology with terminology, glos-
sary, and text in English. Students' language competencies were developed when working with texts and ques-
tions in English. The effectiveness of working with terminology, glossary, and English text was determined as
a result of a survey of students. The article presents comparative indicators of the midterm control results of
students in the control and the experimental group during online format teaching. As a result of a comprehensive
study an increase in students' interest in the CLIL method was revealed, which had a positive effect on the
educational process.

Keywords: CLIL method, Inorganic Chemistry, online format, offline format, content and language integrated
learning, glossary, working with English text, competence.

Introduction

Nowadays, education systems are changing the format of teaching in the context of the coronavirus pan-
demic (COVID-19) and switching to online learning. The new format of education, along with the obvious
problems, offers a wide range of opportunities and prospects for change and improvement of education sys-
tems. In this regard, the use of traditional methods of teaching English for academic purposes is insufficient in
the context of globalization of science and the international exchange of information. Currently, CLIL (Content
and Language Integrated Learning) technology is an important form of subject teaching method in English.
CLIL is a method of teaching that is widely used at the international level, especially in Europe, as a way to
promote language learning. CLIL technology mainly uses English to teach subject content [1].

The use of the CLIL method via integrated learning in English in Higher Education has been studied in
several research papers. The authors shared some experience in online teaching of Inorganic Chemistry during
COVID-19 outbreak. To help students feel comfortable with online learning they explored different teaching
platforms and adjusted online learning methods. During the online class special attention was paid to the topic-
oriented learning process. It also encouraged teachers to interact with students and provide timely feedback [2].
In his research U. Reckino studied two pedagogical methods: Content and Language Integrated Learning
(CLIL) and Flipped learning. To achieve the main goal the author proposed a guide to the use of Flipped
Learning and CLIL to teach the content of lessons for future English teachers at UNAE [3].

A.B. Arynova, D.A. Kassymbekova and Zh.K. Korganbayeva’s research works show the integration of
all four content and language-integrated elements (content, communication, cognition, and culture) of the
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course “Chemistry of the Elements of the Periodic Table”. The course of modeling a lecture with the help of
CLIL and the results of the assessment questionnaire is given. The survey questions are aimed at studying the
motivation of students to study the course using CLIL technologies. The results showed that students are mo-
tivated to the learning process and their vocabulary is enriched with chemical terms [4].

The authors made a three-way comparison of full-time, online, and blended forms of study in the under-
graduate course to determine whether there were differences in student academic performance and course
satisfaction in different forms [5]. The following article provides an overview of the changes made to the first
year of Physical Chemistry Unit. The authors analyzed how they can use this experience to make online learn-
ing lessons more effective in the future [6]. J. Fernanda developed a strategic plan for integrated content and
language learning (CLIL) at the University of Extremadura (UEX) in Spain for the period of 2014-2018. This
event was held in the project “Learn in English”. This paper describes the features and results of this project
at the Faculty of Natural Sciences UEX, where three different degrees involved: Physics, Chemistry, and Chem-
ical Engineering [7].

A several studies have shown that CLIL methods, like other linguistic skills, do not pay much attention
to writing activities. However, writing is a skill that needs to be improved, especially in higher education, due
to its importance in the educational and professional context. In his research M. Ramiro explored the potential
for understanding the text genres using the CLIL method to improve writing skills at the University of Spain
for students majoring in Chemistry [8]. The article presents the results of experimental testing of the effective-
ness of group learning activities of students at Inorganic Chemistry laboratory classes. The results showed that
the use of group learning activities of students contributes to the formation of the order, and course on Inorganic
Chemistry laboratory sessions [9]. This study aims to understand how a team of teachers implements content
and language integrated learning (CLIL) in an online context (cycle 1) as well as action plans (cycle 2) to
address the issues identified in cycle 1 while teaching undergraduate groups [10].

The authors of the work considered the content and language integrated method as a relatively new way
of learning the language in terms of its effectiveness in the process of teaching terminology [11]. The CLIL
method has been shown to improve students' English language skills and significantly increase their motivation
through interactive methods [12]. Some works contain the most important facts about the current state of re-
search in the field of bilingual education in Natural Sciences [13]. The authors of the work [14] investigated
changing in undergraduate L2 students' performance historical reasoning and how it affected their reading and
writing skills in English. The article examines the relationship between course progress, English proficiency,
motivation, and academic language skills in the English medium instruction (EMI) University context [15].
The following study presents the results of a study of CLIL teachers' understanding of the pedagogical use of
translanguage and the impact of these concepts on pedagogical practice in various trilingual schools in Ka-
zakhstan. Conclusions show that teachers' attitudes towards translanguaging are ambiguous [16]. In his study,
K. Frances showed how emotion affects the memory of information [17]. The article describes the study of a
model of teaching based on CLIL at the Pedagogical University, designed specifically for the development of
professional and communicative competence of students [18]. General Chemistry instructors have faced chal-
lenges due to the COVID-19 pandemic as they search to engage students in a new online learning format. The
authors analyzed student questionnaires about the issues encountered during the pandemic, instructor reflec-
tions, and grade allocations across several sections of General Chemistry (I, 1) taught by different instruc-
tors [19].

According to the research, CLIL has become a widely used method of language learning and teaching in
recent years. However the CLIL method of teaching in the Natural Sciences field and especially for chemistry
students is not much investigated.

The purpose of the proposed research is the theoretical development, scientific substantiation, and exper-
imental study of teaching methods in English in Higher Education based on a subject-language integrated
approach. In our previous research, a pedagogical experiment conducted on secondary school students revealed
the formation of language skills as a result of working with the terminology, glossary, English-based text, and
calculations in subject-language integrated learning (CLIL) [20]. In the given study, the effectiveness of sub-
ject-language integrated learning was determined among High School students.

Experimental

The pedagogical experiment was conducted among B012 Chemistry Teacher Training Educational Pro-
gram group first-year students of the Faculty of Natural Sciences of Khoja Akhmet Yassawi International
Kazakh-Turkish University.
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In order to determine the conditions for integrated learning of the subject and language, a test paper was
obtained through the Google form. As a control work, tasks from the educational and methodological manual
of Inorganic Chemistry were given in English [21]. It allowed determining the level of students’ learning skills
in subject content as well as in the English language. The selection of participants is not accidental, as students
were selected among the multilingual groups. To describe the main results of the study 20 students were
selected for the control group (CG), 16 students for the experimental group (EG). Both groups were taught
with the same syllabus content approved for the educational program 6B01512-Chemistry, but a different
methodology was used during training. In the CG instruction was given by using the traditional method while
in the EG experimental training was carried out. In the EG Inorganic Chemistry course was implemented by
the CLIL method of teaching and aimed at developing students' knowledge of the subject content.

Inorganic Chemistry classes were conducted in the traditional classroom teaching format (offline) in the
pre-pandemic and from early March 2020 continued remotely online due to the sudden coronavirus pandemic
outbreak. Online lessons were taught by MOODLE distance learning system. There were some issues in the
initial lessons when quickly switching from the traditional learning format to distance learning. But students
have adapted to online classes, as we have been organized training seminars on how to use the new format of
the learning system. Lecture materials were implemented in all four areas of the CLIL method: the content of
the lecture was clearly explained, communication developed by asking each other questions in English, cog-
nition skills increased by writing chemical reactions and solving problem-based task in English. Also, students
evaluated each other's activities during the culture lesson.

According to the syllabus of inorganic chemistry, topics “Nomenclature and classification of inorganic
compound”, “Atomic structure”, “Periodic system and the electronic structure of atoms”, “Chemical bond”
were studied during offline classroom teaching. Due to the pandemic outbreak from the 8th week of the second
semester the topics “Chemical thermodynamics”, “The science of solutions”, “Theory of electrolytic dissoci-
ation”, "Hydrolysis of salts" continued in the form of remote online teaching.

The effectiveness of terminology, glossary, lecture materials, working with the English text, and tasks in
English was studied by implementing the CLIL method via the teaching of Inorganic Chemistry in English in
offline and online formats.

During remote online format distance teaching classes (lectures, seminars) were conducted via ZOOM
videoconference. Materials of online lessons (lectures, seminars, assignments, glossaries, control work tasks,
tests, etc.) are uploaded to tng.ayu.edu.kz (https://tng.ayu.edu.kz/).

To determine effectiveness of the CLIL method, one of the methods of mathematical statistics in pro-
cessing results was used the Student’s t-test. The validity of the proposed research hypothesis was proved by
Student’s t-test method.

Results and Discussion

To test the effectiveness of the CLIL method, the results of control work before and after the experiment
were obtained, based on the competencies (Table 1) following the learning results.

Table 1

Competencies following the learning outcomes

Education level Assigned competencies

Lower level: Understands the chemical tasks given in English

Selects and uses appropriate mathematical knowledge in solving problems, but makes incorrect
assumptions in the answer to many problems, as a result of which faces a contradiction in proving the
answer to the problem

Only individual parts of the task can be completed due to incomplete assimilation of tasks

Average level: |Understands the chemical tasks given in English, can write a short answer

Knows how to solve this problem, however, because the english dictionary incorrectly writes reagents
and reaction products, has difficulty balancing the reaction

Can give a concise definition of terms and concepts in English, albeit briefly, in theoretical questions
High level: Understands the chemical tasks given in English, can write a complete answer to the given problems
using the acquired knowledge

Can analyze data to solve a given problem and justify conclusions

Can give convincing arguments to theoretical questions due to good knowledge of English
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For the first statistical processing of the experimental results the numerical characteristics of the sample
mean and sample variance of the main set was used. To determine the effectiveness of the lessons used in the
CLIL method, the values of the selected medium obtained as a result of the control work were compared and
analyzed.

The sample variance describes the extent to which the given mean values deviate from the individual
values.

The results of sample and average sample variance values in the course of control work of the studied
groups of students are shown in Table 2.

Table 2

Results of control work performed in the CG and EG groups

Mastering the CLIL method
Groups - —
X S
cG Before the experiment 6.8 2.05
After the experiment 8.9 2.24
EG Before the experiment 7.37 2.92
After the experiment 9.5 2.13

The results obtained before the experiment at the first stage of the sample mean and variance showed that
the difference between the results in the CT and ET groups of students was small. And the results of the second
assessment after experimental training show that there was a significant change between them. These data
show that the CLIL method applied to the experimental group affected the dynamics of student learning out-
comes.

The results of the control work obtained at the formation stage of the experiment are shown in Figure 1.
The figure below compares the X — average values of the control work performed.

10
9
8
7
6
5
4
3
2
1
0
Control group Experimental group
m Before the experiment 6,8 7,37
= After the experiment 8,9 9,5

Figure 1. Results of control work obtained before and after using the CLIL method

By comparing the sample average values of the experimental data it is possible to see a significant dif-
ference between the beginning and end of the experiment in the EG group.

Table 3 shows that at the initial and final stages of the experiment the level of knowledge of the experi-
mental group increased significantly compared to the control group.

CHEMISTRY Series. No. 2(102)/2021 99



R.N. Nurdillayeva, G.O. Zhuman

Table 3

Results of measuring the level of knowledge of control and experimental groups
before and after the experiment

. Control group Experimental group

Education level Beginning End Beginning End
Low (5-7) 10 7 7 1
Average (8-10) 9 12 8 11
High (11-15) 1 2 1 4

Using the second method of statistical processing of experimental data, the effectiveness of the CLIL
method was tested by determining between average values.

To find the exact difference between the statistical average values from each other, we use the Student’s
t-test. Its basic calculation equation is [22]:

ey

e +m2]

where, Z is the average value of the variable for the first sample data (at the beginning of the experiment);

x, is the average value of the variable for the second sample data (at the end of the experiment); m? and m?

are integrated indicators of the deviations of the partial values of the two compared sample from their corre-
sponding average values, which are calculated by formula:
nl n2

t

where, Sf is the sample variance of the first variable; 822 is the sample variance of the second variable; n, is
the number of students in the first choice, and n, is the number of students in the second choice. In our study

the number of students at the beginning and end of the experiment was the same.
Based on the data, we calculate the value of t., the data obtained below describe the control work:

_ [7.37-95 a1

to = -3

“ 292 213
7+7
\/16 16

If we compare the values with the value of the critical distribution of the student, which depends on the
number of degrees of freedom, then the probability of error obtained from the error is equal to
f=ni+n,—2=16+16-2=30. If f = 30, then the critical value, according to a special table, is 3.646. The
value of 3.78 is greater than the value of 3.646, so the significance level is less than 0.001. These indicators
were higher than the critical value of Student’s distribution. The fact that the probability of errors made is
equal to or less than 0.01 is sufficient to draw scientifically reliable conclusions, that is, the correctness of the
proposed research forecast is proved.

To determine the effectiveness of working with the glossary and the text in English when teaching inor-
ganic chemistry classes in the online format a survey was conducted. The effectiveness of working with a text
in the English language in the workshop classes of Inorganic Chemistry during online training was studied in
a group work together with the CLIL method. During the seminar sessions a glossary was worked out to im-
prove students’ assimilation of English text. Working with the glossary allowed students to better remember
definitions related to the topic.

The results of the survey on the effectiveness of working with English text are shown in Figure 2.
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80 71,5
70 | 62,5
60
50 375 375
40
30
20
10
0
1 2 3 4 5
question | guestion | question | question | question
Yes 62,5 37,5 50 715 63,8
No 37,5 12,5 25 28,5 11,2
| face challenges in answering 0 50 25 0 25
mYes mNo | face challenges in answering

Figure 2. The results of a survey taken during an online lesson
to determine the effectiveness of working with the English text

During the experiment the average result of the second midterm control grades of students of the control
group during online training was 86.71, and the average result of the second midterm control grades of students
of the experimental group was 90.17 (Fig. 3). This difference means that learning using the CLIL method has
shown positive results. Since they are students of the 1st year, they are not trained in direct communication
with the teacher and students of the group, it was difficult to immediately get used to the new format. However,
in the online format explanatory seminars and consultations were held in ZOOM, and students adapted to the
new learning format. As a result, the effective methods used in the lesson and the learning results were positive.

92
90
88
86
84
82
80
78

Second midterm
control
= Control group 82,64

= Experimental group 90,17

Figure 3. Results of the second midterm control grades of students
of the control and experimental groups

Conclusion

The conducted pedagogical experimental work showed the effectiveness of teaching Inorganic Chemistry
classes in English based on the subject-language integrated method. As a result of the proposed research, stu-
dents of the experimental group showed a higher level of language and subject competence in teaching in an
online format than in the control group. The positive dynamics of the development of these competencies was
characterized by the fact that the teaching of subject knowledge in English is carried out through the use of
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certain teaching methods, in particular, the use of terminology and glossary, working with English text, that
is, the use of the CLIL method.
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P.H. Hypninnaesa, I'.O. XKyman

Beiioprannkansik xumus moHi cadaxkrapsinaa CLIL aaicin KoJagany

Makanazna OefiopraHUKanbIK XUMUS TOHI cabaKTapblH aFbUIMIBIH TimiHAe Kipiktipe okpiTyna CLIL omiciH
KOJIIaHy epeKUIeNiri KapacTelppiiFad. CTYOEHTTEpAIH HOHMIK JKOHE TUIMIK JaFJbUIapbIH KaJbIITACTHIPY
MakKcaTbhIH/Ia OH MeH Tl Kipiktipe okpityaa — CLIL opmici onnaitH okeiTy opmartsiga 3eprrenai. BO12
Xumus MyranimzepiH paspray OimiM  Oepy OarnmapiamMachkl TOOBIHBIH OipiHINI Kypc CTyJIEHTTepiHe
OeflopraHUKaNbIK XUMUS TI9HI cabaKTaphbl OHJIalH GopmarTa OakplIay TOOBIHA TOCTYPII, al SKCIIEPUMEHTTIK
torka CLIL omiciH KonaHy apKbUIBI ©TKI3UITeH. DKCIEPUMEHT YIIIH CTYAEHTTep Ke3/leHCOoK oIicIieH emec,
Kipic Oakputaybl HETIi3iHJE aFbUINIBIH T MEH MOHMI OUTy JeHreii OoiibiHmA TaHmamabl. [lemarorukaibik
OKCIIEPHIMEHTTE QIIBIHFaH HOTIDKENEpIiH CeHIMALNIIH pacTay »oHe IpIKTeMEHIH penpe3eHTaTHBTUIINH
Jonenaey YUIH MaTeMaTHKalIblK CTATHCTHKA ofici KoamaHbUIAbl. CTBIOAEHT {-KpUTEpHid oIici apKbUIbI
YCHIHBUTFAaH 3epTTey OODKAMBIHBIH IYPBICTHIFB AdnenneHal. CTyaeHTTepaiH OuniM JeHrewaepi OKbITYIBIH
HOTIDKEJEpiHe ColiKec KY3BIPETTUIIKTepre cail KophIThIHABIIaHAbL. Cabak OaprickiHaa CLIL TeXHOIOTHICHIH
KOJIIaHyJa TEPMHHOJIOTHS, TJIOCCAPH, aFBUIIIBIH TUTIHAE HETI3JCNTeH MOTIHMEH XYMBICTAp >Kacajllbl.
AFBUIIIBIH TinmiHAe OepinreH MOTIH MEH cayajgapMeH JKYMBIC JKacayla CTyIJCHTTepAiH TUIAIK
KY3BIPETTUTIKTEpl JAaMbIIbl. TEPMUHOJIOTHS, TJOCCApPHiA, AaFbUINIBIH TUTIHAC JaibIHIATFaH MOTIHMCH
JKYMBICTap/IbIH THIMIIIIT CTYyJEHTTep/IeH alblHFaH cayajHaMa HOTIDKeciHIe aHbIKTanapl. COHBIMEH Karap,
Makaiasia 6aKplIay TOOBI JKoHE SKCIIEPUMEHTTIK TOI CTYJCHTTEePiHIH OHJIaH popMaTTa OKBITY Ke31HAE apajIbIK
0akpuIay HOTIDKEJIEPiHIH CAIBICTBIPMANbl KOPCETKIIITepi Ae KenTipinai. JKaH jkakThl 3epTTey KYMBICHIHBIH
HoTmwkeciHne cryaeHtrepaid CLIL omiciHe aereH KBI3BIFYIIBUIBIKTApBl apTKAaHBL, OUTiIM aiy MpoleciHe
JKAFBIMJIBI 9Cep €TKCHI ailKbIHAAIIIBI.

Kinm cesoep: CLIL omici, OeliopraHUKaIbIK XUMUS [IoHI, OHJalH (opmar, oddraity popmar, IoH MEH Tl
KipiKTipe OKBITY, TJIOCCAPHH, aFbUIIIBIH TUTIHETI MOTIHMEH KYMBIC, KY3BIPETTLIIK.

P.H. Hypaunnaesa, I'.O. XKyman

IIpumenenune Meroga CLIL Ha 3aHATHAX 10 HEOPrAaHMYECKOH XUMMHU

B crartbe paccmoTpens! ocobeHHocTH npuMeneHns Metoaa CLIL npu HHTerpupoBaHHOM MPETIOIaBaHUH 3aHs-
T HEOPraHWMYECKOI XMMUH Ha aHTIINICKOM si3bIke. C 1esibio pOopMHPOBaHHS MPEIMETHBIX U SI3bIKOBBIX HABBI-
KOB CTYJICHTOB OBLT M3y4eH METOJ MHTETPHPOBAHHOTO IIPENOAaBaHuUs mpenmera u s3pika — meroga CLIL B
(dhopmare oHmaitH 00ydeHHs. 3aHATHS 0 HEOPTaHUYECKON XUMHH IS CTYICHTOB TIEPBOTO Kypca TPYIITEl 00-
pasoBaTenbHOM mporpamMmbl BO12 moAroTOBKM y4duTeNed XWMHUH TMPOBOIWINCH B OHIAWH QopmaTte st
KOHTPOJIGHOU TPYTIITEI TPAAUIIOHHO, U UTS SKCIIEpUMEHTaNbHOM rpymisl MetogoM CLIL. [l sxcriepumenTa
ObUIM 0TOOPAHBI CTYIEHTHI HE CITyYaifHBIM METOJIOM, a [10 YPOBHIO 3HAHUsI aHIVIMHCKOIO S3bIKa U NIpeIMeTa Ha
OCHOBE BXOJHOTO KOHTpOJIi. B memarornyeckoM 3KCHEpUMEHTE Ul IOATBEPXKIEHHUS JOCTOBEPHOCTH
MOJIYy4YEHHbIX pe3yJIbTaTOB U JOKa3aTeIbCTBA PENPE3CHTATUBHOCTH BBHIOOPKU HCIIOJIB30BAH METON
MaTeMaTU4eCKOM CTaTUCTUKU. JloKa3aHa IMpaBUIBHOCTH TMIIOTE3bI UCCIIENOBAHUS, IPEUIOKEHHOTO METOIO0M
t-kpurepust CTplofieHTa. YPOBHHU 3HaHUH CTYAEHTOB O0OOOIIEHB! B COOTBETCTBHHU C PE3YJIbTaTaMH O0YUYECHUS
COTTIACHO WX KoMIeTeHIsAM. Ha 3aHATHSIX OBUTH MPOBEAEHHBI padOTHI C TEPMHUHOIOTHEH, TII0CCapHeM, MOATO-
TOBJIEHHBIM TEKCTOM Ha aHTJIMICKOM SI3BIKE TIPH UCTIOIb30BaHuH TexHomorny CLIL. SI3p1k0oBEIe KOMIETEHINN
CTYAEHTOB Pa3BUBAINCH PH pabOTe ¢ TEKCTAMH H BOIIPOCAMH Ha aHTIIMIICKOM s3bIKe. D()(HEeKTHBHOCTE PabOTHI
¢ TEPMHUHOJIOTHEH, IJIoccapueM U TeKCTaMM Ha aHTJIMICKOM sI3bIKE OINpeessiId aHKeTUPOBAaHUEM CTYAEHTOB.
Kpome TOI'0, B CTaThC MPUBEJACHBI CPABHUTEIIBHBIC ITOKA3ATEIIN PE3YJIBTATOB INIPOMEKYTOYHOTO KOHTPOJIA IIPU
0o0y4eHHH CTYJSHTOB KOHTPOJBbHOW M OSKCIIEPUMEHTAIbHOI Tpymnm B oHuaiH ¢Qopmare. B pesynprate
BCECTOPOHHETO MCCIIEZIOBaHMS BBISBIEHO TIOBBIIEHHE HHTepeca  cTyldeHToB Kk Mmertomy CLIL, uro
MOJIOKHUTENHHO CKa3aI0Ch Ha 00pa30BaTeIbHOM IIPOIIECcCe.

Knioueswvie cnosa: meron CLIL, Heopranndeckass XUMusi, OHJIAHH Gopmar, oddaitn popmaT, HHTETPHPOBaH-
Hoe 00yJeHHe peAMETy U SA3BIKY, TII0CCaphii, paboTa ¢ TEKCTOM Ha QHTJIMHCKOM SI3bIKE, KOMIIETCHTHOCTb.
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Chemistry textbooks as a means of supporting cognitive activity
of general secondary education students

The article is devoted to such new direction of research as creating textbooks that provide competency-based
approach to teaching Chemistry. A brief description of the results of the analysis of scientific literature on the
research topic is presented. Based on them, it was concluded that it is necessary to develop a concept for creating
Chemistry textbooks that would allow realizing the competence potential of academic subject. The main pro-
visions of the author's concept are stated. According to them, the textbook should equally present its content
and procedural components, which can ensure the formation of students’ key and subject competencies. The
author’s rubrication of the textbooks is presented: “After mastering the material of the unit, you will be able...”,
“Remember! Pay attention!”, “Chemistry is life: a naturalist’s page”, “Briefly about the main thing”, “Erudite
page”, “Work in groups”, “We work with media sources”, “We know, we understand”, and “We apply”. The
design of the units is briefly described. The embodiment of the conceptual provisions in school Chemistry
textbooks for grades 811 created by the author is revealed on specific examples.

Keywords: author’s concept, Chemistry textbooks, competence-based approach, key competencies, main pro-
visions of the concept, subject competence, textbook content and procedural components, textbook rubrication,
unit design.

Introduction

New goals and content of complete general secondary education in Ukraine require the creation of mod-
ern educational books, among which textbooks are of main importance. Even the rapidly developing electronic
teaching aids just supplement textbooks, contribute to the implementation of their functions, but in no way
replace them. Currently in pedagogy there is a need to develop new approaches to the creation of textbooks,
including Chemistry ones.

According to the Law of Ukraine “On Education”, achieving the goal of secondary education “is provided
by the formation of key competencies needed by every modern person for a successful life” [1]. According to
the new paradigm, the content of teaching Chemistry “retains the time-tested basic core necessary for students’
education and development; reveals the general cultural, humanistic nature of natural science knowledge; is
based on leading worldview ideas of natural science” [2].

The competence-based approach was introduced in Ukrainian schools not long ago, but it has proved to
be modern and effective. Therefore in the Chemistry curricula improved in 2017 it is noted that the main task
of school chemistry education “is to form key and subject competencies by means of the academic subject.
They also ensure developing students’ values and worldview, which determine their behavior in real life situ-
ations” [1]. One of the characteristic features of these programs in comparison with the previous ones is the
expression of learning outcomes in terms of competence. In the program section “Expected results of educa-
tional and cognitive activity”, the main learning outcomes indicate the components of students’ subject chem-
ical competence to be formed: cognitive, activity and value. On the one hand, it is helpful for the authors of
textbooks, since the circle of results in which the textbook plays an important role is outlined. But, on the other
hand, in view of the fact that “thorough pedagogical research on the definition and justification of the compe-
tencies of modern textbooks, the allocation of requirements for the textbook as a comprehensive information
model and learning tool in the context of implementing a competency-based educational approach” [3: 37],
each author or group of authors have to theoretically substantiate the conceptual provisions of the textbooks
they create.

The object of the research is the means of teaching Chemistry, and its subject is the structure, content,
and methodological apparatus of a modern Chemistry textbook for students of general secondary education.
The purpose of the article is to reveal the author's concept of creating modern Chemistry textbooks for students
of Ukrainian schools. The tasks of the article is to substantiate the concept of creating a modern Chemistry
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textbook; describe the structure of the author’s Chemistry textbooks; confirm implementation of provisions of
the concept by examples from Chemistry textbooks for pupils of 8-11 classes.

The article is structured as follows: a brief description of the results of the analysis of scientific literature
on the research topic; statement of the main provisions of the author's concept; description of the structure of
the textbooks created on its basis; specific examples from the Chemistry textbooks created for students of
grades 8-11 [4-7].

Methods and Materials

Taking into account the peculiarities of the research, methods of analysis of literature sources and gener-
alization of the results were used; analysis of documents (curricula, programs, educational standards) was
done. Induction and deduction, studying the experience of creating textbooks, conducting a search and peda-
gogical experiment were applied. The materials used in the study were school Chemistry curricula, Chemistry
textbooks by domestic and foreign authors, as well as statistical data of the Ministry of Education and Science
of Ukraine on the testing of school textbooks. Quantitative (in %) indicators of students, teachers, and parents’
satisfaction with school Chemistry textbooks recommended by the Ministry of Education and Science of
Ukraine for use in the educational process were taken into account.

Results and Discussion

In the study state documents regulating secondary education, recent scientific publications by Ukrainian
scientists on similar research topics (E. Baranovskaya, Y. Kodlyuk, O. Topuzov, etc.) served as a reference
point in the development of the concept of creating textbooks on Chemistry on a competency basis. As the
analysis has shown, Y. Kodlyuk has been studying the problem of textbooks for primary school children for a
relatively long time. In one of the latest publications by the researcher [8], attention was focused on the infor-
mational, developmental, educational and motivational functions of a modern textbook for younger students.
A. Polyakova listed the following didactic features of a school textbook: “functional features, the nature of the
reflection of the content of education, structural features, and the technology of presentation of the means of
guiding the cognitive activity of students” [8: 284]. We share the researcher's views on a school textbook as
“a type of educational literature that represents knowledge and activities in a particular subject in accordance
with state educational standards and curriculum requirements, taking into account the characteristics of this
subject (its dominant function), type of school, age characteristics of students and is based on the dominant
concept of learning” [8: 285]. In our opinion, this definition, on the one hand, has accumulated the classical
views on the textbook developed in the 70s-80s of the twentieth century (Y. Babansky, I. Lerner, N. Skatkin,
V. Kraevsky, etc.). On the other hand, such an interpretation makes it possible to supplement and clarify the
definition of a textbook in accordance with the ongoing transformations in education. In view of the above
mentioned, application of the competency-based approach in the educational process is considered the domi-
nant concept of modern education. Y. Kodlyuk emphasized that the textbook “is a kind of scenario for the
future learning process, as it captures not only the content of the subject, but also the main methodological
approaches to its teaching, individual teaching methods (e.g., questions to analyze illustrations; samples of
algorithms, instructions; sample records; instructions for doing practical tasks, etc.)” [8: 290].

The development of the main provisions for the creation of textbooks outlined by Y. Kodlyuk can be
found in the publications of E. Baranovskaya and O. Topuzov. In particular, E. Baranovskaya pointed out that
“the school textbook has to perform cultural, ethical and humanistic, reflective, personal and developmental
functions in addition to its basic functions” [9: 10]. In the researcher’s opinion, it is important for modern
textbooks to focus on “humanitarian content of social sciences and humanities and to strengthen the humani-
tarian component in the content of the natural and mathematical cycle” [9: 6].

The following opinion of O. Topuzov seems to be constructive: “In order to create conditions for the
formation of these components of personality competence in the process of learning the content of education,
it is necessary to develop and implement an appropriate apparatus for learning, which creates additional burden
on the non-textual component of the textbook™ [3: 39]. Equally important is the view of the researcher that “a
modern textbook, built on the competence basis should provide for the possibility of using a variety of organ-
izational forms and methods of teaching and enrich their arsenal. In particular, it must create conditions for
student self-educational activities” [3: 39].

Stara, M. Chval, K. Stary pointed out the importance of high-quality school textbooks not only for school-
children and teachers, but also for students of higher teacher education institutions [10]. They explained it by
the fact that it is sometimes difficult for students in pedagogical practice to fully select educational material,
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independently develop a methodology for its presentation, and test the knowledge acquired by schoolchildren.
Therefore, student teachers often fully focus on the layout of textbooks and follow it.

It is known that the central link of educational activity is assimilation of knowledge as “complex intel-
lectual activity of a person, including all cognitive processes (sensory perceptual, mnemological), providing
reception, semantic processing, preservation and reproduction of the received material” [11].

Therefore, a textbook should perform different functions and at the same time be accessible for perception
and understanding.

Based on the study of the researchers’ interpretations of the creation and content of textbooks correspond-
ing to the new paradigm of education using a competency-based approach, the following conclusions were
made:

* a textbook is a leading and multifunctional teaching tool;

» educational material, teacher activities, and student activities are a kind of equilateral triangle that de-
termines the content of the school textbook.

That is, conceptually, a textbook should equally represent the educational material, students’ activities
and teacher activities, remaining an important educational book for students.

Based on the above-mentioned, the content of a textbook is made up of educational material that reveals
the core knowledge from various branches of Chemistry, selected and adapted for studying at school.

According to V. Beilinson, the basic and guiding function of textbooks is informational. “A textbook
embodies the content of the academic subject and provides a minimum of means for its complete assimilation”
[12: 34].

As the analysis of the research sources has shown, a school textbook is a multi-functional tool of teaching
and learning, which, in addition to the informative functions, provides:

— motivation to study chemistry;

—a holistic model of the educational process;

—alogical and clear presentation, a thorough explanation of the new material based on a sufficient num-

ber of facts and illustrations;

— support for the educational process at all its stages: perception, memorization, application, assessment;

— conditions for the optimal use of individual, group and class educational activities of schoolchildren;

—an individual construct of the cognitive activity of each student;

— formation of cognitive skills and the ability to work with educational literature and other information

resources;

—a methodological guideline for teachers.

V. Beilinson gave a clear explanation of the methodological purpose of a textbook: “not only students'
activity is programmed in a textbook, but also the supposed activity of a teacher. A textbook not only provides
material for teaching, but also defines the basic and main features of the method of working with it, guides the
course of learning” [12: 39].

We are far from thinking that Chemistry textbooks should replace collections of problems and exercises
(there are a number of manuals for that), or be book for reading on the subject under study. It has to correspond
to its purpose. The main requirements for textbooks are: a) to correspond to the cognitive capabilities of stu-
dents, which means to be available for their perception; b) to have a perfect methodological apparatus, which
is easy for students to understand and convenient for a teacher to work with; c) to be of developmental nature,
that is, provide the material for the performance of mental operations (analysis, synthesis, comparison, gen-
eralization, classification and others; d) to foster independent mastering of the educational material by students.

It is also important for textbooks to meet the basic assessment criteria. Concerning the issue, J. Papajani
pointed out, “Evaluation checklists should have some criteria pertaining to the physical characteristics of text-
books such as layout, organizational, and logistical characteristics. Other important criteria that should be in-
corporated are those that assess a textbook's methodology, aims, and approaches and the degree to which a set
of materials is not only teachable but also fits the needs of the individual teacher's approach as well as the
organization's overall curriculum” [13: 8]. Due to the indicated multi-functionality, textbooks provide the im-
plementation of the competence-based approach.

Let us reveal how the stated conceptual provisions were embodied in the school Chemistry textbooks
designed by the author of the article. Initially, the author's heading of units was developed and then imple-
mented, the same for all textbooks, from the eighth to the eleventh grades [4—7]. Figure 1 contains the names
and symbols of these headings.
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Figure 1. Rubrication of the author's textbooks on Chemistry

The content of the textbooks is compiled in full accordance with the current curriculum in Chemistry. We
adhere to the point of view that textbooks are main educational books created primarily for students. Therefore,
at the beginning of each topic basic knowledge that students should master in the process of studying the topic
as well as skills, values and other qualities that allow the formation and development of subject competence in
Chemistry are listed on coloured fly-titles. Methodologically, this is a concise list of expected learning out-
comes on a topic. Therefore it serves as a personal educational construct for students, and for teachers it is a
methodological guideline for conducting the educational process. It “will orient the teacher on achievement of
the purpose of training on each theme of the program, will facilitate planning of the purposes and tasks of
lessons, and will give the chance to develop adequate methodical approaches to conducting lessons as well as
current and thematic assessment” [2].

Here is an example of the fly-title of topic 2 “Hydrocarbons” (grade 10).

In this theme you will learn about:

— classification of hydrocarbons;

—general formulas, structural isomerism and systematic nomenclature of alkanes, alkenes, alkynes,

arenes;

— properties of alkanes, alkenes, alkynes, arenes;

— methods of production, application of hydrocarbons;

— relationships between homologous series of hydrocarbons;

— use of hydrocarbons and their impact on the environment.

After mastering the material on the topic, you will be able to:

— name alkanes, alkenes and alkynes according to the systematic nomenclature;

— give examples of saturated, unsaturated and aromatic hydrocarbons, structural formulas of their iso-
mers;

— explain the essence of the structural isomerism of hydrocarbons; recognize the structural isomers of a
substance;

— make molecular and structural formulas of hydrocarbons of a certain homologous series based on the
general formula;

— compose reaction equations that describe the chemical properties of hydrocarbons;

— compare the structure and properties of hydrocarbons;

— solve problems on the derivation of the molecular formula of a substance according to the general for-
mula of a homologous series and density or relative density; the mass, volume or quantity of the rea-
gents or reaction products, justifying the chosen method of solution;

— draw conclusions about the properties of substances based on their structure and the structure of sub-
stances, taking into account their properties; on this basis to justify the use of hydrocarbons;

— understand the need to preserve the environment during the production and use of hydrocarbons;

—assess the fire hazard of hydrocarbons and the environmental consequences of violations of technolo-
gies for production and use of hydrocarbons and their derivatives” [6: 26].

In the textbooks there is no such heading as “Today in Class”, which can be found in many other text-
books. It can be explained by the fact that it is more intended for teachers and is not personally oriented for
students. Therefore, in order to impart positive motivation (personal colouring) to learning, in addition to fly-
titles, we use two more out-of-text components. The first is the announcement located at the beginning of each
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unit “After mastering the material of the unit, you will be able...” and the second announcement “Remember!
Pay attention!”, which are given in the text itself. For example, from the announcement to unit 11 “The degree
of electrolytic dissociation. Strong and weak electrolytes. The concept of the pH of a solution”, ninth-graders
realize that after learning the material they will be able to “find out what is a quantitative indicator of electro-
Iytic dissociation; get to know the classification of substances by the degree of electrolytic dissociation; learn
about the factors affecting the degree of electrolytic dissociation; form an idea of the pH value; distinguish
between pH alkaline, acidic and neutral; evaluate the pH value of solutions to determine the quality of food,
cosmetics and other types of products” [5: 62].

“Remember! Pay Attention!” announcements concern:

— revising something previously learned, e.g., “Remember! Names of symbols of chemical elements, as
well as proper names, are written in capital letters, and the names of substances formed by their atoms — in
lowercase (H — Hydrogen, O — Oxygen, H, — hydrogen, O, — oxygen)” [4: 7];

— short-term completion of a specific task in the course of working out educational material, e.g., “Use
this pattern to find out: which of the elements of group Il of the main subgroup — Magnesium or Calcium —
has more pronounced metallic properties; in Oxygen or Sulfur (group VI main subgroup) more pronounced
non-metallic properties™ [4: 52];

— clarifications to the main text e.g., “Amorphous is one that has no crystalline structure. Amorphous is
a substance without a clear three-dimensional arrangement of structural particles” [4: 106];

— precautions when working with chemical substances e.g. “Remember that ethyne (acetylene) with air
and oxygen forms explosive mixtures” [6: 55] and others.

The text of each unit is divided into logically complete blocks of educational information. The blocks
have titles, from which students find out what the unit is about, and after studying it, they can give feedback.
For example, unit 18 of the textbook for 11 grade “Compounds of non-metallic elements with Hydrogen.
Features of aqueous solutions of these compounds, their application” is divided into seven blocks. They go
under the following titles: physical properties of hydrogen chloride, physical properties of ammonia, features
of agueous hydrogen chloride solution, features of agueous ammonia solution, ammonium hydroxide NH,OH,
the concept of ammonium salts, and qualitative reaction for the determination of ammonium ions in solutions.

The final informational part of the main text of each unit in the textbooks has the heading “Breifly about
the main thing”. In it, in a generalized way, with several rules, judgments, conclusions, the main things in the
educational material of the unit are conveyed. As practice shows, students willingly work with this rubric,
since it focuses on what should be preserved in long-term memory and will be used in the future.

In order for the textbook to be involved in the formation of the key competence of students’ communica-
tion in the state language (or native one), to form the ability to work in a team and to develop leadership
gualities, the column “Work in groups” was created. According to the curriculum, the subject content of the
specified competence consists of the following skills: “to use chemical terms, concepts, symbols, modern
Ukrainian scientific terminology and nomenclature in speech; give answers to the questions; substantiate the
course and conditions of the chemical experiment; discuss the results of the study and draw conclusions; to
take part in the discussion of issues of chemical content, to express one's opinion clearly, clearly and figura-
tively; compose an oral and written report on a chemical topic, and present it” [1]. It is obvious that during the
study of Chemistry (as a rule, there are two lessons per week) the skills cannot be formed without the use of
group educational activities. Whereas working in small groups, even at the stages of primary perception of
new material, students are involved in educational communication, favorable for the formation of that and
other competencies. Here an example of the content of the heading “Work in groups” in the above-mentioned
unit 18 of the textbook for 11 grade is given.

Task 1. Prove by mathematical calculations that it is necessary to collect ammonia in a test tube located
upside down.

Task 2. Ammonia is sold in a dark glass container with a capacity of 150 ml in pharmacies. Assuming
that the density of ammonia is 1 g per 1 ml, calculate the amount of ammonia used to prepare the solution for
one such vial.

Task 3. Calculate the relative density of hydrogen chloride in the air. How to collect this gas in a test tube
properly?

Task 4. From the section, you learned what the solubility of ammonia in water is. Calculate the mass
fraction of this substance in a solution made by dissolving 700 liters of ammonia in 1 liter of water, if the
density of the solution is considered to be equal to 1 g / ml [7: 96-97].
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In addition, short-term group educational activities in the lesson of studying new material help to avoid a
teacher monologue and promote the understanding and assimilation of new knowledge directly in the lesson,
involving students in active cognitive activity, and intensifying the educational process.

The heading “Erudite Page” has an additional text that allows students to expand and deepen the content
of the main material of the unit thanks to the information that is not provided by the program, but corresponds
to the topic of the unit. The tasks of the rubric stimulate cognitive interest, motivate learning the history of
science, develop thinking, and enhance patriotic education. For example, the main material of the unit on the
structure of the atom (grade 8) contains information that, “The scientific assumption about the presence of
neutrons in the nucleus was made by a theoretical physicist Dmitry Dmitrievich Ivanenko in 1932 [4]. “Eru-
dite Page” contains some information about D.D. Ivanenko’s life and activities in Ukraine, as well as about
the period of his work at Lomonosov Moscow State University. It also tells that “the scientific merits of the
physicist were highly appreciated by Nobel laureates Paul Dirac, Hideki Yukawa, Niels Bohr, llya Prigozhin,
and Samuel Ting, who left their famous statements on the walls of Dmitry Dmitrievich Ivanenko's office at
Lomonosov Moscow State University” [4: 58]. In the same unit, under the heading “Work with media sources”
one of the tasks is formulated as follows “Find out what records were left by Nobel laureates P. Dirac,
H. Yukava, N. Bohr, I. Prigozhin and S. Ting on the walls of D.D. Ivanenko's office. Write them down and
discuss them in groups” [4: 58].

The attention of schoolchildren to modern sources of information as a means of independent mastering
of additional knowledge and skills is attracted by the tasks under the heading “Work with media sources”.
Often, their implementation involves group work and relates to educational projects. Consider the example
from unit 30 “Mineral fertilizers. The concept of acidic and alkaline soils” of the textbook for 11th grade.

1. From various sources learn about the top 10 largest producers of fertilizers in Ukraine (capacity, raw
materials, and products).

2. Ask about the professions of employees of modern enterprises for the production of fertilizers, and
educational institutions where the necessary qualifications can be obtained.

3. What means of environmental protection from pollution operate in enterprises producing mineral fer-
tilizers? [7: 161].

“Creating a textbook always requires a clear and reasonable answer to the question: what types of prob-
lems (exercises) and in what minimum quantity should be in the textbook, and what should be included in an
expanded and variable form in the corresponding collection” [12: 38-39]. Adhering to this point of view, we
do not overload the textbooks with exercises and tasks; in parallel with them, we created a collection of tasks
and exercises, workbooks and notebooks for control and practical work. The assignments and exercises in the
Chemistry textbooks are based on competence-based and activity-based approaches. Most of them are located
in the final headings of the units entitled “We know and understand” and “We apply”. The former contains
tasks that require reproduction of knowledge or performing actions according to a model. Here is an example
of tasks from paragraph 16 “The nature of chemical bonding and electronegativity of atoms of chemical ele-
ments” of the textbook for the 8th grade.

1. Formulate the definition of: a) chemical bond; b) electronegativity; ¢) completed energy level.

2. Explain how the structural particles of matter can acquire the completeness of the external energy level.
What does it depend on?

3. Indicate which of the two elements is more electronegative: a) Nitrogen or Oxygen; b) Nitrogen or
Hydrogen; ¢) Nitrogen or Lithium.

4. Explain why the electronegativity of atoms of inert elements is zero” [4: 96].

To fulfil the assignments under the heading “We apply”, students need to apply the knowledge gained in
standard or modified conditions. In the above-mentioned unit, the heading consists of the following tasks:

1. In which of the molecules: a) Oxygen; b) water; ¢c) Hydrogen; d) hydrogen bromide — common elec-
trons will be displaced to one of the atoms and why?

2. Specify a pair of symbols of elements whose atoms have the same number of unpaired electrons at the
external energy level: a) Li and S; b) Mg and F; ¢) Li and F. Explain your choice using graphical electronic
formulas.

3. Write down the symbols of the following chemical elements in ascending order of their electronega-
tivity: Aluminum, Sulfur, Carbon, and Hydrogen.

4. Prepare questions or tasks on the topic of the unit to suggest them to classmates in class” [4: 96].

As it can be seen from the considered example, the tasks under the heading “We apply” are numbered
consecutively in the textbooks, which is very convenient, since the answers are given at the end of the textbook,
and students can do self-tests.

110 Bulletin of the Karaganda University



Chemistry textbooks as a means of supporting ...

Tasks for consolidating and applying the knowledge can also be found under the heading “Work in
groups”, for example:

1. To ensure that alcohols have more isomers than their corresponding alkanes, formulate all possible
isomers of alcohol with the molecular formula CsH11:0H (there should be 6 of them) and pentane.

2. Make one molecular formula of homologues: a) propane; b) methane; c) ethyn [6: 22].

Each topic ends with a page “Assignments of different difficulty levels”. The tasks help students to do
self-assessment, monitor personal growth, and reflect on educational achievements.

It is well-known that a chemical experiment is an important means and method of teaching Chemistry.
Therefore, the sequence of the teacher's performance in the lesson of demonstration experiments, the necessary
explanation, as well as illustrations to them are displayed in the main text of the units so that, while working
independently with the text of the unit, the students can mentally reproduce the experiment. Traditionally,
Chemistry textbooks contain tasks and instructions for performing a school chemistry experiment: laboratory
experiments and practical work. In the textbooks, they go under the heading “Chemistry is Life. Naturalist's
Page”. Description of laboratory experiments contains a list of equipment and substances, instructions for
their implementation, which displays the sequence of actions, advice on the presentation of results. Since prac-
tical work has a different didactic purpose than laboratory experiments, textbooks contain only the name of
the practical work and the texts of assignments for practical implementation. In the content of practical work
on solving experimental problems, we strive to include a deliberately larger number of tasks than the students
will complete in one lesson. It is aimed at students repeating the material they have covered, getting better
prepared for practical work, conducting experiments on all the options of the proposed tasks in their minds.
For example, in the Chemistry textbook for the 9th grade for practical work 2 “Solving experimental prob-
lems”, five experimental problems were selected (three variants of tasks in each). It is illustrated by an example
of experimental problem 3: “Carry out ion exchange reactions according to the given schemes.

Variant 1. Sodium hydroxide — sodium sulfate — sodium chloride.

Variant 2. Chloric acid — sodium chloride — sodium nitrate

Variant 3. Cuprum (II) sulfate — Cuprum (II) chloride — Cuprum (II) hydroxide.

Justify the choice of reagents. Make up the corresponding molecular and ionic reaction equations [5: 85].
In practical work students perform only one of those variants that the teacher suggests.

In school textbooks, an important didactic function is performed by illustrative material. “Several factors
should be considered, such as the clarity and coherence with which information in graphic visualisations is
presented. A textbook layout that guides the learner through the depicted resources and enables the student to
easily identify relevant information, includes visual and textual linking between related materials, and the
instructional, didactical, technical and aesthetic quality of depicted visuals, to name only a few” [14: 56].

There are many illustrations in the textbooks. The choice of illustrative material is due to its didactic
function. All illustrations correspond to the content of the educational material, help its perception, memori-
zation and reproduction, contribute to the development of visual memory, and are used in performing tasks.
For example, Figure 2 [4: 194] is an illustration of the experiment to identify the amphoteric properties of zinc
hydroxide.

NaOH
NaOH (excess)

(small portions)

Naz[Zn(OH),‘]

{ HNO,

Zn(NO,),

a — extraction of zinc hydroxide; b, ¢ — dissolution of the precipitate Zn(OH),

Figure 2. The sequence of the experiment on the detection of amphotericity of zinc hydroxide
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Conclusions

The reorientation of teaching Chemistry in modern secondary educational institutions from communi-
cating knowledge to the formation of key and subject competencies determines the relevance of research on
the problem of creating textbooks that correspond to this paradigm. As in the course of the study of research
papers on the topic there was found lack of concept of creating textbooks that provide teaching Chemistry on
a competence basis, and the educational process needed them; the author's concept of textbooks was created
that allows to realize the competence potential of this academic subject.

The main provisions of the author's concept are the optimal combination of the content and procedural
components of the textbook; taking into account the cognitive capabilities of students; the presence of a perfect
methodological apparatus; the suitability of the textbook for use at all stages of the educational process such
as perception, memorization, use, assessment; the possibility of conducting group educational activities along
with individual and class work; a convenient navigator in the form of headings; modernity and attractiveness
of design; and variety of illustrative material.

In accordance with the provisions of the concept, the headings of the author's textbooks of chemistry were
substantiated and developed: “Work in groups” (contains tasks for short-term group work in the lesson of
studying new material), “Chemistry is life: a naturalist’s page” (a student experiment is described. “Briefly
about the main” (a generalization of the material of the paragraph is made.) The headings “We know, we
understan”, “We apply” contain tasks and exercises differentiated by the level of students’ cognitive activity.
Additional material has been placed in the rubric “Erudite page”, tasks involving use of media go under the
heading “Work with media sources”. In addition, an important motivational function is performed by coloured
fly-titles for each educational topic and the following announcements “After mastering the material of the unit,
you will be able...”; “Remember! Pay attention!” To use the visual memory of students, the main text of the
units is divided into logically completed blocks of the educational information with colored titles; and various
illustrative materials are used.

Rubrics of the units and the design of their layout serve as a convenient navigator for students while
working with the textbooks. This conclusion is confirmed by the examples considered in the article from the
author's Chemistry textbooks for 8-11 grades.

The textbooks of Chemistry that were created on a competence basis do not leave room for authoritarian
pedagogy. They provide students with an individual construct of cognitive activity, and give teachers method-
ological guidelines for planning and implementing the educational process on a competency-based approach.
Learning by them involves various activities and communication.
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O.I'. Apomenko

XuMHUS OKYJIBIFbI KAJBI OPTA OLTiM Oepy MekeMeJlepi OKYIIbLJIAPbIHbIH
TAHBIMBIK iC-dpeKeTiH YHbIMIACTBHIPY/IbIH KYPaJbl PeTiH/e

Makana 3epTTeyAiH *aHa OarbITbIHA, SFHU OKYIIbUIApAbl KY3BIPETTUIIK HETi3iHAE OKBITYIBl KaMTaMachl3
eTeTIH OKYJBIKTAap jKacayFa apHalfaH. 3epTTey TaKbIphIObl OOHBIHIIA FHUIBIMH OfEOMETTEpal Taigay
HOTIDKETIepl KbICKAIla CUMATTAIFaH, XUMHUS OKYJBIKTAPbIH KYpPy TY)KBIPBIMAAMACBIH 93ipJiey KaxKeTTiNliri
aifTeuFaH, OYI OKy IIOHIHIH KY3BIPETTUIIK QJeyeTiH iCKe achblpyFa MYMKIHIIK Oepexmi. ABTOPIBIK
TYKBIPBIMIAMAHBIH ~HETI3Ti  epekeNiepi: OKYIIBUIApABIH TaHBIMABIK MYMKIHIIKTEPiH ecKepy; MiHCI3
O/IiICTEMEITIK ~ ammaparThlH OONYbl; OKYJBIKTHIH OKYy TPOIECIHIH OapiblKk Ke3eHICpiHAe KOJIaHyFa
JKapaMABUIBIFBI, TONTHIK OKY KbI3METiH YHBIMIACTBIPY MYMKIHIITI; TaKBIPBINTAP TYPIHAETI BIHFAHIBI MOTIH
HaBUTaTOPBIHBIH OONYBI; TU3aHHHBIH Ka3ipri 3aMaHFa cail 0OyBl; HIUTFOCTPATUBTI MaTEepUAABIH SPTYPIILIITi.
ABTODJIBIK OKYJIBIKTAp/IBIH PYOPHKACH YChIHBUIFaH. « TOIIEH )XYMbIC» aiijapblH/ia s)kaHa MaTepHaIIIbl YHPEHY
cabarplHAa KbBICKA MEP3IMAI TONTHIK JKYMBICTapFa apHAIFaH TamncelpManap OepinreH. OKymIbUIapIbIH
ToXipubeci «XuMus — eMmip: TaOUFATTHI 3epTTEYIIiHIH HapaFbly alapblHIa CHMATTaIFaH. MaTtepHanabiH
KbICKalla Ma3MyHbl «bacTbl Hopce Typaibl KbICKallla» aijapbelHaa Kenripinren. Tarcelpmanap MeH
KaTThIFynap «bi3 Oinemis, TycineMisy, «bi3 KoiamaHaMbI3» aTTHI aiiiapnapra ceninreH. KocsiMma matepuain
«Opyaut 6eti» xkoHe «MenuanepeKke3qepMeH KyMbICy» aiaapbiaaa kenripiiareH. [laparpadrapabiy qu3aiftHbL
KbIcKamta cunartanras. [Taparpadrap «I[laparpadTsiH MaTepraibH NBICHIKTaFaHHAH KeiiH ci3 jkacail aachI3y
JereH xabapnanabipybiMeH Oactananbl. [laparpadrTapiblH HETi3ri MOTIHI OpTYPJi  MILTFOCTPAIMSIIBIK
MatepuangapMeH xoHe «EciHizne cakranez! Hasap aymapbeiHbI3!» CHAKTHI Typui OeliHenl marepuaniapMeH
kaOppIkTanraH. JKaHa yFeIMIap MeH epekenep TYypJi-TycTi OerTepae oOpHamackad. ABtopapiH §-11
CBIHBINTAPFA apHAJFaH XUMHs OKYJIBIKTApbIHAH aJbIHFAH HAKTHl MBICAIJAPhl TYXKbIPHIMIAMaHBIH HETI3Ti
epeKeNepiHiH OPBIHIATYBIH PAaCTaN/bL.

Kinm co30ep: XuMusi OKyJIBIFBIHBIH aBTOPJIBIK TY)KBIPEIMAAMach!, aparpadrapasl sxobanay, Ky3bIpeTTUTIKKe
HETi3/Ie/ITeH TACJI, HEeTi3Ti KY3bIpeTTep, TYKBIPhIMIaMaHbIH HETIi3T1 epexenepi, MOHIIK KY3bIPETTiTIK, OKYJIBIK
TaKBIPBHIOBI, OKYJIBIKTHIH Ma3MYHBI JKOHE ITPOLETyPaIbIK KOMIOHEHTTEP1, XUMHUS OKYJIBIFbL.

O.I'. Spowenko

Y4eO0HMK XUMHH KaK CPEACTBO OPraHU3alMU M03HABATEIbLHOMI
AeATEeJbHOCTH YYALIMXCSH YUPeKIeHUH 0011ero cpeaHero oopa3oBanus

CraThs MOCBSIICHA HOBOMY HAIIPAaBJICHUIO UCCIIEIOBAHUI — CO3JIAHUIO YIeOHUKOB, 00ECIIEYHBAIOINX 00Y-
YeHUe yJalluxcs Ha KOMIETEHTHOCTHOM ocHOBe. KpaTko onucaHsl pe3yIbTaThl aHAIM3a HAyYHOH JTUTepaTyphl
0 TeMe UCCIIeIOBaHMUs, OTMEUeHa He0OXOIMMOCTb pa3pabOTKH KOHLETIIIMN CO3AaHus yUeOHUKOB XHMUH, 103~
BOJISIOIIEH pea30BaTh KOMIIETEHTHOCTHBIN MMOTEHIMAN 3TOT0 yuyeOHOro npeaMera. OCHOBHBIMH MOJIOKEHH-
SIMU aBTOPCKOM KOHIIETIIIUHU SBJISIOTCS: y4eT I03HaBaTEeJIbHBIX BO3MOXKHOCTEH YUEHUKOB; HAJTMUUE COBEPIIECH-
HOT'O METOANYECKOTO anrapara; NpUroHOCTh yueOHHKa K HCIIOIB30BaHUIO Ha BCEX dTarax 00pa3oBaTelbHOTO
mpoIiecca; BO3MOYKHOCTh OPTaHU3aIX TPYIIOBON y4eOHOH NEesATENbHOCTH; HAIMYUe YAOOHOTO HaBUTATOPa
TEKCTa B BUJIE PyOPHK; COBPEMEHHOCTH JM3aiiHa; pa3HOo00pa3re WILTFOCTPaTHBHOTO MaTepuana. [IpencraBiena
pyOpuKanms aBTOpcKuX yaeOHUKOB. PyOpuka «[lopaboTaiiTe rpymmamMm» COAEPKHUT 3aTaHusl U KpaTKOBpe-
MEHHOM TPYIIIOBOH pabOTHI HA YPOKE MPU H3YYSHUH HOBOTO MaTepraia. Y UeHHYECKHAN SKCIIEPUMEHT OTHCaH
B pyOpuKe «XUMHS — 3TO KHU3HB: CTpaHULA IpUpoIouccieoBaTens». O6o0uieHne MaTepuana IpUBEIECHO B
pyopuke «KopoTko o riaBHOM». 3amaHus M ynpakHeHus auddepeHnupoBansl Ha pyOpuky «3HaeM, MOHH-
maem» U «[Ipumensem». JlonomHUTeIbHBIIT MaTepral BeiHeCeH B pyOpukn «CTpanuia spyanutay u «Padoraem
¢ MeIMIHBIMU HCTOYHUKaMm». KpaTko ommcan nu3saitn maparpados. [Taparpader HadnHaroTCs anoHcOM «IIpo-
pabortaB MaTepuan maparpada, Bbl cMoxkeTe». OCHOBHOU TEKCT maparpa)oB CKOMIIOHOBAH B JIOTHYECKH 3aBEP-
HIeHHBIe OJIOKU y4eOHOW MH(MOPMAILIUK, COMPOBOKIACTCS pa3HOOOPa3HBIM WILTFOCTPATHBHBIM MAaTEPHAIOM H
aHoHcamMu «Bcnomuanrte! OOpatute BHuMaHue!». HoBBIE MOHATHS W MpaBWIIA PACIIONIOKEHBI Ha I[BETHBIX
riamkax. KoHKpeTHBIMU IpUMepaMu U3 CO3JIaHHBIX aBTOPOM yUeOHHKOB XUMUH Tt 8—11 KIaccoB MOATBEPK-
JICHO BOIUIOLIEHHE OCHOBHBIX MTOJIOKEHUHM KOHLICTILIUH.
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Knioueswvie cnosa: aBTopckasi KOHIENINS y4eOHNKA XUMUH, JU3aiiH naparpaoB, KOMIIETEHTHOCTHBII OAXO0,
KJIFOUEBBIE KOMIIETEHTHOCTH, OCHOBHBIE MOJI0KEHUS KOHICTIIHH, IIPEAMETHAsI KOMIIETEHTHOCTh, pyOpUKamus
y4eOHuKa, cofeprKaTeNbHas U MPOILlecCyalibHas COCTABIIONINE yueOHNKA, YICOHUK XUMUH.
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