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Abstract. Currently, the use of non-traditional raw materials in alcohol production
is one of the important issues. Ethanol is a biotechnology product used as an additive
to fuel (gasoline) for internal combustion engines and in the production of alcoholic
beverages. About 7% of ethanol is produced by chemical synthesis, and 93% by yeast
fermentation, of which 60% is produced from sucrose and the rest from grain. Ethanol
production is carried out by adsorption from alcohol fractions contaminated with ethyl
alcohol impurities during mash rectification. The ethanol production process is quite
energy-intensive, with a continuous-discrete technological process, starting with the
acceptance of raw materials and ending with the shipment of the final product. The
most pressing tasks are ensuring optimal technological processes, quality control, and
monitoring. Modern production processes place completely different demands on the
quality of manufactured products, and competitiveness determines a company's survival
and its stable position in the market. The aim of this study was to investigate the chemical
composition of ethanol obtained from Jerusalem artichoke tubers. The chemical
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composition of ethanol obtained from Jerusalem artichoke tubers was identified using
an Agilent 7890A/5975C gas chromatograph. After the first distillation, the ethanol
content is 34.890%, and impurities account for 65.11%. After adsorption with activated
carbon, the ethanol content is 74.040%, and impurities account for 25.96%. Upon
further processing of this alcohol with calcium oxide, the ethanol content is 99.406%,
and impurities account for 0.594%. In this research work, the chemical composition of
ethanol obtained from Jerusalem artichoke (Helianthus tuberosus) is examined using
chromatographic analysis, highlighting the relevance of utilizing alternative plant-based
raw materials in ethanol production. The study describes adsorption methods used to
remove impurities formed during the distillation of fermented mash. The high energy
consumption of industrial ethanol production and the importance of improving the
quality of the final product are also noted. Several technological stages of purifying
ethanol derived from Jerusalem artichoke are analyzed, and the contribution of each
method to enhancing the purity of the ethanol is evaluated.

Keywords: Ethanol, Helianthus tuberosus, adsorption, impurities, distillation, gas-
liquid chromatography
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Annoranus. Kazipri TaHza cnoupT eHAIpICiHAE ASCTYpIi eMec MIMKi3aTTapibl
naiianany MaHbpI3bl MacenenepAid Oipi Oonmbin Tadbuiazbl. JTAHON - IIUTEH KaHy
KO3FaNTKBIIITAPbl YIIIH OThIHFAa (OCH3WHIE) KOHE CHHUPTTI CYCBIHAAp OHAIpiciHe
KOCBIMIIIA pETiHJE NalJalaHbUIaTBIH OMOTEXHOJOTUSl OHiIMi. DTaHOJNJBIH LIaMaMeH
7% -BIH XUMHUSIIBIK CHHTE3 apKbUIbl, all 93% -bIH alIbITKBI PePMEHTALUSACH apKbLIbI
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anazapl, oHbIH 60% -bI caxapo3ajaH, KaJFaHbl aCTBIKTaH albIHAIbl. DTAHON OHAIPY
Oparopektudukanusuiay Ke3iHie ITHI CHUPTIHIH Ulecne KOoCHalaapbiMEH JIaCTaHFaH
CIHPTTIK KOCBUIBICTAPBI afcopOLusl 9iciMeH Ta3ajay apKbUIbl KY3€re achIpbLIaibl.
OraHONABI OHJIpY MPOIEC] MIMKI3aTThl TaHAAylaH OacTam TYNKUIIKTI ©HIMJII THEeN
JKOHENTYTre JCWIHI Y3IIKCI3-AUCKPETTI TEXHOJOTHSIIBIK IPOILECIEH KeTKUIIKTI
SHEPTUsl CHIMBIMIBUIBIFBIHA He. TEeXHONOTHSUIBIK MpPOLECTiH OHTaiIbl OapbIChIH
KaMTaMachl3 €Ty, camaHbl Oakpliay >KOHE ONapAbl Kajarajay HEFypibIM ©3€KTi
MiHaeTTep Oonbin TaObUTagbl. Kaszipri 3amaHfbl ©HAIPICTIK MpOLECcC LIbIFapbUIAThIH
OHIMHIH CallachlHa OFaphl TallanTap KOSJbI, ajl 0dceKkere KaOUIeTTUTK JeHreHiMeH
KOCIMOPBIHHBIH JaMybl, OHBIH PBIHOKTAFbl OPHBIKTBHI JKaFJaibIMEH alKbIHIAJIadbl.
By 3eprrey KYMBICBIHBIH MaKCaThl — TOMMUHAMOYP JKEMiCIHEeH aJIbIHFaH STaHOJAbIH
XMMUSUIBIK KYpaMbIH Tangay. TonuHaMOyp skeMiCiHeH alblHFaH 3TaHOJIbIH XUMHUSUIBIK
Kypambl  Agilent  7890A/5975C  XpomaTo-Macc-CHEKTPOMETPIHAE  aHBIKTAJIbI.
Anramkel aiigaynaH keiin staHon kypambl 34.890%, an xocmanap 65.11% kypanbl.
AKTHBTEHIpIITeH KOMIPMEH aJcopOLMsUIaHFaHHaH KeHiH 3TaHoI KypaMmsl - 74.040%,
an kocnanap-25.96% xypansl. Byn ciupTTi onaH opi KaabLuii OKCUAIMEH OHACY Ke3iHae
aTanon - 99.406%, an xkocnanap - 0.594% exeHairi aHbIKTaNABL. 3epTTEY KYMBICHIHIA
tonnHamOypaan (Helianthus tuberosus) anmblHFaH 3TaHONIBIH XUMHSIBIK Kypambl
XpoMarorpausuIbIK Talnay apKbUIbl KapacThIPBUIBIN, CIHUPT OHAIpiciHae Oamamalisl
OCIMIK HIMKI3aThIH KOJJAHYIbIH ©3CKTUIIr alKpiHAanaasl. GepMeHTTENreH CyClaHbl
aiimay Kke3iHAe maiina OonaTelH Kocmamapibl aJcOpPOLMSIIBIK SAICTEPMEH Ta3apTy
XKonaapsl cunarranaabl. Confani-aKk @HepKACINTIK TaHOJI OHAIPYAiH YHEPTUsl NIBIFbIHBI
YKOFapbl EKeHI KOHE OHIM CallachlH JKeTULAIPYAiH MaHbI3AbUIBIFEI aTall OTiIeaAl. 3epTTey
OapbIChIHIA TOMMHAMOYP/IaH aJIbIHFaH STaHOJAbI Ta3apTyAblH OipHEeLIe TEeXHOIOT HsIIBIK
Ke3CHJIEP1 3epPTTeil, 9pOip 9/1iCTiH STAHOJIBIH Ta3aJIbIFbIH JKaKCAPTyFa KOCATHIH YJIeCl
OaranaHraH.

Tyiiin ce3nep: Dranon, Helianthus tuberosus, amcopOums, Kocmnanap, aiaay, ras-
CYHBIK Xpomatorpadus
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AHHoOTanus. B HacTosiee Bpemsi HCIONB30BAaHHE HETPAIUIIMOHHOTO CHIPbS B
MPOU3BOACTBE CHIHPTa SABJISICTCA OOHHUM H3 BaXXHBIX BOHpOCOB.aTaHOJ’I — HOPOAYKT
OMOTEXHOJIOTHH, KOTOPBI HCIONIb3yeTcsl Kak jJo0aBka K TomiuBy (OSH3HMHY)
JUIsL ;[BnraTeneﬁ BHYTPCHHETO CropaHuvs, W IPOU3BOACTBAa CIHMPTHBIX HAIIUTKOB.
Oxkono 7% »TaHONA MOITYYAIOT MyTEM XHUMHYECKOTO cuHTe3a, a 93% — ¢ moMombio
JIpOXKeBOH pepMeHTanuu, u3 HuX 60% MPOU3BOIUTCS U3 CaXxapos3bl, OCTAIBLHOE — U3
3epHa. [IpOHM3BOICTBO ATaHOMA OCYIIECTBISIIOT METOAOM aJCOPOIMH W3 CHHPTOBBIX
MOrOHOB, 3arpsA3HCHHBIX COIIYTCTBYIOIIMMU IIPUMECAMU OTUJIIOBOIO CIIMPTa IIpHU
Oparopektudukanun Opaxku. [lpomecc TpPOU3BOJICTBA ATaHONA JIOCTATOYHO
OHEPTrOE€MOK C HCEIPCPBIBHO-AUCKPETHBIM TCXHOJIOM'MYCCKUM IIPOUECCOM, HauMWHasdg C
MIPUEMKH CBIPbS M 3aKaHYMBas OTIPY3KOH KOHEUHOTo NpoaykTa. Hanbonee HacynHbpMu
3aa4aMu sIBJsieTCsl o0ecredeHre ONTHMAaIbHOTO XOJa TEXHOJIOTHYECKOro Ipolecca,
KOHTPOJIb KauecTBa U MX OoTciexuBaHne. COBpEMEHHBII MPOU3BOJICTBEHHBIHN MPOIECC
MIPEIBSIBIAET COBEPIICHHO MHBIE TPEOOBAHUS K KaU€CTBY BBIITYCKaeMOU MPOIYKINH, a
YPOBHEM KOHKYPEHTOCTIOCOOHOCTH OTPENEIISIOTCSI BEDKUBAEMOCTD TPEAIPUSTHSI, €0
yCTOWYHMBOE TMOJIOKEHHE Ha phIHKE. Llenbio 1aHHOrO uccienoBaHus Obula M3ydeHHE
XMMHUYECKOTO COCTaBa ATaHOJA MMOTYYCHHOTO U3 KIIyOHel TonnHaMOypa. X UMHYECKHH
COCTaB ATaHOJA MOJYYEHHOTO U3 KIyOHeH TonmHamOypa ObLT MACHTU(GHUIUPOBAH Ha
ra3oxuakocTHOM xpomatorpade Agilent 7890A/5975C. Tlocne neperoHku OpakKy
cocraB dta”oina - 34.890%, npumecu - 65.11%. ITocne ancopOuyu aKTHBUPOBAHHBIM
yIiIeM cojiepkanue staHona - 74.040%, npumecu - 25.96%. [1pu nanbHeliiei 00padoTke
ATOTO CIIHPTA OKCUAOM KallbIUS copepKanue stanoina -99.406%, npumecu-0.594%. B
HCCIIeIOBATENHCKOM paboTe XMMIUECKUI COCTAB ATAHOJIA, TOIYYSHHOTO U3 TONTMHAMOYpa
(Helianthus tuberosus), paccMaTpuBaeTCsl ¢ MCIOJIB30BAHUEM XPOMATOrpaduIecKoro
aHaJIn3a, NIpHU 3TOM IMOAYCPKHUBACTCA AKTYaJIbHOCTH MNMPUMCEHCHUSA AJIBTCPHATUBHOI'O
PACTUTECIILHOT'O CBIPbA B IHPOMU3BOJACTBE 3TAaHOJIA. OnuceIBaroTCA METOABI YAAJICHUA
npuMecei, 00pa3ylomuxcsi Ipu Neperonke (EepMEHTUPOBAHHOTO CYCJIa, C TIOMOIIBIO
agcopobumu. Takke OTMEUAlOTCS BBICOKHE JHEPros3arparbl  HPOMBIIICHHOTO
MPpOU3BOACTBA 3TaHOJIA U BAXKHOCTH ITOBBIIICHUA KAaUC€CTBA KOHCUHOI'O IPOAYKTA. B
XOJIe UCCIIeIOBaHMS U3YUYCHBI HECKOJIBKO TEXHOJIOTMYECKHX JTAIlOB OYMCTKU JTAHOIIA,
TOJTYy4YE€HHOTI'O U3 TOHI/IHaM6ypa, u OI_[eHéH BKJIaJ] Ka)KA0T0 ME€TOAA B YITYUYHICHNE CTCTICHU
€ro 4YucCTOThI.

KuaroueBnie ciioBa: Dranoin, Helianthus tuberosus, ajicopOiius, mpumecH, eperoHka,
ra30KUAKOCTHAS XpoMarorpadus
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Introduction. The paper discusses the technological aspects of ethanol production
from non-traditional crops, namely sweet sorghum. A technological scheme for obtaining
alcohol and fuel pellets from sweet sorghum is presented. Particular attention is paid to
assessing the efficiency of alcohol production from sweet sorghum. The advantage of
the sugar content in the stem juice of sweet sorghum compared to other raw materials
is described. Presumably, the use of technology for producing alcohol from sweet
sorghum allows for resource savings (Kashapov et al., 2016). This study aimed to
isolate, and characterizing cellulase-producing fungi from decaying tree trunks, as well
as determining the effect of incubation time, moisture content, and initial pH of the
medium on cellulase production using untreated corn cobs and sugarcane in solid-state
fermentation to saccharify ethanol production. Studies on saccharification optimization
showed that an enzyme concentration of 7% (w/w), a substrate concentration of 12%
(w/w), and a hydrolysis time of 72 hours were optimal for maximum reducing sugar
yield. Total reducing sugar yielded the maximum bioethanol yield within 72 hours
when Saccharomyces cerevisiae was used as the fermenting agent (Masinde et al.,
2024). The production of cellulosic ethanol from non-detoxified furfural residues
obtained under various operating conditions from sugarcane bagasse was investigated.
Simultaneous saccharification and fermentation (SSF) and pretreated industrial strains
of Saccharomyces cerevisiae were used for fermentation. The highest furfural yield of
69% (11.44 g/100 g dry bagasse) was achieved at 170 °C and 0.5 wt% H,SO, (170-
200 °C and 0-1 wt% H,SO,), with corresponding ethanol yields of 77-95% (9.57-11.58
g/100 g dry bagasse). The mass of ethanol obtained reflected a conversion of about
50% of the cellulose in the raw biomass due to cellulose decomposition during furfural
production. No production conditions were found under which furfural and ethanol
yields were maximized, indicating an inevitable trade-off between the two by-products
(Ntimbani et al., 2022). This study examines the challenges faced by ethanol plants in
Thailand and offers preliminary guidelines for addressing them in the public sector and
for ethanol plant operators. This study collected data on identified problems through
surveys conducted at 11 of Thailand's 26 ethanol production plants. The study used
questionnaires to survey seven aspects of ethanol production, namely: raw materials,
production processes, transportation, pricing, government support, engineering, and
environmental considerations. Consequently, the data revealed a noticeable correlation
between the extraction period and the problems that arose. It was found that all types of
ethanol plants experienced the most significant difficulties with obtaining raw materials
and pricing, which were the main problems. The production of raw materials such as
molasses and cassava varies depending on the season, leading to unstable annual yields.
Another moderate problem for ethanol production plants is the government's policy of
promoting the use of ethanol fuel (Chatthanon et al., 2025).

Fuel ethanol is the largest liquid biofuel in terms of volume, produced mainly from
sugar and starch-based raw materials. The United States and Brazil are the world's largest
producers of fuel ethanol. The objective of this study is to increase ethanol production
using SuperPro Designer software. Recently, the process of modeling using computerized
software has focused considerable attention on increasing ethanol production. In this
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study, operational control and modeling were developed to increase ethanol production
(modeling and operational control). Through perfect control of temperature, pressure,
nutrient supply, and molasses using software. The use of software to predict results is a
new method. Modeling of a fermentation plant to increase ethanol production, followed
by comparison of feedback with actual data from the plant. The simulation model of
the process begins with the construction of a temperature-dependent kinetic model
using batch fermentation cultures. Then, the continuous ethanol fermentation process
was modeled using a kinetic model that matched the experimental measurements.
The simulation was based on a process flow chart. Obtaining ethanol after 5 hours
of fermentation resulted in an increase in ethanol from 6% to 7%. The fermentation
time was reduced to 5 hours. This compares to (9-18) hours in traditional fermentation
methods (Widatalla et al., 2025). This study investigates the composition, hydrolysis,
fermentation, kinetic studies, and optimization using response surface methodology
(RSM) of ten different lignocellulosic materials in ethanol production using enzymatic
hydrolysis of isolated Trichoderma reesei and Aspergillus niger and fermentation of
Zymomonas mobilis and Saccharomyces cerevisiae. Immediate and final analysis
shows that sugarcane and rice husks are ideal raw materials due to their high volatile
content, low moisture and ash content, offering more fermentable carbohydrates. The
highest glucose concentrations were achieved from sugarcane bagasse (0.5689 g L)
using T. reesei and from rice husks (0.5803 g L) using A. niger. Pretreatment increased
glucose yield, with rice husk ash (RHAn) yielding 9.3 g ethanol L over 60 hours and
sugar bagasse (SBTr) yielding 8.1 g L' over 48 hours, while reducing particle size to
75 um increased glucose yield due to increased surface area. Kinetic models, including
Monod and Michaelis-Menten models, were used to describe ethanol production, with
RHAn demonstrating the highest growth parameters. This study reports on optimized
ethanol production, which achieved maximum yields under controlled conditions,
further confirming the feasibility of large-scale bioethanol production (Ibrahim et al.,
2025). Second-generation ethanol production uses lignocellulosic waste as feedstock,
which is abundant and typically considered waste, solving the problem of “competing
with humans for food” caused by first-generation fuel ethanol and demonstrating great
importance for national energy security and social sustainability. Lignocellulosic waste
used in second-generation ethanol production requires pretreatment using biological,
physical, or chemical methods to break down its stubborn structure and increase its
enzymatic digestibility. The polysaccharide components of pretreated lignocellulose
are then broken down by enzymes into fermentable monosaccharides, which can be
converted into ethanol by fermentative microorganisms. Currently, many pretreatment
methods have been developed, as well as strategies for enzymatic hydrolysis and
fermentation for the conversion of biomass. However, the key to developing the
cellulosic ethanol industry still lies in figuring out how to effectively break down the
lignocellulosic structure at low cost and with low energy consumption. This chapter
reviews and evaluates various lignocellulose pretreatment methods developed in recent
years, including their advantages and disadvantages, pretreatment mechanisms, and
provides a summary of the current state of cellulose ethanol technologies. In addition,
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this chapter also discusses the processes of enzymatic hydrolysis and fermentation for
ethanol production, as well as a detailed analysis of many factors affecting process
performance. Furthermore, the bottleneck of lignocellulosic ethanol production and
future prospects are discussed (Yuan et al., 2025). This study evaluates the enzymatic
hydrolysis of pretreated corn cobs (PCC) using a mixture of commercial enzymes
(Cellulase and Viscozyme L enzyme mixture) followed by simultaneous saccharification
and fermentation (SSF) with Mucor indicus DSM 2185 for ethanol production. A
combination of 2% (w/w) of a mixture of cellulase enzymes and 5.18% (w/v) of Viscose
L, corresponding to an enzyme loading of 48.9 FPU/g PCC, allowed almost complete
hydrolysis of 40 g L—1 PCC within 648 hours, achieving 92.66% total conversion
of carbohydrates to fermentable sugars. In SSF experiments conducted in Erlenmeyer
flasks, optimal ethanol production in matrix nutrient medium (MNM) reached 14.95 g
LA(—1), with a conversion rate of 0.373 g g*(—1) at 30 °C over a 48-hour period. Scaling
up the bioprocess in a 1.5 L bioreactor with a stirrer at 30 °C resulted in an ethanol
concentration of 16.46 g L"(—1), a total carbohydrate conversion of 86.27%, and a
substrate-to-ethanol conversion rate of 0.44 g g"(—1) over 22 hours. Minor secondary
metabolites were also detected, including 0.88 g L — 1 xylitol and 0.26 g L — 1 glycerol.
Overall, the results demonstrate the potential of M. indicus in combination with
commercial enzyme mixtures as a scalable strategy for industrial ethanol production
(Mardetko et al., 2025).

In recent years, annual energy consumption from petroleum sources has increased in
many cases, leading not only to the continued depletion of limited fossil fuel reserves,
but also raising concerns about a safer, better, and greener environment. In addition,
high fossil fuel prices have led to an energy crisis in both developing and developed
countries that depend on oil. In response to these challenges, it is necessary to find
alternative sources of energy production. This study aimed to compare ethanol
production from three different tuber crops (Manihot Esculenta, [pomoea Batata, and
Dioscorea SPP). Cassava, sweet potato, and yam peels were collected from the market
in the local government area of Jalingo, Taraba State. The collected samples were taken
to a convenient location where they were sorted. Cassava, sweet potato, and yam peels
were sorted separately so that mainly peels were available for drying. Drying was
carried out in the open air and lasted for a week. The well-dried samples were then
ground using a hammer mill, mortar, and pestle, which reduced the cassava, sweet
potato, and yam peel to very small particle sizes and weighed. Distilled water was added
to 10 g of powdered wort, mixed, and filtered. Yeast and malt were added to the filtered
wort and left for three (3) days to ferment. After fermentation, the fermented mash was
distilled to collect a colorless liquid as distillate. This distillate was neutral to litmus test,
soluble in water, and indicated the presence of alcohol by ester, sodium metal, iodoform,
and Lucas tests. The results of comparing the three samples showed that cassava peel
produced the highest concentration of ethanol (6.25), followed by thread peel (6.13),
while the lowest ethanol yield was obtained from sweet potato peel (5.01) at a temperature
of 78.40C and a pH of 7.2 after 72 hours of fermentation. This work has shown that
cassava, sweet potato, and yam peelings, which are considered worthless waste, are
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suitable raw materials and can be effectively used for ethanol production (Zakari et al.,
2025). Production efficiency and production costs are factors that influence the economic
success of sugar and ethanol plants. Ethanol is a highly sought-after product, and during
the off-season for sugar cane production, its residual production is insufficient to supply
the market. This creates a need for imports and negatively affects Brazil's trade balance.
In this context, ethanol produced from corn is a potential alternative for securing market
supply, generating income, and diluting plant operating costs by extending its operating
period throughout the year. However, access to raw materials and implementation costs
may affect the economic viability of this activity. The objective of this study was to
assess the feasibility of corn ethanol profitability in the context of a sugarcane-only
plant that needs to be adapted to flexible conditions, located in the state of Sdo Paulo.
The indicator used was the increase in the sales margin for this fuel and its by-products,
taking into account the difference between the costs of raw materials in the two regions.
The results show that the market margin for corn ethanol is negative in the state of Sado
Paulo due to its distance from Brazil's main corn supplies. However, when we considered
the potential revenue from related products, the loss scenario turned into profitability.
Thus, it is concluded that the profitability of corn ethanol production in this scenario
depends on the commercialization of its by-products in consumer markets such as pig
farming and biodiesel plants (Ferreira et al., 2023). The enormous potential for pineapple
production can lead to the generation of significant amounts of waste, approximately
75% (by weight) of the pineapple, which contributes to global environmental problems.
For this reason, there is an urgent need for bioprocessing methods to convert pineapple
plantation waste into high value-added bioproducts, including bromelain, various
sugars, xylooligosaccharide, xylitol, and ethanol. The aim of this study was to investigate
the efficiency of converting pineapple plantation waste into bromelain, xylitol, and
ethanol. In this study, the activity of the bromelain enzyme was tested in each part of the
pineapple plant waste. The configuration of hydrolysis and fermentation processes used
to produce ethanol and xylitol from the remaining pineapple plant waste from bromelain
extraction was also investigated. Bromelain is a proteolytic enzyme found in pineapple
plants and can be extracted from every part of pineapple plant waste. Enzymatic activity
under several conditions, such as raw extract, pure extract, and dried extract, was studied
to determine the best conditions for the subsequent production process of this enzyme
in the future. The purification of bromelain involved the use of a precipitation method
followed by dialysis, while the drying process used a lyophilization method. It has been
shown that the specific activity of bromelain enzyme is highest in pineapple stems,
which is observed in unpurified extract (1.45 £ 0.06 CDU/mg), purified extract (10.38 =
0.06 CDU/mg), and dried extract (12.05 £ 0.43 CDU/mg). Using pineapple stems to
extract bromelain can result in lignocellulosic waste, which consists of 39.47% starch,
19.96% hemicellulose, 36.44% cellulose, and 6.05% lignin. The high starch, cellulose,
and hemicellulose content can be used as raw material for ethanol and xylitol
fermentation. In this study, ethanol and xylose fermentation was carried out using two
methods: separate hydrolysis and fermentation (SHF) and semi-simultaneous
saccharification and fermentation (semi-SSF). As a result of fermentation using the
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semi-SSF method, ethanol with a higher titer and yield (22.12 + 0.05 g/L and 0.44 +
0.00 g/g, respectively) was obtained. However, it was found that xylitol formation was
insignificant, regardless of whether it was obtained using SHF or semi-SSF. The
purification of bromelain involved the use of a precipitation method followed by
dialysis, while the drying process used a lyophilization method (Mardawati, et al.,
2023). Improving energy efficiency in renewable energy production can contribute to
sustainable economic growth with lower fossil fuel consumption, lower greenhouse gas
emissions, and greater energy security. The most common biofuel for motor vehicles
today is ethanol. Brazil is a major producer of ethanol and uses sucrose from sugar cane,
which is currently the most efficient feedstock for bioethanol production. Improving
ethanol production at existing plants through thermal integration can lead to significant
energy efficiency gains. This article presents diagrams in which the data required for
thermal integration is organized in a new way. For the first time, the entire thermal
cascade is analyzed through the individual components of ethanol and sugar production,
including the boiler, steam turbine, heat exchangers, and technological operations. In
standalone plants, the ethanol and electricity produced correspond to approximately
35% and 8% of the input energy, respectively; in combined ethanol-sugar plants, the
ethanol, sugar, and electricity produced correspond to approximately 16%, 22%, and
9% of the input energy, respectively. The remaining energy (53-57%) leaves the plant in
the form of residues or is released into the environment as heat. The possibilities for
improving the plant's energy efficiency by modifying technological operations, heat
exchangers, the turbine system, and the boiler have been identified and discussed.
Analysis of the plant-wide thermal cascade allows us to understand the relationship
between the combustion energy in the boiler, the exergy of gaseous combustion products
and high-pressure steam, electricity generation via the turbine, and heat consumption in
heat exchangers and process operations. This holistic perspective helps improve energy
performance in ethanol and sugar production. Energy transfer diagram (ETD) of the
plant-wide heat cascade through ethanol production (Bonhivers et al., 2021).
Materials and methods.There are two ways to produce alcohol: biochemical and
chemical or synthetic ones. The biochemical method is fermentation with sugar, the
synthetic method is the interaction of ethylene with water in the presence of a catalyst.
We used a biochemical method to produce ethyl alcohol. The technology for producing
ethyl alcohol includes the following stages: 1) boiling the grain with water 2) cooling
of the boiled mass and saccharification of starch with enzymes 3) the fermentation
of sugars by yeast in biosport 4) distilling alcohol and its rectification (Yarovenko, et
al. 2022). The raw materials are washed and crushed. Besides 1:2, 1:3, 1:4 water is
poured, then (TC BY 100104781.010-2005 produced in Belarus, dried alcoholic yeast
wort Saccharomyces cerevistal) is filled with pre-prepared yeast, mixed and put on for
2-4 weeks at the room temperature. After two or four weeks, they filtered it out. After
weighing the amount of wort, distilled it. The resulting wort was poured into a heat-
resistant flask, and an electric stove was used to heat it. The temperature of the first
distilled alcohol is 89°C. Because the concentration of the first distilled alcohol is low.
To increase the concentration, alcohol was redistilled. The distilled alcohol contains
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impurities. To determine their quantity and purify them from the alcohol-containing
impurities, it is necessary to adsorb and distill them with activated carbon and calcium
oxide (Yarovenko et. al., 2022; Yermakov et al., 2013, Azimbayeva et al., 2013,
Kamysbayeva et al., 2022). The composition of ethyl alcohol, obtained by fermentation
of dahlia wort, was determined on Agilent 7890A/5975C gas-liquid chromatography.

Results and discussions.
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Figure 1- Chromatogram of ethanol obtained from topinambur tubers (Helianthus tuberosus)

The composition of ethanol obtained from topinambur tubers (Helianthus tuberosus)
(%): inorganic gases—~0.135, organofluorine compounds—~0.135, ethanol—34.890,
alcohols—=8.050, phenolic compounds—0.066, carboxylic acids-56.268, nitrogenous
organic compounds-0.182, esters-0.023, aldehydes-0.106, saturated hydrocarbons-0.045,
silicon organic compounds-0.056, heterocyclic compounds-0.212.
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Figure 2- Chromatogram of ethanol obtained from topinambur tubers (Helianthus tuberosus) (after
adsorption with activated carbon)
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The chemical composition of ethanol obtained from topinambur tubers (after
adsorption with activated carbon) (%): inorganic gases-0.276, organofluorine compounds
-0.375, ethanol -74.040, alcohols -4.023, esters -0.916, heterocyclic compounds-0.575,
monosaccharides - 0.033, carboxylic acids-19.240, organosilicon compounds - 0.404,
aldehydes - 0.053, organonitrogen compounds - 0.040.
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Figure 3- Chromatogram of ethanol from topinambur tubers (Helianthus tuberosus) (CaO adsorption)

Chemical composition of ethanol from topinambur tubers (after adsorption with
calcium oxide) (%): inorganic gases—0.070, aldehydes—0.620, ethanol—92.050,
alcohols—6.925, esters—0.072, carboxylic acids-0.080, organofluorine
compounds-0.105, organosilicon compounds-0.094, phenolic compounds-0.066,
organonitrogen compounds-0.082.
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Figure 4- Chromatogram of ethanol from topinambur tubers (Helianthus tuberosus) (CaO adsorption)
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Chemical composition of ethyl alcohol from topinambur tubers (after 4-fold
adsorption with calcium oxide) (%): ethanol-99.406, alcohols-0.216, nitrogen-containing
organic compounds-0.216, heterocyclic compounds-0.040, aldehydes-0.070.

Conclusion. The chemical composition of raw alcohol obtained from topinambur
tubers was identified using an Agilent 7890A/5975C gas-liquid chromatograph. After
distillation, the mash contains 34.890% ethanol and 65.11% impurities. After adsorption
with activated carbon, the raw alcohol content is 74.040%, and impurities account for
25.96%. Upon further processing of this alcohol with calcium oxide, the raw alcohol
content is 99.406%, and impurities account for 0.594%.

Thus, based on the above, the technology for producing ethanol from topinambur
tubers is effective. This is because this raw material is characterized by a significant
content of easily fermentable substances with a high alcohol yield.
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Abstract. The article presents a study on aluminosilicate and siliceous rocks from
the "Lengerskoe," "Utesaysky," "Kuyuk," and "Mynaralskoye" deposits to assess their
suitability as active mineral additives for producing composite cements. Researchers
investigated their chemical and mineralogical composition, pozzolan activity, and other
physicochemical characteristics affecting cement composite properties. A key focus
was on the potential for reducing greenhouse gas emissions by lowering the clinker
component. The results detail the physicomechanical parameters of composite cements
with various additives. The study considered the additives' effect on cement clinker
grinding, hydration, hardening, and the kinetics of hydrosilicate compound formation. It
was established that active mineral additives increase cement paste mobility and improve
concrete structuring, especially in the initial hardening stages. Furthermore, these
additives slow down setting times, promoting more uniform hydration processes and the
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formation of a dense, durable cement stone structure, which ensures stable technological
characteristics. The tested aluminosilicate and siliceous rocks, particularly the shales
from the Kuyukskoye and Mynaralskoye fields, are effective mineral additives. Their
use provides a path for the rational use of local mineral raw materials and reducing the
cement industry's carbon footprint. While a slight strength decrease was observed, this
is offset by significant advantages: lower production costs, increased cement durability,
and a substantial reduction in carbon dioxide emissions due to decreased clinker content.

Key words: active mineral admixture, diatomite, shale, grinding, composite,
pozzolanic cement, strength
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AHHoOTanus. Makaajia KOMITO3UIUSUIBIK IIEMEHT OHTIpiCiH e OCICeH 1I MUHEPaJI bl
KOcClajap PEeTIHAE OJIapIbIH JKapaM/bUIBIFBIH aHbIKTay Makcarbigaa "Jlenrep",
"Vrecail", "Ky#ik" >xone "MpiHapan" KEHOPBIHIAPBIHAH ipIKTENTeH aJIIOMUHHUN
CWJIMKATTHI )KOHE KPEMHHMIAII KBIHBICTAP/Ibl KEIICH I 3€PTTEY HOTHIKEIISP] KeITIPLITreH.
3epTTeNeTiH KBIHBICTAPIBIH MUHEPATIOTHSUIBIK YKOHE XHUMHSIIBIK KYPaMbl, OJapIIbIH
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MyIIIOJIAHBIK OSJICEHIUIIr KOHE IIEMEHT KOMIIO3UTTEPiHIH KAaCHETTEPiHe acep eTeTiH
($u3uKa-XUMUSUIBIK  cUMaTTaManapbl 3eprrenai. Llementrin Oip Oemirin Oencenmui
MUHEpaIAbl KOoclanapMeH aybICThIPY Ke3iHAe KIMHKEP KOMIIOHEHTIH a3alTy apKbUIbI
KOJI JKeTKi31IeTiH MapHUKTIK Ta3faap LIbIFapbIHIBIIAPBIH a3alTy oneyeTiH Oarajayra
epekuie Hazap ayaapbuirad. Hotmwkenep. KocnanapapiH opTypiepiH KonaaHy apKbLUIbl
QIBIHFaH KOMIIO3UIMSUIBIK LEMEHTTEpIiH (H3MKa-MEXaHUKAIBIK KOPCETKIITEPiH
aHbIKTay OOMBIHINA 3epTTEYNEpIiH HOTHXenepi kenripinreH. KocmamapablH neMeHT
KIMHKEPIH YHTaKTay, BUIFAIJAHIBIPY MKOHE KaTaro NpoLecTepiHe, TUAPOCUINKAT
KOCBUIBICTAPBIHBIH TY31Iy KHHETHKAChIHA 9CePi KapacThIpbliaabl. bencen i MuHepasibl
KocrHaJapAblH KOCBUTYbl IIEMEHT KaMBIPBIHBIH KO3FAJIFBILTBHIFBIH apTThIPYFa >KOHE
OeTOHAapaBbIH KYPBUIBIMABIK TY3UTy JKafJalllapblH jKaKcapTyFa, acipece KaTaroIbIH
OacTankpl Ke3eHIepiHle bIKIal eTeTiHi aHbIKTanAbpl. MyHaall Kocmamap OpHaTYIbIH
OacTairy jKoHE asKTaly yaKbITbIHAa OasynaTaThlH dcep €TeTiHI aHBIKTaIAbl, Oyl €3
Ke3eriHje ruparanys IpouecTepiHiH OipKemKi *KYpyiHe )KoHE IIEMEHT TaChIHBIH THIFbI3
XKoHE OepiK KYpbUIBIMBIH KaJBIITACTBIPYFa BIKMad eTeai. byn OeToH jkoHe KYpbUIbIC
OyibIMIApbIH  OHJIIpYAE HEFYpJbIM TYPAKThl TEXHOJOTHSUIBIK CHIIaTTaMalapabl
KaMTaMachl3 eTyre MyMKiHiK Oepeni. Ocbltaiiiia, 3epTTeNreH aJloMOCHINKATThI JKOHE
KPEMHUIIII KBIHBICTAP/Ibl AKOJIOTHSUIBIK OaraapiaHfaH KOMIO3HLUSIIBIK EMEHTTEepAl
OHJIIpyZle MUHEpaJIbl Kocnanap peTiHae THiMII naiaananyra 0onansl, Oy KeprimiKTi
MUHEpaIAbl NIMKI3aTThl YTHIMIBI Maiiiajany jKoHE LEeMEHT OHEpKACiOiHiH KeMipTeri
31H a3alTy mepcreKkThBanapbliH amaabl. Kyiik >koHe MbIHapan KEHOPBIHIAPBIHBIH
TaKTaTracTapbl KOMIO3HMIUSIBIK IIEMEHT OHJIpICiH/Ae MaljallaHy MYMKIHJITIHE He.
BepikTikTiH TOMeHeyiHe KapamacTaH, Oy OipkaTap MaHbI3Ibl apTHIKIIBLIIBIKTAPMEH
eTeie/li: OHIMHIH ©31HAIK KYHBIHBIH TOMEHJEY, IEMEHT MaTepHallbIHbIH OEpiKTIriHiH
JKOFapblIaybl, IIEMEHT KYpaMbIHIaFbl KIMHKEPIiH YJIeciHiH TeMeHIeyi, atmochepara
KOMIPKBIIIKBII Fa3blHbIH IIBIFAPBIHABLIAPBIHBIH TOMEHEY1.

Tyiiin ce3mep: Oencenai MuHepanabl KOCMa, AUATOMUT, ca3dsl mHdeEp, YHTAKTaY,
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AHHoTanms. B cTarbe npeicTaBaeHbI pe3yJIbTaThl HCCIIEJ0BAHNHN aTFOMO CHITMKATHBIX
OpOJI, MECTOPOXKACHUH «JIeHrepckoe», «YTecaiickuit», «Kyrwok» n «MpIHapanbckoe»,
C LEJBI0 OMNpPENENIEHUs] WX MPUTOJHOCTH B KAYECTBE AKTUBHBIX MHHEPAIBHBIX
N00aBOK MPH MPOU3BOACTBE KOMITO3MIMOHHBIX LIEMEHTOB. M3y4eHbl XMMUYECKUH H
MUHEPAJIOTUYECKHI COCTAB HCCIIEyEMBIX IOPOJI, @ TAK)KE UX IMYLLIOJIAHOBAst aKTUBHOCTh
U Apyrue GU3NKO-XUMHUYECKHE XapaKTEPUCTHKH, OKa3bIBAIOIIUE BIMSIHAE Ha CBOWCTBA
LEMEHTHBIX KOMIO3UTOB. Oco00e BHUMAHUE YAETICHO OLIEHKE MOTEHLHAIA CHUKECHHS
BBIOPOCOB MAapHUKOBBIX Ta30B, JOCTUTAEMOr0 3a CUET YMEHBIUEHHS KIMHKEPHOM
COCTaBIISIIOLICH NP 3aMEHE YaCTH LEMEHTa aKTUBHBIMH MHHEPAJIbHBIMU 100aBKaMH.
Pesynomamer.  1lpuBeneHbl pe3yabTaThl 3KCIEPUMEHTAJIbHBIX HCCIEAOBAaHUM IO
OTpeaeNieHnI0  (PU3MKO-MEXaHHYEeCKUX TIOKa3aTreileld KOMIO3WLIUOHHBIX LIEMEHTOB,
MOJTYYEHHBIX C HUCIOJIb30BAHUEM pa3lMYHbIX BUAOB 100aBOK. PaccMoTpeHo BiusiHHE
n00aBOK Ha MpOILECCHl IIOMOJa LEMEHTHOTO KIMHKepa, TMApaTaliy, TBEpACHUS,
Ha KUHETUKY (OPMUPOBAHUS T'HMAPOCHIMKATHBIX COCIUMHEHUH. YCTaHOBIEHO,
YTO BKJIIOYCHHE AKTHBHBIX MHUHEPAIBHBIX JJ00AaBOK CIOCOOCTBYET MOBBILICHHUIO
MOABMKHOCTH IIEMEHTHOTO TECTa W YIYUYIICHUIO YCIOBHHM CTPYKTypOOOpa3oBaHHS
0eTOHOB, 0COOCHHO Ha HayaJbHBIX CTAAUSIX TBEpACHHUS. J[OMOMHUTENIBHO BBISBICHO,
YTO Takue 100aBKM OKa3bIBAIOT 3aMEeJISIONIeE JeHCTBIE Ha CPOKK Hauasla i OKOHYAHHS
CXBaTbIBaHUsl, YTO, B CBOIO OUEPEb, CIIOCOOCTBYET 00jIee paBHOMEPHOMY HPOTEKaHHIO
MPOLIECCOB TUApaTallMd ¥ (OPMHUPOBAHUIO IJIOTHOM M TPOYHOH CTPYKTYpHI
LEMEHTHOTO KaMHs. DTO MMO3BOJISIET 00ECIIeUnTh 0oIee CTa0MIbHbIE TEXHOJIOTHYECKHE
XapaKTePUCTHKH TPHU IMPOU3BOACTBE OCTOHHBIX M CTPOUTEIBbHBIX H3Aenud. Takum
00pa3oM, HCCIEOBaHHBIE ANTIOMOCHJIMKATHBIE M KPEMHHCTBIE MOPOABI MOTYT OBITH
3¢ PEKTUBHO HCTOJIB30BAHBl B KaueCTBE MUHEPAIBHBIX JO0ABOK NMPU MPOU3BOICTBE
9KOJIOTMUYECKH OpPHUEHTHUPOBAHHBIX KOMITO3UI[MOHHBIX IIEMEHTOB, YTO OTKPBIBAET
MEPCIEKTUBBI I PAllMOHAIBHOIO MCIIOIB30BaHMsI MECTHOTO MMHEPAJIBHOTO CBIPbS U
CHIDKEHUS YIIIEPOIHOTO CJIe1a [IEMEHTHON MPOMBINIIEHHOCTH. Tak crnaHis! Kyrokckoro
u MBIHapaIbCKOTO0 MECTOPOXKICHUH 001aJar0T MOTEHIMAIOM [yl MCIIOIb30BaHUs B
MIPOM3BO/ICTBE KOMIIO3UIIMOHHBIX IEMEHTOB. HecMOTpsl Ha HE3HAUUTENBHOE CHUKEHNE
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MIPOYHOCTH, 3TO KOMIIEHCUPYETCS PSAIOM CYLIECTBEHHBIX MPEUMYIIECTB: YMEHBIIICHHEM
ce0eCTOMMOCTH MPOAYKIIUH, MOBBIIICHHON JIOJTOBEYHOCTHIO [IEMEHTHOTO MaTepHalia,
CHIDKEHUEM JIOJM KIIMHKEPa B COCTaBE I[EMEHTA, a TAKKe COKpAIICHUEM BBIOPOCOB
YTJIEKHUCIIOTO Ta3za B arMocdepy.

KiaroueBble ci10Ba: akTUBHAs MHHEpalibHAs J00aBKa, JUATOMUT, TIMHUCTHII
CJIaHell, TOMOJ, KOMIO3UIIMOHHBIN IIEMEHT, MyLLIOJIAHOBBII LIEMEHT, IPOYHOCTh

BBenenue. BakHbIM HampaBiIeHHEM peIICHHs NPOOIEMbl BBICOKOH AMHCCHH
YIJIEKUCIIOTHI B OKPY’KAIOIIYI0 CPeay IpU MPOU3BOJCTBE MOPTIAHALIEMEHTA SIBISETCS
CHIDKEHHE COJIEp)KaHUS B HEM KIMHKEPHON COCTaBISIONIEH 3a CYeT BBEICHHS
aKTHBHBIX MUHepanbHbIX 100aBok (IloTtamosa u ap. 2017; Kazaxcran, 2021), BbImyck
KOMITO3UIIMOHHBIX IIEMEHTOB C TIOHM)KEHHBIM COJIEp’KaHHUEM KIMHKepa, yTHIN3alus
OTXOZIOB, MPOLIENIINX TepMUUYecKyto 00paboTKy (TakimacoB u ap. 2024; Knaccen u
ap. 2024). Henpa Kazaxcrana Oorarbl BHICOKOKa4eCTBEHHBIM IIEMEHTHBIM CHIPHEM,
KPYIHBIE U CpelHUE M0 00bEeMY 3aJ€KH W3BECTHIKOB, [TIMHUCTOTO CHIPHS, aKTUBHBIX
MUHEpaJbHBIX J00aBOK PacpOCTpaHeHs! Mo Beell Teppuropun Pecryonuku Kazaxcran.

3ajauell MpeanpUATHN CTPOUTENBHBIX MAaTepHalioB SBISETCA pallOHAIbHOE
XO034HCKO€ HCIOJIb30BaHUE STHX MPHPOJHBIX PECYpCOB M TEXHOT€HHBIX MPOMYKTOB.
B HayuHO-McclenoBaTeNnbCKUX — MHCTHTYTaX, Kadeapax BY3oB  mpoenens
MHOTOYMCIIEHHBIE HCCIENIOBaHMs 10 HCIONb30BAHUIO JTUATOMUTOB, INIMHHMCTBIX
CIIAHIIEB, Pa3lUYHBIX OTXOJOB OOOTALICHHUS, 30JIOLUUIAKOB B KayecTBE AaKTUBHON
MHUHEpaIbHOH 00aBKM U MOJTYyYEHHs] KOMIO3WIMOHHBIX LEMEHTOB. YBEIUYCHHE
BBIITyCKa IIEMEHTa TO3BOJUT YCTPAaHHUTh IE(UIMUT STOr0 BaKHEHIIEro marepuaia
B Pecny0Onmke, MMIOPTHpPOBaTh HEMEHT 3a pyOexk, YACUIEBUTh CTPOUTEILCTBO,
CO3JaTh JOMOJHUTENbHBIE padodyne MecTa 3a CYeT BBOJA HOBBIX MPEANPHITHH MO
BBIITYCKY CTPOUTENBHBIX HW3AETHH, YBEIHYCHHUIO OOBEMOB CEIIbCKOXO3SIHCTBEHHOTO,
TUIPOTEXHUYECKOTO, HPPUTALIMOHHOTO, JOPOKHOTO CTPOUTENILCTBA.

B TenpeHuumsax nanbHEWIIEro pasBUTHS LIEMEHTHOro Mpou3BoacTBa B Kurae
YKa3aHO O BaKHOCTH MaKCHMMaJIbHOTO CHIKEHHS BbIOPocoB CO, caMbIMK pa3IMIHbIMU
croco0aMM, B TOM YHMCIIE 33 CYET CHW)KEHHS JOJU KIMHKEPa B KOMIIO3WUIIMOHHBIX
uemenrax (Su Jlaus u ap., 2024).

Uckannaposa M.U., Arabaes ®.b., TypcynoBa I'P. nccrnenoBanu BO3MOXKHOCTb
HCTIOJIB30BaHUSl TEPMOOOpabOTaHOrO Mepreiisi B KauecTBE aKTUBHOW MHHEpPaIbHOM
N00aBKH MPU MONTYyYEHHH LEMEHTOB. YCTaHOBJICHO, YTO T'MIApPABINYECKas aKTHBHOCTb
Mmepreisi, TepmMoodpadorannoro npu 500 °C, npu nonyueHHoM 3HadeHun t = 23,10 >15,
comtacHo TpeboBanusam crannapra Oz MSt 336 o0nanaer BBICOKON IMAPABIMYECKOM
AKTHMBHOCTBIO U MOYKET MPUMEHSTHCS B Ka4eCTBE aKTUBHOW MHUHEPAIbHOW H00aBKU K
uementy (Mckannaposa u np. 2025).

Uckannaposa M.U., SxyOxkanoBa 3.b., berxanoa I'b. wu3yumnu BiusHue
THOPUAHBIX aKTHBHBIX MHHEPAJIBbHBIX J00ABOK IIHEXKENOJOOHOTO TOPHOTO MacCHBa
u aHnpebazajbTa BYJKAaHMYECKHMX TOpHBIX mopox Kapaxrackoro mposiBIeHUS Ha
TeHETHYECKOE Pa3BUTHE HOBOOOPA30BaHUI MPH TBEPACHUU ILIECMEHTOB. YCTAHOBICHO,
YTO TUAPABIUYECKAs aKTHBHOCTD IVIMEKENOAOOHOr0 FOPHOTO MacCuBa, onpeneieHHas
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o kputeputo CTeroieHTa Oblia Beicokas (t=37,8), a juist anneOa3anbTa Hu3Kas (t=3,23).
3ameHa 25 % KIMHKEpa MpU BBOJE ONTUMAIBFHOTO COUETAHUS TpeIaraeéMbIX 100aBOK
MTO3BOJIMJIO MOMYYHUTh HeMEHT ¢ akTuBHOCTHIO 40,4 Mlla (Mckangaposa u ap. 2025).

Pycramos IILII. u np. ucciaenoBamud BO3MOXKHOCTH MOBBIIIEHHS AKTHBHOCTH
MHUHEpaJbHBIX 100aBOK, 32 CUET TEPMOAKTUBALMN MUHEPAIbHBIX 100ABOK, TAKHX KaK
oTxof (hoTauu MeTHO-MOIUOACHOBBIX Py, 00paboTaHHBIX TP Temneparypax ot 700
10 900 °C u mHTepBaIaMu BBIICPKKH 70 3 4aCOB MPH MaKCUMAJIBHBIX TEMIIEpaTypax.
ABTOpaMH yCTaHOBJIEHO, YTO MaKCHMallbHas aKTHBHOCTH AJISI TepMOOOpabOTaHHOTO
¢dnoroorxona nocruraercs npu remneparype 800 °C u cocrasmnsier 14,83 mr/r (Pycramon
u zp. 2025).

Wccnenosanus, BoimonHeHHble B IOKY um. M. Ays30Ba mokasaiu, 4To IyTeM
BBeICHUS 100aBOK 000XKEHHBIX CJIAHIIEB MECTOPOXKIEHHSI MBbIHApaT MOYKHO ITOJTyYUTh
KOMITO3UI[MOHHBIE IIEMEHTBI CO CHHKEHHMEM JI0JIN KJIMHKEPHOH cocTasistoneil Ha 10-
15 %, 4TO MO3BOJMT HA ATY K€ BEIMYUHY CHU3UTH BPEIHBIC BHIOPOCHI YIJIEKUCIIOTHI
B arMocdepy. OnTuManbHON TeMiieparypoil ooxkura cianues sisisiercs 800-900 °C ¢
BbIIepkKOi 30 MUHYT. AKTHBHOCTB 100aBOK 10 noriomeHnio CaO cocrapmusier 27-34
Mr. Beenenne 15-20 % 000XIKEHHBIX CIAHIEB MO3BOJIIET CHU3HUTH OO KIMHKEpa B
KOMIIO3WIIMOHHBIX IEMEHTaX Ha 9Ty )K€ BEIMUNHY U YMEHBLIUTD BBIOPOCHI YIIIEKUCIIOTHI
B arMocdepy (Amupanues u ap. 2024).

CoBpeMeHHOE TPOU3BOJICTBO LIEMEHTA BCE OOJIbIIIE OPUEHTUPYETCS Ha IPUMEHEHHE
AKTHBHBIX MHHEPAJbHBIX J00aBOK, MPOM3BOACTBO KOTOPBIX CBSI3aHO C TIoOpasno
MEHBIIMMH SHEPTeTHYECKUMH 3aTpaTaMiy, YeM LEeMEHTHBIH KIMHKEp, U MEHBIIUMH
BbIOpOCAMH YIJIEKUCIIOTO Ta3a. B 3TOM OTHOLICHMH MEPCIEKTUBHBIM SIBISETCS P
CHUHTE3UPOBAHHBIX ATIOMOCHJIMKATHBIX TNPOAYKTOB, CBHIPbEM Il KOTOPBIX CIYXKHT
[JIMHUCTBIN CIIaHell.

Hecmotpss Ha TO, 4YTOo 0OLIME 3aKOHOMEPHOCTH B3aWMOACUCTBHS AaKTUBHBIX
MUHEpaJIbHBIX I00aBOK, B TOM YHCJIE K METAKA0JIMHOB, C TOPTJIAHALEMEHTOM I0CTaTOYHO
XOPOLIO M3yYEeHbl, XapAKTEPUCTUKH HOBBIX OTEUECTBEHHBIX MPOAYKTOB, MMPEJIaraeMbIX
JUIs TIPUMEHEHHsI B CTPOMTENBHOW OTpacid B KauyeCTBE HMIIOPTO3aMEIAIOIINX
aHaJoroB, TpeOyIOT CIEeUUaTbHOrO HCCIEAOBaHMUA. JTO OOYCIIOBIEHO TEM, YTO
AKTHBHOCTb MUHEPAIbHBIX J00aBOK M MX BIMSHUE HA THIPATALUIO IOPTIAHALIEMEHTa
OTIPEEIISIeTCS COCTABOM CHIPBsI M MapaMeTpaMK TEXHOIOTHIecKol 00padoTku. B cBsi3u ¢
9THM MUHEpaJbHbIE JOOABKH Pa3IMYHBIX TPOU3BOJUTENCH CYIIECTBEHHO PA3IHYalOTCS
10 COCTaBY M CBOWCTBaM. AKTHBHBIE MUHEPAIbHbIE J00ABKU 110 BUIY MPOUCXOKICHHS
pas3zensorcs Ha J00aBKHU €CTECTBEHHOTO M HCKYCCTBEHHOTO IPOUCXOKACHHUS. JJo0aBKu
€CTECTBEHHOT'0 TPOUCXOXKAEHUS Pa3eIAI0TCs Ha ByIIKAaHUYECKHE U 0Ca104HBIE TOPOBI.

Marepuajgbsl u MeToabl HccIeqoBaHusA. lccrnenoBaHWe JEHIEpPCKOW TIIMHBI,
JUAaTOMHUTA M TJIMHHUCTBIX CJIAHIEB B KadyeCTBE MHUHEPAJIbHOH N00aBKM K LEMEHTaM
MPOBOAMIOCH B cooTBeTcTBUHU ¢ TpeboBanusiMu ['OCT 25094-2015 (I'OCT 25094-
2015). U3 obOpa3noB ObuiM OTOOpaHbl yCpeAHEHHbIE MPOOBI MyTeM KBapTOBAHUSL.
ChIpbeBble MaTepHaibl U3ydalnuch ¢ nomouisio POM, PDA, 1 creKTpocKONMYecKuX
metoznoB (TaiimacoB u ap., 2024).

XUMUYECKUI COCTaB ONPEAETsUId C MOMOILIBI0 pacTPOBOIO CKAaHUPYIOIIETO
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ANEKTPOHHO-MUKPOCKOTIMYECKOTO aHanu3a. VccrnenoBarenbckas padoTa BBIIOIHEHA
C HCHOJNB30BAaHMEM HAyYyHOTO OOOpYNOBaHUS PETHOHAIBHOM  HCHBITATEIbHON
naboparopun umxenepnoro mnpopwmis «WPJIMID» FOKY um.M. AyazoBa. INCA
Energy Oblia nccnenoBaHa ¢ MOMOIIBIO PACTPOBOTO MEKTPOHHOTO MUKpockona JEOL
JSM-6490LV (SInoHust) ¢ SHEProJMCHEPCHOHHBIM MMKpPOAHAJIU30M U CUCTEMaMHU
ctpykrypHoro anamu3za HKL-Basic. MHoroneneBoit pacTpoBbIii  3JIEKTPOHHBII
MHUKpOCKON (C moJe3HbIM yBenuuenueM oT X5 1o x300 000 pa3) mo3Bonser paborarb
Kak B CTaHIapTHOM, TaK U B HU3KOBAKYyMHOM pexxumax. Hanpskenue yckopurens -
0,3 — 30 kB; onpenenstomas cnocoOHOCTh-10 3,0 HM (IpH HANPSDKEHUH YCKOPUTEIS
30 xB); nmeer TepMOIMHCCHOHHBIN HCTOYHHUK 3JIEKTPOHOB. VMeeTcsi BO3MOXKHOCTb
HcCcleoBaHusl 00pa3loB OTHOCHTENBHO KPYIHBIX pa3MepoB (BbicoTa 10 45 MM,
muametp 10 200 mm) Xumudeckuil ananus3 marepuanon nposoawiu no I'OCT 5382-
2019 (I'OCT 5382-2019; Taimasov, et al. 2021).

MuHepanoruyecKuii cocTaB ONpeesuIi METOAOM PEHTTeHO(Aa3HOTO aHajiu3a Ha
pentreHorpaguueckom ammapare Jpon-3. HMccnenoBarenbckas paboTa BBIOTHEHA
C HCIOJB30BAaHUEM HAYyYHOTO OOOPYIOBaHMS J1a0OPAaTOPUU HMCIBITATEIBHOTO IIEHTpPA
«Camay» IOKY um.M. Aya3oBa.

YcranoBka /IPOH-3 mo3BosisieT MpOBOAUTH PEHTIEHOCTPYKTYPHBIE UCCIIEAOBAHUS
Pa3NUYHBIX MaTepHalioB, ONPEAETSITh KAauyeCTBEHHBIH M KONMWYECTBEHHBIH (ha30BbI
COCTaB U aHAJIM3UPOBATh CTpoeHKe BemecTB. O0opynoBaHue padoTaeT B CIEIYIOIINX
YCIOBUSIX: TeMIepaTypa okpysxkarwiei cpeasl 10-35 °C, oTHOcUTeIbHAS BIAXKHOCTh
mpu 25 °C no 80 %, armocdepnoe nasnenue 630-800 mm. kputuka. rp. [Ipu npoBeneHnn
PEHTIEHOCTPYKTYPHOTO aHaJIM3a UCTIONIb30BaAIICh peHTreHoBckue Tpyoku 1,5 BCh 23-
Cu.

PentrenoBckas nudpakromerpus (X — Ray Diffractometry) - ananus monu-u
MOHOKPUCTAJUIMYECKUX BEIIECTB KaK OObEMHOro, TaK W TOHKOIUIEHOYHOTO
TUOa. DTOT METOH MO3BOJISIET ONpPEACiiATh XMMHUYECKHE COCAMHEHHS B o0pasie
B MOJHMKPUCTAJUIMYECKUX (opMax, aTOMHOE CTpPOEHHE OTACIBbHBIX COCIMHEHUH,
MOKAa3aTeu AIEMEHTAPHBIX Y€K MPOCTPAHCTBEHHBIX PEILETOK, UX pa3Mepsl U (opMmy,
CHUHTOHHUYM, KOTOPBIA HAXOAUTCA B Mpeenax.

Pentrenodasnpiii  ananu3z rmuHKHcTOro cmanna (X-Ray Diffractometry), a
TaKkKe NpUIoKeHue ObUTH oOHapykeHbl B ycTaHoBke Bruker AXS D8 (Kapucpys,
I'epmanust). YeranoBka pabortaer Ha menHoMm (Cu) aHome u gerexktope VANTEC
PSD. IllIkana-2-0, mayano-5,000 °, konen-69,996 °. lllar-0,008 °. Bpems mrara - 182,6
CeKyHJIbl. MccaenoBanns NMpoBOAMINCH B MAPTHEPCTBE C UCIOIb30BAHUEM HAy4YHOTO
obopynoBanus MrouxeHckoro Texnnueckoro yHuepcureta (I'epmanms).

Omnpenenenne akTHBHOCTH MHUHEPAJIbHBIX 100aBOK KIIACCHYECKUM METOAOM

OmnpeneneHa aKTUBHOCTh MUHEPAJILHON JOOABKH METOAOM IOTJIOLICHHUSI W3BECTH.
MeTon 0CHOBaH Ha ONpeIeIeHUH KOJTMYeCTBa MOMIONAeMON U3BECTH 32 OIIPEIeIEHHBIN
MPOMEXYTOK BPEMEHH. MeTonoM TUTpOBaHUsI Oblla oOmpenesieHa aKTHBHOCTD
HCIOJB3yEeMBIX MarepHuanioB. I[IpogomKuTenbHOCTh oOmbITa cocTaBisnaa 30 jaHeH,
MEPUOINYECKH pa3 B ABOE U TPOE CYTOK TUTPOBAJIH, OITyUEHHbIE JTaHHbBIE 3aHChIBAIN
B TaOJNUIy ONpeAeNIeHNs] aKTUBHOCTH MUHEPAIBbHBIX 100aBOK.
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DU3NKO-MEXaHUUECKUE UCTIBITAHUS

HccnenoBano BIMSHUE HCHOMb3yeMbIX MaTepUANOB Ha (DH3MKO-MEXaHUYECKUE
MOKa3aTe KOMIO3ULIUOHHBIX IEMEHTOB.

Du3nKO-MeXaHHUECKHUE UCTIBITAHHSI TPOBOIUIIUCH B COOTBETCTBUY C TPEOOBAHUSIMU
I'oCT 310.1-76 wu 310.3-76***. lleMeHTHOe TECTO HOPMalbHOH TYCTOTHI
rotoBuwin B cepudueckor dare. [[eMEHTHBIH pacTBOp TOTOBWIM B JIaOOPaTOPHOM
aBTOMaTu3MpoBaHHOM MuKcepe AJIC-5.

HopmanbHash ryctoTa HEMEHTHOTO TecTa ONpenessiiachk € IMOMOILNBI0 MpuOopa
Buka, mpodHOCTh Ha CkaTHe W M3rHO ONpeesuid Ha oOpa3iax npu3Max pasMepaMu
40x40x160 mm.

B coorsercTBuu ¢ tpedoBanusimu [[OCT 310.4-76 LlemeHnThl. MeTONBI HCITBITAHUH.
[IpouHOCTH Ha CcxxaTHe IIeMeHTa 0e3 100aBOK (KOHTPOJIbHAS) 32 28 CYTOK UCIBITHIBAIIN
Ha MajorabaputHoM ruapasinueckom npecce [II'M-100 MI'-4a ¢ npenenom Harpy3ku
1o 100 kH ycranoBieHBI mpenensl MPOYHOCTH MpH cxaThui. Kpome Toro, onpeaeseHsl
IUIOTHOCTh U BJIATOEMKOCTh IIEMEHTHBIX KaMHEH W Ko3(D(UIMEHTH pa3MmsardeHus B
cootBerctBuu ¢ ['OCT 12730.1-2020 u 'OCT 12730.3-2020 kyOuueckux oOpa3noB
neMeHTa. BenuurHa TUIOTHOCTH PacCYMTHIBANIACh KaK OTHOIICHUE MAacChl 0oOpasia
[IEMEHTHOTO KaMHSI K 00beMy (T/cm?).

I[To TOCT 31108-2020 mnpegycMaTpuBaeTCsl BBIIYCK MOPTJIAHALIEMEHTOB C
MUHepanbHbIMU qo0aBkamu tuna LIEM Il ¢ gobaBkamu mymiofiaHbl, TIHEkKa, 30JIbI-
yHOCA, AMAaTOMUTA WU M3BECTHsKA B KonmuecTBe 6-20 % u 21-35 % u Gonee. Beox
Pa3IMUHBIX JO0ABOK, 3aMEINAIONINX KIWHKEpP, MPEIyCMOTPEH W B IIYIIOJIAHOBBIX
nementax tumna [IEM V (I'OCT 31108-2020).

Pesyabrarel u jguckyccusi. /[ TOJTydYeHHS KOMITO3WMIIMOHHBIX —I[EMEHTOB
HCIOBb30BaJICs opTiaanaeMeHTHbIH KinHKkep TOO «ILIbIMKeHTIIEMEHTY, JBYBOTHBIN
TUIIC, JICHTepPCKas IIMHA, JUATOMHUT YTECANCKOTO MECTOPOXKICHUS AKTHOOWHCKON
o0JlacTH, TIMHUCTBIC CIAHIBI MecTopoxaeHuit «Kywk» u  «MbIHaApaIbCKoe
JxamOynbckast 0011acTb.

[Ipoba kivMHKepa B34Ta ¢ KIMHKEPHOTO CKJIaJa U XapaKTePU3yeTCs CICIYIOIUMHI
KH, MonmynsiMu ¥ XUMHKO-MUHEpaJIOrHueckuM coctaBoM, Macc. %: KH = 0,95, n =
2,84, p=123. C,S =57 %; CS = 14,8 %;C,A = 5,3 %;C,AF = 18 %. Xumu4ecknii
COCTaB MCXOJHBIX MaTepUAJIOB IPUBEACH B Tabuie 1.

Ta6J'II/IIIa 1. Xumuaeckuii cocTaB KIIMHKEPa U UCIIOJIb3YEMBIX MaT€pualoB

HaunmeHnoBanue Xumuueckuii coctas, %
Si0, |ALO, |[CaO |Fe,0, [MgO |SO, |Ilorepu npu

MPOKAJINBa-
HUU

Kmuakep TOO «IpiMKeHT 21,36 |4,15 64,82 |3,37 1,5 0,06 |-

LIEMEHT»

JuaroMuT YTecanckoro 74,76 (11,18 |1,1 4,62 1,1 1,55 |6,34

MECTOPOXKICHIUS

Jlenrepckas Ha 50,78 | 14,23 10,23 |5,87 14,31 (0,44 |1,93

ImuaucTIi cnanen MpiHapanbeKuil | 69,39 |9.55 6,61 3,63 0,76 |- 3,75
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[ muHuCTHIN craHeln KyloKCKUN 53,94 (16,99 |6,47 12,77 4,10 |- 4,16
JIBYBOIHBII THTIC 0,12 (0,1 38,19 |- 1,86 (49,54 1,42

Kmunkep: amur 3CaO-SiO, d/n — 2,79; 2,77; 2,57; 2,25, 2,97; 1,73; 3,05 A;
6emur 2Ca0O-Si0O, d/n - 2,79; 2,77; 2,31; 2,43; 2,86; 1,82; A; uernipexkanblueBbIit
amomopeppur 4Ca0-AlL O, Fe O, d/n — 2,64; 1,82; 1,54; 1,92 A; Tpexxanbuuesslii
ATFOMUHAT 3CaO‘Ale3 d/n—2,16; 4,09; 1,91 A.

JluatoMuThI COCTOAT B 0OcHOBHOM 13 Si0, d = 4,26; 3,42; 2,50, 1,82A ¢ MIPUMECSIMU
nonomuta d = 2,88; 2,19; 1,82 A, u runca d = 4,43; 3,12; 2,88A. OcHoBHas Macca
JIMaTOMHUTA aMOP(PU3UPOBAHHOE BEIIECTBO M HA PEHTIEHOTPaMMe He OOHAPYKHBACTCS.

MpeIHapanbckoe MECTOPOXKIEHNE IIMUCTBIX CIanues: keapl - Si0, d/n—3,35; 1,814;
1,538 A; runpocmona d/n — 3,141; 4,42; 1,484; 2,103; 2,546 A; xnopur d/n — 7,02; 3,54;
4,68; 1,536 A; xaomuuur d/n — 7,15; 3,56; 2,49; 2,34 A; xamemur d/n — 3,03; 1,868;
1,913; 2,087 A; remarur — Fe,0,-2,697;2,519; 1,835; 1,688; 1,484 A.

Kyrokckoe mectopoxaenue: kBapi - SiO, d/n — 3,26; 1,813; 1,539 A; runpocmona
d/n — 3,05; 4,41; 1,483; 2,104; 2,545 A; xnopur d/n — 7,02; 3,53; 4,69; 1,537 A;
kaomuHut d/n —7,13; 3,55; 2,48; 2,36 A; xansuur d/n — 3,029; 1,869; 1,912; A; rematut
-2,696; 2,518; 1,834; 1,689 A.

OnpezeneHne akTHBHOCTHMUHEPATBHBIX J00aBOKKJIACCHUECKUMMETOIOM. MeTooM
TUTPOBaHUS ObLIa OIIPE/IeNIeHa aKTUBHOCTh JICHT€PCKOH TJIHHBI, TUATOMHUTA, TTHHHCTHIX
cianneB mectopoxaeHuii «Kyrwok» u « MbHapansckoey. [IpoqomKuTenbHOCTh OMbITa
cocrapisuia 30 THeH, IEpUOIUIEeCKH pa3 B IBOE U TPOE CYTOK TUTPOBAJIH, IOJTYUYCHHEIC
JIAHHBIC 3aITUCBHIBAM B TAONUILy OIPEICIICHUS aKTUBHOCTH MHHEPAIBHBIX 100aBOK
(bytT, 1 ap. 1973).

[lo pe3ymbraraM TUTpPOBaHUS OBLIM TOJTYYCHBI HWKEIIPUBEICHHBIC PE3YJIBTAThI
AKTUBHOCTU MUHEPaIbHBIX 100aBoK (Pucynok 1).
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PucyHok 1 — AKTHBHOCTh MUHEPAIBHBIX JO0ABOK
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Kax BugHO u3 quarpamMmel ciaHel, MblHapal UMEET caMylo BBICOKYIO aKTUBHOCTH
16,7 wmr, cnanen, Kyrok 14,6 mr, guaromut 11,3 mr. Jlenrepckas mimHa UMeeT camylo
HU3KYIO0 aKTUBHOCTH 9,2 Mr. C yBeIMUYEHUEM MPOIOJIKUTEIBHOCTU OIBITA BEIUYMHA
nornomeHuss CaO HempephIBHO BO3PACTACT IS BCEX TOOABOK.

Bnusaue puwaromuTa Ha Mpolecc MoMoja IeMeHTa. lccrnegoBaHO BIUsSHUE
JIO3UPOBKU TUATOMUTA Ha MpoIlecc momMoia remeHTa. [lomon 1eMeHToB mpoBOAUIN B
naboparopHoii MenbHHLE. J{03upoBKa auaromura coctaBimsia oT 5 1o 30 %. Macca
MEJIOIIUX Tel mapoB quamerpoM ot 10 no 40 MM u mumbniedca — cocrapisiia 40 Kr,
Macca u3MelbuaeMoro mMarepuaia — 4 kr. Uepes onpeieieHHbIE TPOMEKYTKH BPEMEHHI
oTOMpany mpoObl M ONPENeNsUI OCTAaTOK Ha KoHTpoibHOM cute Ne 008. [lanHbIC
MIPUBEACHBI HA AUArpaMMe PUCYHOK 2.

QOct Ha cuTe No008, %

227 Q

[

30 40 50 60 70
BpeMs momona, MEE

Pucynok 2 — BaustHue quaToMuTa Ha MpoIiece oMoia IIEMEeHTa
1- 6e3 nuatomura; 2 - ¢ 10 % auaromura; 3 - ¢ 20 % auaroMuTa;
4 - ¢ 30 % nmatomuTa YTeCcalCKOTO MECTOPOKACHUS

Pesynbrarsl 3KCEPUMEHTOB TMOKA3alId, YTO JUATOMHUT MHTCHCU(HUIHUPYET MPOLECC
TOHKOTO IIOMOJIa LEMEHTa. 3aJaHHas TOHKOCTh IIOMOJIa IIeMeHTa 0e3 J00aBKH
auatomMura paBHas 6 % Obuia gocturHyta 3a 70 MUHYT W3MenbdeHHs. Juatomut
B koymmyecTtBax ot 10 1o 30 % wmHTEeHCHdUIMpyeT mporecc moMona. Bpems momona
LEMEHTOB C JUAaTOMHUTOM cocTaBuio 60 MuHyT. C yBenMueHHEM JTO3UPOBKH JOOABKH
porecc U3MeIBICHUs o0eryaercs.

W3BecTHO, uTO Mpolecc MOMoJIa IIEMEHTA B IAPOBOM MENBHHUILE SBIAETCS BECbMa
sHeproeMknM. Ha m3mensuenne 1 T mopmianauneMenTa 3arpauuBaercs oT 40 go 50
kBt-u anexrposneprun (Kinaccen, u ap. 2024; SIu lans, u ap. 2024). [TosTomy BBeneHue
JUaTOMUTA IpH TIOMOJIE IIEMEHTa IO03BOJINT CHU3UTH pPAcXol  BJIEKTPOIHEPIHUH,
MOBBICUTH MPON3BOJUTEIBHOCTD MEITBHHLI, CHU3UTH CE0ECTOMMOCTD MPOLYKIIHH.
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OU3NKO-MEXaHUUECKUE UCIBITAHUS KOMITO3UIIMOHHBIX IIEMEHTOB. 3aBOICKOM
MOPTJIAH/AIIEMEHTHBIN KIMHKEp TOABEpraics APOONCHUI0 B J1aOOPaTOPHOHN IIEKOBON
3aTeM B BaJIKOBOH JpoOMIIKe 10 pa3MepoB yactull 0 - Smwm.

3areM ObLIM 3aMOJIOTHI KOMITO3UIIMOHHBIE IIEMEHTHI ¢ T00aBKaMu 5 % JABYBOTHOTO
runca u 0, 5, 10 u 15 % nenrepckoil muHBL, AMaTOMUTA, ciaHna Kylook u ciaHia
Meinapai. [ToMon 11eMeHTOB MPOU3BOAMIICS B JIBYXKAMEPHOW IIAPOBOI MEIbHHIIE 0
octarka Ha cute Ne 008 6-8 %. ToHKOCTh TIOMOJIa TOPOIIKOB OMPEeIsiIach Ha Mpudope
ICX-K u cocraBuna ot 3700 mo 4200 cm*r. Yepe3 30 MUHYT moMoIia, 3aTeM yepes
kaxapie 10 MUHYT MPOU3BOAMIN OTOOp MPOOBI IIEMEHTa M ONPEACISUIA OCTaTOK Ha
KkoHTposabHOM cute Ne 008.

HccnenoBano BiMsHME MaTepUAOB Ha  (DU3MKO-MEXaHMYECKUE IOKa3aTeIn
KOMITO3UITMOHHBIX T[EMEHTOB. (DU3MKO-MEXaHWYECKUE WCHBITAHWS IPOBOAMIUCH B
coorBerctBuu ¢ TpedoBanusmu ['OCT 310.1-76 u 310.3-76 ('OCT 310.1-3-76; TOCT
310.4-81). LleMeHTHOE TECTO HOPMAJIBHOM T'yCTOTHI TOTOBMIIM B C(epUUecKor dare.
LleMeHTHBII pacTBOP TOTOBWIX B Ta0OPaTOPHOM aBTOMAaTU3UpPOBaHHOM MuKcepe AJIC-
5. HopmanbHasi TycTOTa IEMEHTHOTO TecTa 0e3 100aBKM MaTephalioB cocTaBuiia 27,5
%, ¢ nobaBkori 5 — 15 % cnanma MerHapan cocraBuia 27 %, a cnanna Kyrok - 27 %,
muaromuta - 28 %. [Ipu yBenuueHun 103upoBKH 100aBOK 10 15 % BOIONOTPEOHOCTH
TecTa yBeauuuBanach 10 28-29 %.

HopmanbHash TycToTa IEMEHTHOTO TeCTa ONpeAessuiach C IMOMOINBI Tpudopa
Buka, mpodHOCTh Ha CkaTHe W M3rHO ONpeesuid Ha oOpa3iax npu3Max pasMepaMu
40x40x160 mm.

Kak ButHO 13 TaOIUIIBI 2 TPOYHOCTH Ha CHKAaTHE IeMeHTa 0e3 100aBOK (KOHTPOJIbHAS)
3a 28 cytok cocraBmia 43,2 MIla. Beenenue 5 % MuHepasibHbIX 100aBOK (haKTUUECKH HE
CHIDKAET MPOYHOCTH IIEMEHTOB (KPOME JICHTePCKOH TIIMHBI). YBEIIMYCHHEM JO3UPOBKHU
no6aBok 710 10 % u ocobenno 15 % cHmKaeT MPOYHOCTH 00pasnoB. B menom, mpu
BBEJICHUH HCCJICIOBAHHBIX HAMHU J00aBOK B KonmdecTBe 5-10 % MOXKHO IMOIyYUTh
no6aBounsie neMeHTsl Mapku 400. (Tabnuua 2).

Tabmuma 2. Pesynbrarel pU3NKO-MEXaHHYECKUX HCHBITAHUN EMEHTOB 0e3 100aBKM U ¢ JJ0OaBKaMu
HCCIIelyeMbIX MaTepuaoB ot 5 10 15 %

Jo6asku, | Ilpounocts npu cxaruu, MIla, uepes Cpensst INOTHOCTB, T/cM?
% 28 cyT
Cnanen | Cnanen | [uato- | Jlenrep- Cnaneny | Cnanen | Huaromut | Jlenrepckas
Mpin- Kyrox MHT cKast Mpin-apan | Kyrok TIINHA
apai JIMHA
5 42,3 41,5 41,2 37,5 2240 2230 2230 2215
10 40,9 40,1 40,1 34,9 2225 2220 2220 2195
15 37,5 36,6 32,2 30,7 2215 2210 2185 2150
bes 43,2 2250
J00aBOK
BoiBOALI.

1. MccnemoBanHbIe MaTepraibl 00T 1al0T He BEICOKOH MYTIIIOIIAHOBOH aKTHBHOCTHIO
u ripu BBenieHNH 110 10% oOecnieuynBaroT 00pazoBaHie THAPOKAPOOATIOMIHATA KATBIIHS.
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2. Beegenue 5-15 % neHrepckodl IIMHBI U JUATOMHMTA NMPUBOAUT K 3aMETHOMY
CHIDKCHHUIO MPOYHOCTH KOMITO3MIIMOHHOTO HEMEHTa. DTO OOBSICHAETCS HECKOIbKHUMU
MPUYMUHAMM: — CHUKEHHEM JI0JIM KIIMHKEPHOH cocTaBistoniei Ha 5-15 %; yBennuenuem
BogoueMeHTHOro otHomeHus ¢ 0.40 mo 0.43 u, BCICACTBUE STOrO, MOBHIIICHHEM
MIOPUCTOCTHU [IEMEHTHOTO KaMHsl, CHUKEHHEM TNIOTHOCTH LIEMEHTHOI'O pacTBoOpa.

3. YeranosneHo, uto cianel] Kyrok u MblHapaa MOKHO BBOJUTH B OPTIAHALIEMEHT
¢ MUHEpaJIbHOHU 100aBKoil B KonuuecTBe A0 10 %, 4To HEe 3HAYUTENBEHO CKa3bIBACTCs HA
MIPOYHOCTH LIEMEHTA.

4. Cnanupl Kyrok 1 MpIHapajbCKOrO MECTOPOXKIAEHHMS MPUTOAHBI Ul BBITyCKa
KOMITO3UIIMOHHBIX 1IeMEHTOB. HecoMHEHHO, HEKOTOpOe CHHXEHHE NPOYHOCTH
KOMITEHCUPYETCS APYTUMH MOJIOKUTEIbHBIMY KaueCTBaMU KOMIIO3UIIMOHHOT'O [IEMEHTA!
CHIDKEHHUEM CTOMMOCTH; TIOBBIIIEHHEM JOJITOBEYHOCTH; CHUKEHHEM KIHMHKEPHOM
cocTaBlsAoLIEH; cHIKkeHneM BeIOpocos CO, B atmochepy.

5. Jlng yBenu4eHus MynuojJaHOBOH aKTUBHOCTH, PEKOMEHIYyeTcs TepMooOpaboTKa
MarepHuasoB rpu remreparypax ot 700 mo 900 °C.
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Abstract. The irrational disposal of plastic waste exposes both the environment
and human health to adverse consequences. This article aims to advance research in
the development of new biodegradable composites based on starch and lignocellulose
biomass from hemp. The objective was to develop an optimal formulation and
characterize the resulting biofilm through physicochemical analyses, including FTIR
to monitor changes of functional groups, TGA to assess thermal stability, and SEM to
investigate morphology and changes during the introduction of filler and its distribution.
Biomass filler was introduced into the polymer matrix at specified concentrations 0.1%,
0.3%, and 1%. The TGA results demonstrated comparable thermal degradation of
the samples, with the primary stage of decomposition occurring at a temperature of
approximately 283 °C, confirming the presence of a single basic structure of TPS in
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all samples. The total mass loss decreases from 93.552% to 88.552% with increasing
filler concentration, thereby improving the thermal stability of the sample. SEM mass
showed noticeable changes in the morphology of the samples, specifically a gradual
transition from a smooth surface to more heterogeneous, fibrous structures as the filler
concentration increased. The data obtained indicate that the introduction of hemp
fibers increases the rigidity of the polymer matrix and improves thermal performance;
however, the high filler content reduces the flexibility of the sample. In general, TPS/
hemp biocomposites demonstrate high potential as biodegradable materials, making
them suitable as environmentally friendly raw materials and contributing to the
development of sustainable polymer biocomposites.

Key words: thermoplastic starch, corn starch, biomass, biodegradable polymer,
hemp, biofilm
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AHHOTAIMS: TUTACTHKAJIBIK KaIIBIKTAPAbl YTHIMCBI3 KOAETe Kapary dKOJOTHSUIBIK
3apranrtapraia, ajaM JeHCay IbIFbIHA [1a )KaFbIMChI3 9Cep 9Kellyl MyMKiH. byl Makananbig
MakcaThl — Kapacopa OunomMaccachlHaH KpaxMal MEH JHMTHOLEJUIION03a Heri3iHuaeri
KaHa OMOJIOTHSAJIBIK BIOBIPAUTBHIH KOMITO3UTTEPAl 33ipiiey calachlHIAFbl 3epTTeyiaepai
inrepinety. Herisri MiHzmeT ajbplHFaH OMOMacCaHbIH OHTAWIbI KYPaMbIH 93ipJiey >KoHe
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(bU3HUKa-XUMUSIIBIK TaIayliap apKbUIbl Tajjay, COHBIH IlIiHAEC OMOKOMITO3UTTEpHCTi
(YHKIMOHAIABIK TONTAPIABIH ©3repyiH Oakpuiay yiliH MK-Dypbe crieKTpoMeTpHsChl,
TEPMUSUIBIK TYPaKTBUIBIKTHI Oaraiay yuriH TI'A jkoHe TONTBIPFBIITHI €HT13y JKOHE OHBI
eHTi3y Ke3iHJeri Mop(oJIOoTHsIIBIK e3repicTepai 3eprrey yirid COM onici KOMAaHbIIIBL.
[lonumep MarpuuacbiHa OHoMacca TONTBHIPFBIIBIH KOPCETIreH KOHIEHTpaluusiapaa
earizinai 0,1%, 0,3% xone 1%. TIA HoTwkenepi YATLIEPHiH CaJbICTHIPMAIIbI
TEPMUSUIBIK BIABIPAYBIH KOPCETTi, BIABIPAyAblH OacTamkbl Ke3eHi mamameH 283°C
Temneparypaga oonapl, oy Oapnbik yarinepae TIIK (TepmonacTUKanbIK Kpaxmal)
TypiHzae OipeiHFail 0a3aiblK KYpbUIBIMHBIH OONybIH pacTaiiabl. JKanmbl maccaHbIH
TOMEH/IEYl TONTBIPFBIII KOHLEHTPAIMSACHIHBIH KOFapbulaybl HOTIKeciHae 93,552% -
nan 88,552% - ra neifin TeMeHAeH 1, Oy ©3repic YATIHIH TEPMUSIIBIK TYPaKThIIBIFbIH
xaxcapragsl. COM Tangaysl yariiepain MopQoIorusChIHIA Al TapIbIKTal e3repicTepai
KOpPCeTTi, aran alTKaHAa TONTHIPFBIII KOHIEHTPALMSCHl >KOFapbUIaFaH CaibIH Teric
OeTiHeH OIpTEKTI eMec TalIIBIKThl KYpbUIBIMAAapFa OipTiHIen aybicybl OalKajbl.
Hotmxenep Herizinae kemeci TYXKbIpbIMIamalap aJbIHIBI: Kapacopa TajJIIbIKTapblH
€Hri3y TOJMMEp MaTPUIACHIHBIH KAaTTBUIBIFBIH apTThIPalbl JKOHE TeMIlepaTypara
TYPaKTBUIBIFBIH JKaKCAPTaJAbl; JETeHMEH, TONTBIPFBILITHIH KOFapbl MeJILepi YIATiHiH
WKEeMIUTIMH TOMEHAETETIHIH aran oTKeH »oH. Tyracrail anranna, TIIK/kapacopa
(hemp) OMOKOMIO3ZUTTEP] OMONOTHSUIBIK BIABIPAUTHIH MaTepuasap PeTiHAE JKOFaphl
oIIeyeTTi KepceTei, Oy oiapIbl KOJIOTHSIIBIK Ta3a IIHUKi3aT peTiHae KapaMIbl eTeli
YKOHE TYPAKThI OIUMEPITi OMOKOMITO3UTTEPAIH AaMybIHA BIKIAT €TeIi.

Tyiiin ce3mep: TepMOIUIACTHKAIBIK KpaxMal, >XYrepi Kpaxmaibl, Ouomacca,
OMONOTHSIIBIK BIABIPAUTHIH MOTUMED, Kapacopa, OMOIIIeHKa
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Annortamusi: HepanuoHanpHas yTHIM3alUsi TUIACTUKOBBIX OTXO/MOB UpeBaTa
KaK JKOJIOTMYECKHMHU TIOCIIEACTBUSIMU, TaK M HEONAronpusTHBIM BO3JCHCTBHEM Ha
3[0pOBbE uesioBeKa. Llenbio TaHHOM cTaThbu SIBISICTCS MPOJIBHKEHHE HCCIIEOBAHHMH
B 00jacTu pa3pabOTKH HOBBIX OHMOpa3jiaraeéMbIX KOMIIO3UTOB Ha OCHOBE Kpaxmasa
W JIUTHOLIGJUTIONO3bI U3 OroMacchl KOHOMTH. OCHOBHOH 3amadeil Obuio paspaborarb
ONTUMAJILHBIA COCTaB M OXapaKTepPH30BaTh MONYYECHHYIO OHMOIIIEHKY C TOMOIIBIO
(u3MKO-XUMHYECKMX  aHaiu3oB, Bkimodas  MK-Dypbe-ciekrpockonuio — Juis
MOHUTOPUHTa W3MEHEHHH (YHKIMOHAJIBHBIX TPYNI B OHOKommosuTax, TIA s
OLIEHKH TepMocTaOmiIbHOCTH 1 COM 11 M3yueHuss MOp(HOJIOTHH U U3MEHEHHH MpH
BBE/ICHUH HAIIOJHUTEIISl U €r0 paclpeieicHnu. B monuMepHyto Marpuily ObUT BBEIEH
HaIoJHUTEIb U3 Ouomacchl B KoHueHTpanusax 0,1%, 0,3% u 1%. Pesynprater TTA
MIPOJIEMOHCTPHPOBAJIH COMOCTABUMBIN XapaKTep TEPMHUYECKOM JIECTPYKIUU 00pa3IoB:
MepBUYHAS CTaIusl Pa3IOKEHHS MPOUCXOIWIIA NPU TeMIlepaType NpUOIH3UTEIBLHO
283 °C, uto moxaTBepkIaeT Hamuume enuHoi OazoBoil crpykrypel TIIK Bo Bcex
oOpa3siax. O01mas morepsi Macchl ymeHbInaercs ¢ 93,552% no 88,552% ¢ yBenuueHuem
KOHIIEHTPAIIMU HATIOJIHUTENS,, TEM CaMbIM IOBBIIIAS TEPMOCTAOMIBLHOCTH 0OPAa3IoB.
CDOM-ananu3 mokaszai 3aMeTHbIe U3MEHEHUsI B Mopdonoriuu oOpas3ioB, B YaCTHOCTH
MOCTENEHHBIN TIEPEXO0]] OT IVIaJIKOH IMOBEPXHOCTH K 00JIee HEOHOPOIHBIM BOJIOKHUCTBIM
CTPYKTYpam [0 Mepe YBEIMYCHHUS] KOHIIEHTPAH HarmonHuTeNs. [lomydeHHble TaHHbIe
CBHUJICTENILCTBYIOT O TOM, YTO BBEJCHUE BOJIOKOH KOHOIUIM ITOBBINIAET >KECTKOCTDH
MOJIMMEPHOM MaTPHIBI U YIydlnaeT e€ TEIUIoBble XapakTeprucTUKU. OJHAKO BBICOKOE
COZIepKaHHe HAITOHUTEINSI CHU)KaeT THOKocTh 00pasua. B nemom, 6nokommosuts TITK/
koHoIIs (hemp) IEMOHCTPUPYIOT BBICOKHH MOTEHIMAT B KauecTBE OMopasiiaraeMbIX
MaTepualioB, YTO JAejaeT WX NPUTOJHBIMH B KadeCTBE DKOJIOTHUECKH Oe30IM1aCHOTO
CBIPbS U CITIOCOOCTBYET pa3paboTKe YCTOMUMBBIX MOTUMEPHBIX OMOKOMITO3UTOB.

Ki1roueBble cjioBa: TepMOTIACTUYHBIN Kpaxmall, KyKypy3HbIi Kpaxmal, Onomacca,
OuopaszinaraeMplii TIOJIMMEp, KOHOTILJISI, OMOTIIICHKA

Introduction. The global accumulation of plastic pollution poses a serious threat to
the environment, characterized by "poor reversibility." Due to the slow pace of natural
mineralization and the limited availability of effective recovery methods, the adverse
effects of this pollution, including changes in biogeochemical cycles and damage to
ecosystems, are becoming almost irreversible.

Every year, an estimated 9 to 23 million tons of plastic waste are discharged into
the water environment (MacLeod, 2021). It is predicted that by 2025, these predicted
emission rates will have doubled. The variety of plastic sources and types, their
resistance to decomposition, and the potential harm they pose to living things have all
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been emphasized in numerous studies. Scientists have studied “microplastics” in detail,
specifically those categorized by size. Other plastics that have received less attention
include macroplastics (size > 5 mm) and nanoplastics (size < I um). Any plastic
released into the environment is considered plastic pollution (Li, 2021). In addition,
microplastics not only pollute the environment but also pose an invisible threat, as they
can penetrate the human body through professional activities and other sources. Recent
studies using Fourier-transform infrared spectroscopy (FTIR), gas chromatography, and
mass spectrometry have identified nano- and microplastics in the lungs (Jenner, 2022),
intestines (Santini, 2024), and even in the human placenta (Garcia, 2024). These particles
include polyethylene, rayon, polypropylene, polystyrene, polyethylene terephthalate, and
otherunclassified plastics. Vasse G.F. et al. (2024) focused on researching how micro- and
nanoplastics (MNP) pollution relate to specific lung cells and respiratory diseases such as
asthma, COPD, lung cancer, and interstitial lung diseases (ILDs). According to research
based on industrial and scientific data sources, a total of 10,000 substances have been
identified, with more than 2,400 classified as substances of potential danger. SciFinder
reports that 1327 of these substances are improperly regulated in some countries and are
even connected to food (901 substances), while 266 of these substances have not been
thoroughly studied (Wiesinger, 2021). In the face of increasing plastic pollution, there is
a growing demand for a more environmentally friendly alternative. Creating conditions
for the creation, processing, and composting of biodegradable plastic materials may be
the best solution to the above problems (Flury et al., 2021), since disposal of traditional
plastic (Alabi et al., 2019) (especially incineration (Nagyet al., 2016) is not the best
solution because of its negative impact on the environment. The use of lignocellulosic
biomass as a filler attracts the attention of researchers and has been successfully applied
in various fields, including additive manufacturing, environmental remediation, and
medicine. It can also be an alternative to traditional plastics (Mujtaba et al., 2023). This
research aims to develop formulations of biocomposites that can serve as a solution
to the aforementioned problems. The aim of the study is to study the effect of adding
hemp as a reinforcing material, as lignocellulose biomass to the basic polymer matrix
in the form of TPS. In the modern scientific environment, thermoplastic starch plays
a crucial role as a fundamental component in the polymer matrix for the manufacture
of biodegradable materials of various origins, including bioplastics (Jayarathna et al.,
2022). It should be noted that starch is not used in its native form to produce starch-
containing biocomposites on an industrial scale due to its disadvantages, such as poor
solubility, retrogradation, syneresis, thermal decomposition, and high viscosity after
gelatinization (Compart et al., 2023). To eliminate the disadvantages, starch undergoes
various modifications; in our case, plasticization was used as a method of chemical
modification. In granular form, starch mainly consists of linear amylose and highly
branched amylopectin. When mixed with a limited amount of water, plasticizers (such
as sorbitol and glycerin) are added, and starch is exposed to heat and shear forces. As
a result, it spontaneously decomposes, forming a thermoplastic starch (TPS) mixture
(Yu et al., 2021). Although it can be used as an environmentally friendly polymer, TPS
has a hydrophilic property that makes it difficult to use directly as a biofilm. During
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operation, sensitivity to water leads to swelling of the material. Moreover, poor barrier
and mechanical properties, such as low tensile strength and elongation at break, limit
its wide application and competition with traditional film representations (Rahardiyan
et al., 2023). One method to mitigate these disadvantages involves developing a biofilm
formulation that incorporates lignocellulose fibers into the TPS polymer matrix. In this
regard, it is crucial to consider the role of material compatibility, which is enhanced by
the presence of hydroxyl groups in both starch and lignocellulose fibers, thereby forming
strong interphase hydrogen bonds that improve mechanical properties (Nazrin et al.,
2025). Foret et al., (2023) successfully obtained bio-composites of thermoplastic wheat
starch reinforced with hemp. When studying the effect of fillers, changes in mechanical
properties were observed. It was noted that as the filler concentration increases, the
tensile strength and stiffness increase accordingly, which determined the threshold
concentration of cannabis to be no more than 40%. There was also a decrease in water
absorption as the concentration of cannabis increased. Thus, the use of cannabis as a
filler has prospects as an industrial production of biofilms, contributing to a reduction
in the cost of the target product. Consequently, these studies formed the basis for the
production and characterization of thermoplastic starch from corn, incorporating hemp
fibers into a new formulation.

Methods and materials. For this study, “Tre Mulini” corn starch (a brand from the
Eurospin supermarket chain in Italy) was used as a raw material. The hemp samples were
mechanically ground using a MM 400 vibratory mill (Retsch GmbH, Germany). The
grinding was performed at a frequency of 100 Hz for 15 minutes until a uniform powder
was achieved. Functional groups and their interactions were identified through Fourier
Transform Infrared (FTIR) analysis in the range of 4000-400 cm™ with a PerkinElmer,
USA FT-IR Spectrometer Spectrum Two. Before the SEM analysis, the Q150T ES
Plus system (Quorum Technologies, Great Britain), a device that combines spray
coating and carbon evaporation, was used to enhance conductivity and prevent
charging of the sample surface. The morphology and fiber-matrix interface of the
composites, as well as the surface of the sample, were studied using a scanning
electron microscope (SEM) with a ZEISS Sigma (FE-SEM, Carl Zeiss, Germany)
system. The thermal stability and decomposition patterns of the samples were studied
in an inert nitrogen atmosphere using a Discovery TGA 55 thermogravimetric
analyzer (TA Instruments, USA). Thermoplastic starch (TPS) has poor mechanical
and thermal properties due to its high hydrophilicity. To enhance performance, natural
fibers (biomass) were often used as reinforcement in the polymer matrix.
Lignocellulosic biomass from the hemp stem, obtained in Italy, was used as a
reinforcement agent to improve mechanical properties. Glycerol is used as a
plasticizer because of its compatibility with amylose, along with acetic acid, which
acts as a co-plasticizer and significantly enhances the water absorption of the films.
Staker J. et al. (2024) revealed that acetic acid possesses the property of cleaving
glycosidic bonds; moreover, as a co-plasticizer with glycerin, it exhibits a high tensile
strength (M = 2.04 £ 1.24 MPa). The synthesis of biodegradable plastic made from
starch, glycerol, and vinegar (acetic acid) was performed using the method by Abdel
Hamid E.M. et al. (2025), with the formulation shown in Table 1. Each sample
contains the same amount 46
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of starch, glycerol, and vinegar as indicated in Table 1 (S/G-V); however, different
concentrations of hemp fiber were added (0.1%, 0.3%, 1%). Pre-weighed 15 g of corn
starch was placed in a laboratory beaker and stirred with a magnetic stirrer heated to
100°C. 125 ml of distilled water was gradually added, stirring constantly with a glass
rod until a homogeneous suspension was formed.

To prevent lumps from forming, the mixture was continuously stirred. Plasticizers
were added sequentially, including 15 grams of glycerol and a 6% acetic acid solution.
Maintaining a consistent temperature is crucial, as raising the temperature of the
polymeric compound above 120°C can affect its structural integrity and textural
properties. The mixture was subjected to continuous agitation until a viscous mass was
established. Consequently, samples were prepared with varying concentrations of hemp
fiber, which had been previously dried and milled into a powdery state. The formation
of the thermoplastic film was carried out using the casting method onto a Teflon surface.
Each sample was assigned a name and numbered (A1, A2, etc.). The next day, the films
were pressed from above with a glass surface to keep their shape and ensure even drying.
After 5-6 days, the biofilms could be carefully removed using a laboratory spatula.

Table 1 — Comparative table of TPS/hemp sample compositions

Sample | The ratio of components, g Fiber (hemp powder) ratio g, %
A 15 g Corn starch No fiber

C 125 ml Demineralized water Hemp fiber 0,1% (0,16 g)

D 15 g Glycerol Hemp fiber 0,3% (0,45 g)

F 15 ml Vinegar (6% of acetic acid in water) Hemp fiber 1% (1,6 g)

Figure 1.1 Figure 1.2

Figure 1.3 Figure 1.4

Figure 1. Samples of TPS with different concentrations of hemp fiber. TPS with 0% of hemp fiber (1.1),
TPS with 0.1% of hemp fiber (1.2), TPS with 0.3% of hemp fiber (1.3), TPS with 1% of hemp fiber (1.4)
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Results. Four representative samples were selected from the obtained films, one
from each batch (A1, C12, D7, F11), to assess further the impact of the morphological
state of the lignocellulose filler on the properties of TPS.

FTIR Analysis

The FTIR spectra for all samples have characteristic absorption bands typical of
starch-containing thermoplastic materials (Figure 2). A broad and intense band is
observed in the region of 3300 cm™, indicating fl uctuations in the tension of the O-H
hydroxyl groups present, indicating the presence of hydroxyl groups commonly present
in cellulose, hemicellulose, and lignin, as well as in adsorbed water. This breadth
suggests the presence of extensive hydrogen bonding in the material. The peak value
of approximately 2920 cm™ corresponds to C-H stretching fl uctuations, usually
associated with aliphatic methyl and methylene groups present in organic
compounds. The band with an angle of 1640 cm™ can be explained as corresponding
to the vibrations of water molecules absorbed by cellulose.

In some cases, this may also indicate stretching of C=0O from carbonyl or carboxyl
groups, although its intensity and width often more strongly suggest the water content
in lignocellulosic materials. The band at 1420 cm™ is associated with fl uctuations of
C=C Groups in aromatic compounds, and this is often indicative of the crystalline
structure of cellulose. The bands at frequencies 1150 cm™ and 1030 cm™ of
asymmetric C-O-C stretching and C-O stretching vibrations are characteristic of the
intermolecular valence vibration of carbohydrates. These bands confi rm the matrix of
polysaccharide structures.

Sample A
- Sample C
—— Sample D
Sample F
g
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| =
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Figure 2. Comparative FTIR spectra of samples A, C, D, and F

TGA Analysis. At a temperature of approximately 30.78°C, the initial mass loss of
sample A was 11.508%, which is attributed to the evaporation of moisture. The second
stage of degradation begins at a temperature of 143.30 °C, resulting in a further
23.871%
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mass loss. This is followed by a more significant mass loss (58.344%) at a temperature
of 283.90°C, which is associated with the primary thermal decomposition of TPS. The
total mass loss reaches 93.552%, which means almost complete decomposition at
temperatures closer to 700°C.

The initial mass loss of sample C was 17.380% at 35.01°C, followed by a slight
mass loss of 6.487% at 122.48°C. At the third stage, the mass loss was 69.574% at a
temperature of 284.65°C. The total mass loss was 93.246%.

Sample D exhibits an initial mass loss of 21.230% at 40.81°C, an intermediate
mass loss of 13.978% at 193.89°C, and a significant degradation stage, characterized
by a mass loss of 56.017% at 283.70°C. The total mass loss is 90.889%.

Sample F shows an initial mass loss of 8.402% at 46.88°C, followed by 27.568%
at 166.54°C and a significant mass loss of 52.440% at 282.54°C. The total mass loss
was 88,552%.
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Figure 3. TGA curves for TPS with samples. Sample A (3.1), Sample C (3.2),
Sample D (3.3), Sample F (3.4)

SEM Analysis. The TPS sample (A) without filler exhibits a homogeneous, wrinkled
surface. This complex folded structure suggests a large surface area, typical of a pure
TPS polymer matrix. Additionally, Sample C shows a more heterogeneous surface than
pure TPS, characterized by irregularities and distinct aggregates. These features likely
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result from the uneven distribution of hemp filler within the biofilm matrix. Figure 4
displays a noticeable round, textured formation, possibly an agglomerated filler particle
or a concentrated filler area. Other regions contain numerous uneven aggregates,
indicating different levels of dispersion. In sample D, a distinct structural protrusion
with layered features is visible, which may be a larger fiber material and has a smoother
surface compared to sample C, but with more prominent particles or particles at the
surface level. Sample F has complex topographic features, including highly layered,
porous, and fibrous structures, as well as a shaped surface with many small spherical
particles. At an increase of 29.23 KX, layered structures measuring 582.3 nm become
visible, indicating the fibrous nature of the filler and allowing for the quantification of
the size of individual fibrous elements.

Figure 4.1 _ Figure 4.2 Figure 4.3
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Figure 4. SEM images. Sample A (4.1, 4.2), Sample C (4.3, 4.4), Sample D (4.5, 4.6, 4.7), Sample F (4.8,
4.9,4.10,4.11)
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Discussion. The similarity ofthe leading bands in the TPS matrix and the lignocellulose
filler in the form of hemp does not reveal new peaks when compared. Although the
overall spectral characteristics are identical for all samples due to the slight difference
in the concentration of hemp fillers, minor differences in peak intensities may indicate
differences in composition or structural arrangement. A modification in the intensity
detected within the absorption bands at 3300 cm[]' indicates a differential extent of
hydrogen bonding, wherein an increase in these bands is associated with a heightened
concentration of the filler material. Nonetheless, it is noteworthy that the intensity of the
C sample surpasses that of the samples exhibiting a greater concentration of D and F.
Consequently, this variation can be elucidated by the utilization of a casting technique
during the film formation process, which may facilitate an uneven distribution of the
hemp fiber. The observed disparity in the band area (less than 1,500 cm[J') may signify
variations in the relative proportions of cellulose, hemicellulose, or lignin, as well as
alterations in their crystallinity or amorphous content.

All specimens exhibit the preliminary phase of weight reduction at comparatively
low thermal conditions (30-47 °C). These initial losses are commonly attributed to the
drying process of absorbed fluids or the release of volatile substances present in the
samples. The scale of these early losses depends on the exact sample, consequently
illustrating discrepancies in their hygroscopic traits or volatile substance levels. Each
specimen presents one or two intermediary phases of decomposition, occurring at
approximately 120 °C to 200 °C. These moments likely indicate the erosion of less
durable factors or minor structural components within the material. In all specimens,
the initial temperature consistently oscillates between 282 and 285 °C, at which point
a discernible stage of degradation is evident. This significant weight reduction, ranging
from 52% to 69% of the total mass, signifies the primary thermal decomposition of
polymeric constituents. The agreement of the primary temperature points to the
availability of a shared base material, a thermoplastic starch matrix, among all samples.
After the principal decomposition, the residual mass of all specimens at a temperature
of 700 °C varies between approximately 6.4% and 11.4%. This residual matter may
comprise inorganic fillers, carbonization, or thermally stable components that remain
intact under the prescribed experimental conditions.

SEM results reveal different surface morphologies among the samples. Some images
display a relatively smooth, continuous, film-like structure with some wrinkles and
creases, indicating plasticization of the material. Others show rougher, more uneven
surfaces with characteristic features such as round structures with granular textures and
areas containing visible pores or fibrous structures.

Conclusion. The SEM investigation skillfully highlights the singular morphological
characteristics of pure TPS, as well as those of the hemp filler. Figure 4 explains
the evolution from a smooth, uniform polymeric structure to increasingly complex
and assorted configurations as filler is added. Examining the microstructural traits is
essential for understanding the consequences of filler integration on the properties
of the composite, which encompass mechanical robustness, barrier capabilities, and
decomposition tendencies, all of which are intimately tied to the filler’s distribution,
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shape, and engagement within the polymer matrix. The FTIR analysis substantiates the
constancy of the chemical foundation of TPS across all samples, indicating that hemp
fiber predominantly functions as a filler without substantial alterations to the principal
functional groups. In every examined sample, an observable initial mass reduction
occurs, succeeded by a transitional phase linked to the degradation of hemp, leading to
a notable stage of destruction related to the TPS structure. A large quantity of hemp, as
showcased by sample F, could potentially improve hardness and strength; however, a
clear decrease in flexibility is apparent. Utilizing natural hemp fibers enhances the rate
at which TPS composites break down, thereby supporting the development of more
environmentally sustainable materials.
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Abstract. The relevance: This study is driven by the need for preliminary screening
in drug development, with a particular focus on a promising class of 1,3,5-triazine
derivatives known for their diverse pharmacological potential. The high cost of
experimental screening necessitates robust in silico methods to prioritize viable
candidates. Aim: to conduct a comprehensive computer-aided screening of a series
of novel 1,3,5-triazine derivatives. Methods: The research employed computational
approaches to predict the biological activity, pharmacokinetics, and toxicity of six novel
1,3,5-triazine derivatives. The PASS algorithm predicted biological activities, while the
ADMETIab-3.0 platform evaluated drug-like properties, including compliance with
Lipinski’s rule, intestinal permeability, blood-brain barrier penetration, metabolism
by cytochrome P450 enzymes, and various toxicity endpoints. Results: Key findings
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indicate promising predicted activities, particularly as inhibitors of testosterone-17f-
dehydrogenase and anaphylatoxin receptors, suggesting applications in oncology
and immunology. Pharmacokinetic analysis showed that all compounds have good
predictable bioavailability when administered orally. Significant differences were
identified: compound 4 showed high blood-brain barrier penetration, while compounds
1 and 2 were predicted to be safer with lower overall toxicity. However, critical
toxicological risks were highlighted, such as potential cardiotoxicity for compounds 3
and 6, and neurotoxicity for compound 4. Practical significance: The results demonstrate
the practical utility of integrated in silico profiling for rational lead selection. Study
enables ranking of compounds by predicted activity and safety, helping to identify
the lead candidates (1 and 2) for further development. This strategy can significantly
accelerate early drug development by reducing the number of compounds requiring
costly laboratory testing.

Key words: 1,3,5-Triazine; PASS; ADME/Tox; pharmacokinetics; toxicity; drug
development
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AHHOTanus1. O3exminici: 3epTTey KYMBICHI OPTYPIIi (hapMaKOIOTHSIIBIK SJIeyeTiMEeH
TaHbIMal 1,3,5-TpuasuHHIH >KaHa 6 TYBIHABICHIHBIH (DapMaKOIOTHSIIBIK KaCHETTEPiH,
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OHMOJIOTHUSITBIK OSJICEH/IUTITIH )KOHE YBITTBUIBIFBIH i1 silico oMiciMeH OoJDKayFa apHaJFaH.
OKCNEePUMEHTTIK CKPUHUHITIH JKOFapbl KYHIBUIBIFbIHA OaiJIaHBICTBI TEPCIIEKTUBTI
yMiTKepiepre 6achIMIbUIBIK Oepy ymiiH in silico smictepin maipanaHy KaXeTTiiri
TysIHOARael. Makcamor: JKana 1,3,5-Tpua3wH TYBIHIBUIAPBIHBIH CEPHACHIH KEIICHI
KOMITBIOTEPIIIK CKPUHHUHTTEH OTKI3y. 3epmmey 20icmepi: BUOMOTUSIBIK OEICeHITITIK
PASS anroputmi apkpuiel Oopkannel, an ADMETIlab-3.0 mnardopmacer Herisri
(hapMaKOKMHETHKAIIBIK KaCHETTEpIli, COHBIH imnHAe JIMIMHCKUN epekeciH cakray,
IIIeK OTKI3TilTiri, reMaTo’Huedanaslk oererTin enyi, P450 muroxpom depmentrepi
ApPKBUTBI METAa0OJM3M JKOHE OpPTYpJIi YBITTBUIBIKTApHI OaFajiay VIMiH KOJJIaHBUIIEL.
Homuoice: AnplaraH HOTWKENEp, aran alTKaH#a, TecTocTepoH-17f-mermmporeHasa
YKOHE aHA(DHUIATOKCHH PEleNTOPIaphIHBIH MHTHOUTOPIAPHl PETIHIIE OHKOJIOTHS MEH
HMMYHOJIOTHSIAA KOJIaHyFa MYMKiHAIK Oepeni. DapMakoKHHETUKANBIK Taiaay OapiibiK
KOCBUIBICTAP/IBIH 1ITKe KaObUIIaFaH/1a jKaKChl OMOKETIMITIIITT OOKaHFAHBIH KOPCETTI.
CoHbIMEH KaTap Keyecified aWbIpMallbUIBIKTAD Jla aHBIKTAIABL: 4-KOCBHUIBICTBIH
remMarodHIehanaplK OereT apKbpUIBI JKOFAphl OTKI3TIMITINT Oalkammel, am 1 xoHe
2-KOCBUTBICTAP/IBIH JKaJIIbl YBITTHUTBIFBI TOMEH OOJITBI, IETEHMEH OJIap YIIiH Oenriii 6ip
Kayinrep J1e 0aKanpl. 3 xoHe 6 KOCBLIBICTAp YIIIiH KapINOYBITTHUIBIK XKOHE 4 KOCBLIBIC
YIIiH HEHPOYBITTHUIBIK CUSKTHI MaHbBI3bl TOKCHKOJIOTHSIIBIK KayilTep aHBIKTaJIIbL.
Hotmxenep in silico omiciHiH KOCBUIBICTAPABl YTHIMJBI IpIKTEYZEri  TXipHOeIniK
KYHJIBUIBIFBIH KopceTeli. [Ipakmukanviy mansizvl: JXYMBICHI KOCBUIBICTAPIIBI OOIDKAY
MEH KayiIlci3miri TYPFBICBIHAH capaliayFa MyMKiHII Oepemi. byt apbl KapalFel o3ipiey
YIIH €H NepCHeKTHBTI KaHaumartapabl (1 skoHe 2) aHBIKTayFa KeMeKTeceli. by
CTpaTerusi KbIMOAT TYPaThIH 3ePTXaHAJIBIK CHIHAKTAPbl KAXKET €TETiH KOCBUIBICTAP/IBIH
CaHbIH a3alTy apKbUIbI IOPUTIK 3aTTapibl 931piey/li alTapibIKTall Te3AeTyre MyMKIHIIK
oepeni.

Tyiiin ce3mep: 1,3,5-Tpuasun; PASS; ADME/Tox; dapMakoKHHETUKACH;
YBITTBUIBIK; TOPLTIK 3aTTap/AbIH JaMYbl
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AHHOTaNMsI. Axmyanvrocmo: Jannoe HCCIIeZIOBaHUE 00yCIIOBJICHO
HEOOXOJMMOCTBIO TPEABAPUTENLHOTO CKPUHHHTa B pa3paboTKe JIeKapCTBEHHBIX
npenaparoB, yaensisi ocoboe BHHMaHHE IMEPCHEKTHBHOMY KIIACCY TPOU3BOIHBIX
1,3,5-TpuazuHa,  W3BECTHBIX  CBOMM  Pa3HOOOpPa3HBIM  (apMaKOJIOTHMYECKHM
MOTEHIIHAIOM. BbICOKasi CTOMMOCTB 3KCIIEPUMEHTAIBHOI0 CKPUHUHTA 00yClIaBIMBAET
HEOOXOAMMOCTh HCIIOJIB30BaHUSI HAJCKHBIX METOIOB in Silico JUisl ONpEIeIICHUs
MIPUOPUTETHOCTH TIEPCIEKTUBHBIX KaHAUAATOB. [[enb: TIPOBECTH BCECTOPOHHUMN
KOMITBIOTEPHBII CKPUHUHT psfja HOBBIX IPOW3BOAHBIX 1,3,5-Tpuasuna. Memoowr:
buonornyeckyro akTMBHOCTh MPOTHO3MPOBAIM € MoMolnbio anroputma PASS, B TO
Bpems kak miargopma ADMETIlab-3.0 Obuia ucrosib30BaHa Ui OLEHKHA KJIFOUEBBIX
(hapKaKOKMHETUYECKMX CBOWMCTB, BKIIOYash COOTBETCTBHE MpaBwiy JIMmmHCKOTO,
KHIICYHYIO TPOHHUIIAEMOCTh, IPOHUKHOBEHUE Yepe3 TeMaTodHIedatnieckuii oapbep,
MeTaboam3M GepmenTamMu nuToxpoma P450 1 olleHKH pa3IudHbIX BUIOB TOKCHYHOCTH.
Pesynomamei: OCHOBHBIE BBIBOABI YKa3bIBAIOT Ha MEPCHEKTHBHBIE MPOTHO3UpYEMBbIe
AKTHBHOCTH, B YACTHOCTH, B KQ4€CTBE HHTMOUTOPOB TECTOCTEPOH- 1 7B-meruaporeHassl
W peuentopoB aHa(QHUIATOKCHHA, YTO MpEANojaracT MPUMEHEHHE B OHKOJIOTHH
n umMMmyHosornu. dapMakOKMHETHYECKMH aHalu3 IMoKa3ald, YTO BCE COEAMHEHUS
00JIa/Ial0T XOpOoIIel MPOTHO3UPYEMOM OMOJOCTYITHOCTBIO MPH NpUeMe BHYTPb. Bbuin
BBISIBJIEHBI CYIIECTBEHHBIE PA3INUMs: COeIMHEHHE 4 MPOJEMOHCTPHUPOBAJIO BBICOKYIO
MIPOHHIIAEMOCTh Yepe3 reMaTodHIedanndeckuii 6apbep, B TO BpeMsl Kak COCAMHEHHS
1 u 2, obmamany MeHbIIeH OOIell TOKCHYHOCTBIO, XOTS U IS HUX OBIIH OTMEYEHEI
OTIpe/ieJIeHHbIe PUCKU. YCTaHOBJIEHbI KPUTHUECKHE TOKCHKOJIIOTHYECKUE PUCKH, TaKHe
KaK TOTeHIMaJIbHAas KapJHOTOKCUYHOCTh JJIs COeTMHEHNH 3 U 6 1 HEHPOTOKCUYHOCTh
s coeauHeHuss 4. Pe3ynbrarthl  IEMOHCTPHPYIOT —TPAKTUYECKYIO I[€HHOCTh
HMHTETPUPOBAHHOTO MPOQUIUPOBAHHUS i1 Silico IS PallMOHAILHOTO BEIOOPA OCHOBHBIX
coequHeHnd. [lpakmuueckas sHayumocms: VlcciaenoBaHre MO3BOJSIET PaHKUPOBAThH
COEIMHEHH MO MEePCIIeKTUBHOCTH 1 0€301acHOCTH, BBIABIIAS HanOoJee MOIXOAIINX
kanauaaroB (1 u 2) ans nanpHeimei pa3paboTku. DTa cTpaTerust MOXKeT 3HAYUTEIILHO
YCKOPUTh PAHHIOI Pa3pabOTKy JIEKapCTBEHHBIX MPENapaToB 3a CYET COKpAIlEeHUs
KOJIMYECTBA COEIMHEHNH, TPEOYIOIINX JOPOTOCTOSIINX J1a00PATOPHBIX HCIBITAHHH.

KaoueBbie caoBa: 1,3,5-Tpuasun; PASS; ADME/Tox; ¢apmakokuHeTHKa;
TOKCUYHOCTB; pa3padoTKa JIeKapCTBEHHBIX MPenaparoB
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Introduction. The relevance of searching for new highly effective compounds, both
natural and synthetic, is confirmed by many research (Silva et al., 2025; Dyusebaeva,
2024; Duzbayeva et al., 2023; Ikhsanov et al., 2023; Kantureyeva et al., 2021;
Zhonderbek et al., 2021). At the same time, the development of new drugs is a complex,
multi-step, and resource-intensive process characterized by a high failure rate at late
stages, often due to unexpected toxicity, unsatisfactory pharmacokinetics (ADME),
or insufficient efficacy. In this context, computer prediction methods (in silico) have
become an integral tool in modern medicinal chemistry, enabling virtual screening and
prioritization of compounds at the earliest stages, significantly reducing time and costs.

The introduction of new pharmacologically active compounds based on nitrogen-
containing heterocyclic systems is a strategic direction in the fight against socially
significant diseases (Bayazit, 2025). Promising compounds in this regard include
1,3,5-triazines, which were chosen as the object of this study. 1,3,5-Triazines find wide
application in chemistry, medicine and pharmacology due to their flexibility and diverse
biological activity. These six-membered cyclic structures contain three nitrogen atoms,
which allows them to be easily modified to obtain various derivatives with unique
properties. Due to their versatility and ability to interact with various biological targets,
they are actively studied for the creation of new therapeutic drugs.

However, the synthesis and experimental testing of all potentially interesting triazine
derivatives is physically impossible. Therefore, the key task is to rationally select the
most promising candidate structures for subsequent synthesis and in-depth study.

Here, modern in silico approaches come to the forefront, enabling:

1. Prediction of Activity Spectra for Substances (PASS). The PASS algorithm
evaluates the likelihood of a compound exhibiting a broad spectrum of biological
activity based on its molecular structure, helping to hypothesize primary and secondary
pharmacological effects and identify potential new mechanisms of action (Sukhachev
et al., 2025).

2. Evaluate ADME (Adsorption, Distribution, Metabolism, Excretion) properties
and toxicological profile (ADME/Tox). The success of a molecule as a drug candidate is
determined not only by its high activity in vitro, but also by its ability to reach the target
in the body, have an adequate half-life, and an acceptable safety profile. Prediction
of parameters such as solubility, permeability, metabolic stability, and cardiotoxicity
(hERG) using modern computational platforms (such as ADMETIab) is an important
step in the selection process (Dulsat et al., 2023; Xiong et al., 2021).

Thus, there is a clear scientific and practical need for comprehensive in silico analysis
of new 1,3,5-triazine-based chemical structures prior to their synthesis. This allows for
focusing experimental efforts on compounds that are highly likely to combine not only
the target pharmacological effect but also favorable drug-like properties.

The aim of this study is to conduct a comprehensive computer-aided screening of a
series of novel, previously undescribed 1,3,5-triazine derivatives using the PASS and
ADMET]ab prediction technologies to:

1. Predict potential biological activities.

2. Assess key pharmacokinetic and safety parameters.
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3. Identify the most promising candidate structures that optimally combine predicted
high activity and a favorable ADME/Tox profile for subsequent prioritized synthesis
and biological validation.

The choice of the 1,3,5-triazine scaffold for this in silico study is justified by its
exceptional versatility and proven potential across multiple therapeutic domains, as
evidenced by recent research.

A brief review of the literature on 1,3,5-triazine derivatives. The relevance of
searching for new nitrogen-containing heterocyclic compounds with targeted biological
activity is confirmed by modern research aimed at overcoming drug resistance. For
example, a recent study by Kazakhstan scientists presented a technology for the
synthesis and preclinical evaluation of a new antimicrobial piperidine derivative, AIP-
5, illustrating the current trend in medicinal chemistry toward the creation of such
structures (Akhmetova et al., 2025).

Modern research also confirms that 1,3,5-triazines are a highly promising molecular
scaffold for the development of broad-spectrum drugs due to the possibility of targeted
synthesis and modification. Of particular interest is research into the creation of hybrid
molecules and multitargeted ligands (MTDLs), a major trend in medicinal chemistry in
recent years.

In oncology, the strategy of hybridizing the triazine core with other pharmacophores
has yielded highly active and selective inhibitors of key targets. For example,
quinazoline-1,3,5-triazine hybrids have proven to be potent inhibitors of the epidermal
growth factor receptor (EGFR), demonstrating significant antitumor activity in vivo
without toxicity to normal cells (Lim, 2024). Another successful strategy has been the
development of new triazine and pyrimidine derivatives containing a dithiocarbamate
moiety based on the well-known inhibitor ZSTK474. One such compound demonstrated
high selectivity for the PI3Ka isoform and caused significant tumor regression in a
U87-MG glioma xenograft model without signs of toxicity, indicating its potential
as a targeted therapeutic agent (Sharma, 2024). Another successful strategy was the
development of new derivatives containing a dithiocarbamate moiety based on the
known inhibitor ZSTK474 (Tang et al., 2023). In this work, a rational structure-based
modification was implemented to achieve high selectivity for the PI3Ka isoform. The
lead compound demonstrated exceptional activity (ICs, = 1.2 nM against PI3Ka) and,
in an experiment on mice bearing U87-MG glioma xenografts, caused significant
tumor regression without signs of toxicity.

Apromising avenue is the use of 1,3,5-triazines for the treatment of neurodegenerative
diseases. A systematic review (Silva et al., 2025) highlights the potential of this scaffold
in the treatment of Alzheimer's disease, analyzing the activity of derivatives within two
main hypotheses: inhibition of acetylcholinesterase (AChE) and action on the amyloid
cascade (inhibition of BACE-1 and B-amyloid aggregation). The authors conclude that
triazines hold great promise for the development of multitargeted ligands capable of not
only alleviating symptoms but also modifying the course of the disease.

Significant results have also been achieved in the fight against infectious diseases. The
design of hybrid molecules combining a 1,3,5-triazine core with a 2,4-thiazolidinedione
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(TZD) moiety has led to the creation of compounds with activity against multiple
pathogens simultaneously. The lead compound in this series demonstrated potent
activity against HIV-1 (reverse transcriptase inhibition), demonstrated an inhibitory
effect against SARS-CoV-2, and demonstrated strong antibacterial and antibiofilm
activity, particularly against Gram-negative bacteria (Singh et al., 2025). This approach
addresses the current challenge of coinfections and multidrug resistance.

Anti-inflammatory and metabolic research are also actively developing. For example,
new 1,3,5-triazine derivatives, inspired by the structure of the drug imeglimine, were
identified as selective and potent inhibitors of dipeptidyl peptidase-4 (DPP-4). In animal
studies, the lead compound produced dose-dependent improvements in blood glucose
and insulin levels, lipid profile, and antioxidant status, confirming the potential of this
class for the treatment of type 2 diabetes (Gupta et al., 2023). Furthermore, new triazine-
based histamine H4 receptor (H4R) antagonists have been synthesized, demonstrating
pronounced analgesic and anti-inflammatory activity in vivo with low toxicity, opening
up new possibilities for chronic pain treatment (Olejarz-Maciej et al., 2023).

Research in the field of antimicrobial therapy is also ongoing. A modern review
(Rathod, 2024) summarizes trends in the development of antibacterial compounds
containing a triazine moiety, emphasizing the key role of cyanuryl chloride as a versatile
reagent for the preparation of biologically active derivatives.

Thus, a review of current publications convincingly demonstrates that 1,3,5-triazines
remain an exceptionally flexible and productive platform for the design of innovative
drugs. Current efforts are focused on the creation of hybrid molecules and multitargeted
agents aimed at treating socially significant diseases: oncology, neurodegenerative,
infectious, and metabolic. These data support the need for continued research and the
search for new derivatives with targeted biological properties.

Materials and methods. This study utilized a sequential computational (in silico)
approach that precedes labor-intensive and costly chemical synthesis and biological
screening. The primary goal of the methodology was to predict the properties of six
new 1,3,5-triazine derivatives, given on the scheme. This approach enables the early
identification of the most promising candidate compounds possessing both the desired
biological activity and favorable pharmacokinetic and toxicological profiles, significantly
increasing the efficiency of subsequent experimental stages of drug development.

OH OH o W
N/_/ N HN4<NH
HN/_ HN/_ > /_jNJ
NH NH
O>_ HO>_ Hscﬁo
1 2 3
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Two-dimensional (2D) chemical structures of all derivatives were constructed and
optimized using the Avogadro software package (v.1.2.0) using the Universal Force
Field (UFF) for energy minimization. The resulting three-dimensional (3D) molecular
models were saved in .mol and .sdf formats for subsequent computer analysis.

The PASS (Prediction of Activity Spectra for Substances, online version) algorithm
was used to predict the potential biological activities of the derivatives. This algorithm,
based on the analysis of over 300,000 known biologically active compounds and their
structural descriptors, estimates the likelihood that a given molecule will exhibit a
particular pharmacological effect. Standardized SMILES (Simplified Molecular Input
Line Entry System) notations for all six derivatives were uploaded to the PASS web
server. The analysis was performed in prediction-only mode. Standard values of 0.5
were used as thresholds for the probabilities of activity (P,) and inactivity (P,). The
results were analyzed, and the most probable biological activities with the highest P,
values (>0.7) were selected for each compound.

An assessment of the ADMET properties (absorption, distribution, metabolism,
excretion, and toxicity) of new 1,3,5-triazine derivatives was performed using
the ADMETlab 3.0 web platform. Using standardized SMILES notations, key
physicochemical descriptors were calculated for each compound, including molecular
weight, LogP, number of hydrogen bond donors and acceptors, and topological polar
surface area. These descriptors were used to assess compliance with drug similarity rules
(Lipinski, Hahn, and Wieber). Absorption and distribution parameters were modeled
by predicting permeability through Caco-2 and MDCK cell monolayers, blood-brain
barrier penetration, and plasma protein binding. To assess the metabolic profile, the
compounds' potential to act as inhibitors or substrates of the major cytochrome P450
isoforms was analyzed. The toxicological assessment included determination of the risk
of hERG channel inhibition (cardiotoxicity), hepatotoxicity potential, mutagenicity,
carcinogenicity, and calculation of the integral toxicity index (Tox-score) in the range
from 0 to 1, where values approaching 1 indicate a high overall risk.

These in silico approach efficiently prioritized candidates for further testing. The
criteria for identifying promising candidates were defined as follows:

1. At least one predicted therapeutically relevant activity with a Pa > 0.7 based on
PASS data.

2. Full compliance with Lipinsky's rules.

3. Favorable absorption parameters: Caco-2 permeability > -5.15 log cm/s (high),
predicted BBB penetration consistent with the target site of action.

4. Low toxicity risk: no high risk (Tox score < 0.5) for key parameters (hERG,
hepatotoxicity, mutagenicity).

61



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Results. PASS prediction of compounds 1-6. The results of computer prediction
of the spectrum of biological activity for 1,3,5-triazine derivatives 1-6 revealed a
number of potentially significant pharmacological effects, which confirms the promise
of the selected molecular framework. Computed PASS profiles 1-6 are given in Table
1, highlighting predicted “property of being active” (P, > 0.7) and “property of being

inactive” (P)).

Table 1 — PASS predicted activities of compounds 1-6

Compound P P Activity
1 0.84 0.01 | Anaphylatoxin receptor antagonist
0.82 0.02 | Testosterone 17beta-dehydrogenase (NADP+) inhibitor
0.80 0.01 | Mannotetraose 2-alpha-N-acetylglucosaminyltransferase inhibitor
0.79 0.00 | Growth hormone agonist
0.78 0.00 | (R)-Pantolactone dehydrogenase (flavin) inhibitor
0.76 0.05 | Phobic disorders treatment
0.75 0.01 | 2-Dehydropantoate 2-reductase inhibitor
0.74 0.01 | Pterin deaminase inhibitor
0.74 0.01 | Trimethylamine-oxide aldolase inhibitor
0.73 0.02 | NADPH peroxidase inhibitor
0.73 0.01 | Leukopoiesis stimulant
0.72 0.00 | CYP2C19 inducer
0.70 0.02 | Fucosterol-epoxide lyase inhibitor
2 0.84 0.01 | Anaphylatoxin receptor antagonist
0.75 0.02 | Mannotetraose 2-alpha-N-acetylglucosaminyltransferase inhibitor
0.74 0.02 | NADPH peroxidase inhibitor
0.73 0.06 | Phobic disorders treatment
0.71 0.00 | Growth hormone agonist
3 0.87 0.01 | Mannotetraose 2-alpha-N-acetylglucosaminyltransferase inhibitor
0.72 0.07 | Phobic disorders treatment
0.70 0.00 | Growth hormone agonist
4 0.85 0.01 | Testosterone 17beta-dehydrogenase (NADP+) inhibitor
0.80 0.00 | Pterin deaminase inhibitor
0.78 0.00 | CYP2C19 inducer
0.76 0.02 | Nicotinic alpha2beta2 receptor antagonist
5 0.76 0.04 | Testosterone 17beta-dehydrogenase (NADP+) inhibitor
0.74 0.01 | Thioredoxin inhibitor
0.74 0.02 | NADPH peroxidase inhibitor
0.74 0.05 | Aspulvinone dimethylallyltransferase inhibitor
6 0.79 0.04 | CYP2C12 substrate
0.76 0.01 | 5-O-(4-coumaroyl)-D-quinate 3'-monooxygenase inhibitor
0.75 0.02 | Mannotetraose 2-alpha-N-acetylglucosaminyltransferase inhibitor

Thus, the predicted activity spectra of these compounds demonstrate their
potential as modulators of hormonal regulation, including inhibition of testosterone-
17B-dehydrogenase (1, P, = 0.82; 4, P, = 0.85; 5, P, = 0.76) and activation of growth
hormone (1, P, =0.79; 2, P, =0.71; 3, P_ = 0.70). These properties indicate the potential
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of these derivatives for the development of therapeutic agents for hormone-dependent
oncological diseases (Li et al., 2024) or the correction of metabolic disorders.

Anti-inflammatory and immunomodulatory potential: a pronounced tendency to
suppress inflammatory processes is observed. Thus, compounds 1 and 2 are highly
likely (P, = 0.84) to act as antagonists of the anaphylatoxin receptor, a key mediator
of inflammation [Buelli et al., 2024]. Additionally, compounds 2 and 5 are predicted to
be inhibitors of NADPH peroxidase (P, = 0.74), and compound 5 is predicted to be an
inhibitor of thioredoxin (P, = 0.74), indicating a possible mechanism for modulating
oxidative stress. The activity of compounds 3 and 6 as inhibitors of mannotetraose-2-
alpha-N-acetylglucosaminyltransferase (P, = 0.87 and 0.75) may be associated with
the effect on carbohydrate metabolism in the context of inflammatory processes, which
opens up prospects for the treatment of autoimmune diseases.

Neurotropic activity: the prediction indicates possible effects on the central nervous
system. Compounds 1-3 showed probable activity as agents for the treatment of phobic
disorders (P, = 0.72-0.76), and compound 4 showed probable activity as a pterine
deaminase inhibitor (P, = 0.80) and nicotinic a2f32 receptor antagonist (P, = 0.76) (El
Nebrisi et al., 2025). However, the relatively high probabilities of inactivity (P,) for
some of these effects (e.g., 0.07 for compound 3) require cautious interpretation and the
need for experimental confirmation.

Pharmacokinetics of compounds 1-6. Analysis of the physicochemical properties
of compounds 1-6 predicted by ADMETIab-.0 shows that all compounds meet the
Lipinski rule (MW < 500, logP < 5, TPSA < 140 A?), indicating a high probability
of their oral bioavailability (Table 2). However, compound 3 has the highest logP
(1.027) and the lowest TPSA value (45.76 A?), which may lead to high lipophilicity,
potentially reducing water solubility. At the same time, compounds 1 and 2 have higher
hydrophilicity (logP < 0), which may limit their membrane permeability.

Table 2 — Pharmacokinetic parameters of compounds 1-6

Property Compound
1 2 3 4 5 6
Molecular Weight (MW) 145.09 147.1| 203.16 177.09 179.11 207.14
TPSA. A2 64.6 67.76 45.76 44.37 47.53 36.53
logP -1.024 -1.463 1.027 1.091 0.48 1.395
logD7.4 -0.316 -0.591 1.472 1.308 0.899 1.67
Caco-2 permeability. log cm/s -5.777 -5.263 -5.33 -5.092 -5.095 -5.027
MDCK permeability. log cm/s -5.101 -5.12|  -4.856 -4.679 -4.826 -4.749
BBB Penetration + -- - +++ ++ ++
PPB (%) 39 10.6 20.6 56.2 37.0 37.5
Fu (%) 95.7 84.2 66.3 40.1 54.1 55.0
CLplasma. ml/min/kg 8.455 8.404 9.499 6.202 9.806 9.266

Drug absorption and transport are studied in intestinal permeability cell models such
as Caco-2 and Madin—Darby Canine Kidney cells (MDCK). A compound is considered
to be Caco-2 permeable if the value is > -5.15 log cm/s. MDCK Permeability >20x10°
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cm/s is assessed as high permeability; 2x107° cm/s <20x10° cm/s —average permeability:
2x107° cm/s; < 2x10°° cm/s — low permeability (Xiong (2021)). Intestinal permeability
is important for drug development, as it ensures efficient absorption and achievement
of therapeutic concentrations in the blood. Predicted permeability indicates average
absorption for most compounds (Table 2). Compounds 4, 5 and 6 have higher Caco-2
permeability values, indicating more favorable pharmacokinetic properties.

The ability of compounds 1-6 to penetrate the blood-brain barrier (BBB) varies.
Compound 4 shows the highest penetration (+++), making it a promising candidate for
central nervous system (CNS) activity. Compounds 6 and 5 also have good values (++),
indicating a probable neurotropic effect.

Plasma protein binding (PPB) also influences the distribution of compounds in the
body. The high binding (PPB > 50%) of compound 4 (56.2%) may slow its elimination
and prolong its duration of action. In contrast, compounds 1 and 2 have low PPB values
(3.9% and 10.6%), which may contribute to their faster elimination and lower effect on
the body.

Fu (%) is the free fraction of the substance in the blood plasma, showing the percentage
of the compound not bound to proteins (e.g. albumin). Only the unbound fraction is able
to penetrate membranes, interact with targets and be metabolized. High Fu (>20% High
Fu; 5-20% medium Fu; <5% low Fu) increases the availability of the substance, but can
accelerate its elimination. CLplasma is the plasma clearance (ml/min/kg), reflecting the
rate of elimination of the substance from the body through metabolism and excretion
(>15 ml/min/kg: high clearance; 5-15 ml/min/kg: moderate clearance; <5 ml/min/kg:
low clearance).

Compounds 1-3 have high Fu (>20%), indicating high availability for target
interaction and metabolism. However, this also increases the risk of rapid elimination.
For all three compounds, CLplasma is in the moderate range (8.4-9.5 mL/min/kg),
consistent with the high Fu.

Compounds 4—6 have a moderate Fu (5-20%), indicating moderate availability. The
CLplasma values for these compounds are also in the moderate range (6.2-9.8 mL/
min/kg), providing a balance between availability and stability in the body. Compound
4 has the lowest clearance (6.202), indicating its long-term presence in the body and
potentially longer-lasting therapeutic effect.

The metabolism of the studied compounds is associated with CYP450 isoenzymes.
The most important CYP enzymes for the metabolism of the compounds are CYP3A4,
CYP2C19 and CYP1A2. These enzymes are actively involved in the metabolism of
many drugs, so high activity with them increases the risk of drug interactions, requiring
caution in combination therapy (Sakamuru et al., 2025).

Table 3 — Metabolism and excretion of compounds 1-6

Property Compound
1 2 3 4 5 6
CYP2C19 Substrate +H++ - -+ — — +
CYP2D6 Substrate - — — — - T+
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CYP1A2 Substrate ++ - - + R Tt
CYP2C9 Substrate - + ++ - + -
CYP3A4 Substrate 4+ ++ + — - ++
HLM Stability - — - +++ — 4t

Compounds 1, 3 and 6 demonstrate high activity with CYP enzymes: 1 with CYP2C19
and CYP3A4, 3 with CYP2C19, and 6 with CYP1A2 (Table 3). This makes them more
susceptible to metabolic interactions with other drugs, which requires caution when
used together (Sakamuru et al., 2025).

Compounds 2, 3 and 6 also exhibit moderate activity with CYP enzymes. Their
moderate metabolism reduces the risks, but still requires attention in combination
therapy.

Compounds 4 and 5 are practically not metabolized by the main CYP enzymes,
which makes them the most stable and safe in terms of metabolic interactions.

Compounds 4 and 6 show high stability in the liver (HLM Stability +++), which
may indicate a longer duration of action in the body. In contrast, 3 and 5 are rapidly
metabolized, which may require more frequent dosing.

Prediction of toxicity parameters of compounds 1-6. The types of toxicity predicted
by the ADMETIab-3.0 tool (Table 4) represent in silico assessments of potential
toxicological risks of compounds. According to the toxicophore theory used in this type
of prediction, fragments that correlate with a certain type of toxicity can be identified
in the structures of molecules. Information on the presence of toxicophores allows
preliminary selection of potentially hazardous compounds (Sukhachev (2025)).

Table 4 — Toxicophores of structures 1-6

Property Compound
1 2 3 4 5 6
Aquatic Toxicity Rule 0 0 0 0 0 0
Genotoxic Carcinogenicity Mutagenicity Rule 0 0 0 1 1 1
NonGenotoxic Carcinogenicity Rule 0 0 0 0 0 0
Skin Sensitization Rule 2 2 2 2 2 2
Acute Toxicity Rule 0 0 0 0 0 0
NonBiodegradable 0 0 1 0 0 1
SureChEMBL Rule 0 0 0 0 0 0
FAF-Drugs4 Rule 0 0 0 1 1 1

As aresult of prediction, the structure of compounds 4, 5 and 6 was found to contain
toxicophores that lead to the risk of genotoxicity, carcinogenicity and mutagenicity.

The presence of two skin sensitizing toxicophores in the structures of compounds
1-6 indicates a high probability of skin irritation.

It was also found that compounds 3 and 6 are non-biodegradable, which indicates
their possible persistence in the environment and potential accumulation in living
organisms.

SureChEMBL and FAF-Drugs4 are filters that identify medically unfriendly
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compounds. According to SureChEMBL, no structural features of high toxicity were
found in the structure of compounds 1-6. Compounds 4, 5 and 6 do not meet the
requirements of the FAF-Drugs4 rule.

The aboveresults of toxicophore detection do not provide information on the numerical
values of toxicity, for example, they do not allow calculating the contributions of the
identified groups to the toxicological properties. Table 5 shows the results of predicting
the quantitative values of various types of toxicity calculated by ADMETIab-3.0. The
results are presented on a scale from 0 to 1, where 0 is no toxicity.

Table 5 - Toxicological parameters of compounds 1-6

Property Compound
1 2 3 4 5 6
hERG Blockers 0.077 0.148 0.264| 0.065| 0.202| 0.299
hERG Blockers (10um) 0.307 0.501 0.675 0.421 0.64| 0.687
DILI 0.188 0.152 0.210| 0.333| 0.243| 0.296
AMES Toxicity 0.506 0.485 0.582 0.593 0.381| 0.401
Rat Oral Acute Toxicity 0.203 0.506 0.491 0.162| 0.681| 0.646
FDAMDD 0.071 0.155 0.112| 0.142| 0.217| 0.175
Skin Sensitization 0.911 0.576 0.357| 0.784| 0.091 0.25
Carcinogenicity 0.545 0.282 0.465 0.636| 0.189| 0.255
Eye Corrosion 0.336 0.724 0.795 0.107| 0.144| 0.262
Eye Irritation 0.989 0.926 0.773 0.987| 0.847| 0.840
Respiratory 0.661 0.899 0.786| 0.415| 0.821| 0.810
Human Hepatotoxicity 0.493 0.540 0.337 0.389| 0.559| 0.562
Drug-induced Nephrotoxicity 0.354 0.720 0.456 0.133| 0.694| 0.471
Drug-induced Neurotoxicity 0.799 0.703 0.580 0.915| 0.829| 0.778
Ototoxicity 0.361 0.733 0.351 0.206| 0.732| 0.433
Hematotoxicity 0.262 0.285 0.166| 0.302| 0.342| 0.326
Genotoxicity 0.834 0.357 0.042 0.996 0.926 0.779
RPMI-8226 Immunotoxicity 0.028 0.037 0.059| 0.016| 0.021| 0.023
A549 Cytotoxicity 0.012 0.013 0.011 0.027| 0.015| 0.027
Hek293 Cytotoxicity 0.111 0.074 0.125 0.149| 0.059| 0.084
BCF (log10(L/kg) 0.067 0.254 0.330| 0.102| 0.262| 0.500
IGC_, (—log[1[1[(mg/L)/(1000xMW)]) 1.438 1.461 2.216| 2.698| 2.506| 2.696
LC, DM (—logl LI[(mg/L)/(1000xMW)]) 2.160 2.183 3.332| 4.055| 3.876| 4.115
LC, FM (—logl][(mg/L)/(1000xMW)]) 1.333 1.332 2.462 3.148| 2.972| 3.159

Interpretation of the data presented in the table 5 allows us to identify the following
key toxicological risks for each of the compounds. The mechanisms of cardiotoxicity are
associated with the possibility of inhibiting hERG (human ether-a-go-go related gene)
channels and may cause a risk of cardiac arrhythmia (Liao et al., 2024). The highest
risk of cardiotoxicity was found for compound 6 (hRERG Blockers (10um) 0.687). High
values were also found for 3 (0.675) and 5 (0.64).

Hepatotoxicity and drug-induced liver injury (DILI) are among the most common
reasons for drug recalls. The highest DILI is found in compound 4 (0.333), hepatotoxicity
is most pronounced in 5 (0.559) and 6 (0.562).
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High values of the genotoxicity assessment of compounds 4 (0.996) and 5 (0.926)
indicate a significant risk of DNA damage. The greatest neurotoxicity is predicted for 4
(0.915) and 5 (0.829).

Carcinogenicity reflects the ability of compounds to cause malignant neoplasms.
Among the studied substances, the highest risk of cancer development was noted for
compound 4 (0.636), which may indicate its potential danger with long-term exposure.

Strong irritant effect was noted for all compounds: 1-6, indicating a high risk if the
substance gets into the eyes. In addition, 2 (0.724) and 3 (0.795) have the potential to
cause damage to eye tissue, which can lead to irreversible damage.

Immunotoxicity is a property that shows the ability of substances to suppress or
damage the immune system. All compounds show a low level of influence on immune
cells. As for cytotoxicity, all values are also low.

Thus, the analysis revealed significant toxicological risks for most compounds, in
particular high cardio-, hepato-, and neurotoxicity, as well as potential carcinogenicity,
especially for compounds 4 and 5. To reduce risks during further development,
modification of the chemical structure of the problematic compounds and careful
monitoring of relevant parameters in the preclinical stages of research are necessary.

The ecotoxicity assessment demonstrates a clear trend of increasing hazard from
compounds 1 and 2 to compounds 4 and 6. Compounds 4 and 6 pose the greatest hazard
to aquatic organisms, demonstrating maximum toxicity values for daphnia (4.055 and
4.115) and fish (3.148 and 3.159). However, compound 6 has the greatest potential for
bioaccumulation (BCF 0.500), which increases the long-term environmental risks of its
potential spread.

Discussion. The results of an in silico screening of six new 1,3,5-triazine derivatives
provide a comprehensive view of their therapeutic potential and associated risks, which
is fully consistent with the well-known high structural flexibility of this heterocyclic
scaffold. Our data not only confirm its role as a versatile platform for the design of agents
with diverse targets but also reveal subtle relationships between structure, activity, and
safety profile, which is key to rational drug design.

Comparative analysis of the pharmacodynamic profile. The identified spectrum of
biological activity naturally reflects trends described in the current literature. Thus,
the predicted endocrine modulation (AKR1C3 inhibition) for compounds 1, 4, and 5
correlates with the known role of 1,3,5-triazine derivatives in the treatment of hormone-
dependent tumors, where inhibition of this enzyme is a promising strategy (Sharma et
al., 2024). However, the uniqueness of our study lies in the combination of this activity
with other activities. For example, compound 1 potentially combines an antiandrogenic
effect with potent anti-inflammatory activity (anaphylatoxin receptor antagonism,
Pa=0.84), which may open new avenues for the treatment of inflammatory forms of
prostate cancer. Similarly, the neurotropic potential of compounds 1-4 (anxiolytic,
effects on nicotinic receptors), combined with their overall pharmacokinetic profile,
suggests the possibility of CNS action, which is less commonly described for this class
of compounds.

Pharmacokinetics and metabolism assessment. Compounds 1 and 2, with negative
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LogP, exhibit excellent aqueous solubility, which is a major advantage for dosage form
development, but their relatively low predicted permeability through intestinal barrier
models (Caco-2 ~ -5.8 and -5.3 log cm/s) may limit bioavailability. In contrast, more
lipophilic compounds 4—6 exhibit better permeability, but their solubility will likely
require specialized pharmaceutical management. The metabolic prediction deserves
special attention. The fact that compounds 4 and 5 are not predicted to be substrates
of major CYP isoenzymes is a significant strategic advantage, as it minimizes the risk
of serious drug interactions — a common problem in oncology and anti-inflammatory
therapeutic regimens (Sakamuru et al., 2025).

Analysis of toxicological risks and their structural origins. The high cardiotoxicity
(hERG) values for compounds 3, 5, and 6 (>0.64) and genotoxicity values for 4 and
5 (>0.92) require detailed attention. It is important to emphasize that these risks are
likely related not to the 1,3,5-triazine core per se, but to specific substituents and side
chains introduced into the structure. For example, the identified toxicophores, which
pose a risk of skin sensitization for all compounds, require careful analysis of specific
fragments. This points to a clear direction for optimization: future medicinal chemical
synthesis should focus on isosteric substitution or minimal modification of problematic
fragments while preserving the key pharmacophores responsible for the target activity.
Comparison with data on known triazine-based drugs (e.g., gedatolisib) would reveal
whether the identified risks are typical for the class or specific to our new structures
(Rossetti et al., 2024).

Limitations of the method and the way forward. It should be noted that all conclusions
are predictive in nature. Although the PASS and ADMETIab 3.0 algorithms are based
on extensive experimental data, false positive and false negative results are possible.
For example, the high predicted neurotoxicity of compound 4 (0.915) requires priority
testing in specialized in vitro assays on neuronal cell lines. Thus, this study does not
replace, but rather strategically guides subsequent experimental work, indicating what
exactly and in what order to test, which ultimately leads to significant resource savings.

Conclusion. In conclusion, a comprehensive computer-aided screening of six new
1,3,5-triazine derivatives using the PASS and ADMET]ab 3.0 platforms enabled not only
the filtering of compounds but also their multi-level stratification and the formulation of
specific research hypotheses for the next stage of development.

1. Identification of lead candidates. Based on integrated analysis, compound 2
was identified as the most balanced candidate for immediate synthesis and primary
biological testing. It combines predicted antiandrogenic (P =0.75, mannotetraose-
2-alpha-N-acetylglucosaminyltransferase inhibitor) and anti-inflammatory activity
(P,=0.84, anaphylatoxin receptor antagonist) with the most favorable toxicological
profile in the series: low risk of cardiotoxicity (hERG=0.148), genotoxicity (0.357), and
hepatotoxicity (0.152). Its high free fraction in plasma (Fu=84.2%) predicts good tissue
target availability.

2. Identification of candidates for targeted optimization. Compound 4, which exhibits
exceptional BBB permeability (+++) and a unique combination of activity (AKR1C3
inhibition, P =0.85), is recognized as highly potent but requires modification. The
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primary objective is to reduce the unacceptably high predicted risks of genotoxicity
(0.996) and neurotoxicity (0.915) by redesigning specific structural fragments identified
as toxicophores, followed by repeated in silico validation.

3. Practical recommendations for the preclinical program.

Priority is given for compounds 1 and 2 to in vitro tests for AKR1C3 inhibition
and in inflammatory models (e.g., inhibition of complement activation), as well as to
assess membrane permeability using the PAMPA system to refine the bioavailability
prediction. For compounds 4-6 prior to efficacy studies, in vitro assessments for toxicity
are mandatory to experimentally confirm or refute key risks.

Thus, this study serves as a clear demonstration of the "screening-stratification-
optimization" paradigm in modern medicinal chemistry. Computational methods
have demonstrated their power as a decision support system that allows for focusing
real laboratory efforts and resources on the most promising and rational directions,
accelerating the discovery of new drugs based on the high-potential 1,3,5-triazine
scaffold.
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Abstract. Ursolic acid is a natural pentacyclic triterpene found in many medicinal
plants. Due to its wide biological activity, including antitumor, anti-inflammatory,
antioxidant, hepatoprotective and antimicrobial effects, it is considered a promising
structure for developing new broad-spectrum therapeutic agents. However, its clinical
application is limited by low water solubility, weak bioavailability, and limited
selectivity. Therefore, considerable attention is given to the structural modification of
ursolic acid to obtain derivatives with improved pharmacological and physicochemical
properties and high therapeutic value. The purpose of the study was to demonstrate a
way to increase the biological activity and improve the pharmacokinetic properties of
ursolic acid by means of chemical modifications. The following research methods were
used: synthetic pathways, analysis of the influence of structural changes on biological
activity, and comparison of experimental data obtained on various biological models.
Modern methods of chemical synthesis of ursolic acid derivatives, grouped by key
reactive positions of the molecule C-3, C-28, as well as other parts of the skeleton, such
as ring A, double bond between C-12 and C-13, are considered in the review article.
Studies have shown that targeted modification in positions C-3 and C-28 is most effective
for enhancing antitumor, anti-inflammatory, antibacterial and cytotoxic activity. The
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practical significance of the study is that it shows the high potential of modified ursolic
acid in the development of new pharmaceuticals and substantiates synthesis strategies
aimed at targeted enhancement of biological activity.

Keywords: ursolic acid, chemical modification, reaction centers, triterpenoid
derivatives, biological activity
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AHHOTamuUs. YPCON KBIIIKbUIBI KONTEreH JOPLIIK OCIMIIKTepe Ke3IeCeTiH
Ta0WFU NICHTALUKIIBI TPUTEPIICH. ICiKKe Kapchl, KAObIHYFa KapChl, aHTHOKCHIAHTTHIK,
TeIaTONPOTEKTOPIBIK JKOHE MHUKPOOKAa KapChl ocepii Koca ajFaHna, OMOJIOTHSIIBIK
OeNCeHNITIKTIH KeH CHeKTpiHe OalIaHbICTHI OJI )KaHa KeH CIEKTPIi eMJIiK areHTTep/l
JKacay YIIiH MEepCHeKTHBAIbI KYPBUIBIM PETiHJe KapacThIpbUIabl. JlereHMeH, ypcol
KBIIIKBUIBIHBIH KIMHUKAIBIK KOJJAHBUTYbl OHBIH Cylda TOMEH epiriliTiriMeH, Hamap
OMOXKETIMAUIITIMEH JKOHE ocep eTYIIH IICKTEYll CEJICKTUBTUIINIMEH IIeKTEeIe .
Ocpiran OallylaHBICTBI  KOFAphl eMJIK MaHBI3BI 0ap (apMaKoNOTHSAJIBIK JKOHE
(hM3UKa-XUMISUTBIK CHITaTTaMajlapbl KaKCAPTBUIFAH TYBIHABUIAPABI ally YIIIH YPCOI
KBIIIKBUTBIHBIH KYPBUIBIMIBIK MOIM(UKAIMICEIHA KOl KOHUI OemiHemi. 3epTreyuiH
MaKCaThl — XUMUSUTBIK MOJTUGUKAIUSIIAD apPKBUTBI YPCOJ KBIIITKBUTBIHBIH OUOJIOTHSUTBIK
OCJICeHAUTITIH apTTHIPY JKOHE (PapMaKOKMHETHKAJIBIK KACUETTEPiH KaKCaPTy JKOIJapbIH
KepceTy. 3epTTey oicTepi pEeTiHIEe CHHTE3 >KOJIIAapbl, KYPBUIBIMIBIK ©3repicTepiiH
OMOJIOTHSIIBIK  OCTICEHIUTIKKE OoCepiH Tajmay, COHAAi-aK opTYpii OMOIOTHSIBIK
MOJIENbJIEp/Ie ATBIHFAH SKCIEPUMEHTTIK EePEeKTep/i CalbICThIPy KommaHbuiasl. [1lomy
Makalaja MOJICKYJIaHBIH HETI3r peakIusuiblK opraislkrapsl - C-3, C-28, conmaii-ak
KaHKaHbIH 0acka Oeuikrepi, Mbicaibl, A cakuHackl, C-12 xoHe C-13 apachiHIarbl KOC
OaiiyiaHpIC OOMBIHIIIA TOMTACTHIPBIIFAH YPCOJ KIIIKBUIBI TYBIHIBUIAPBIHBIH XUMHSITBIK
CHHTE31HIH 3aMaHayH 9JIicTepl KapacThIpbliaasl. 3eprreyiep HoTmxkecinae C-3 xoHe
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C-28 mosunusapblHAaFel MaKCcaTThl MOAU(DUKAINS 1CIKKE Kapchl, KaObIHYFa Kapchl,
OakTepusiFa Kapchl XKOHE IIUTOYBITTBUIBIK OCICEHAUTIKTI apTThIpyAa €H THIMJI eKeHiH
kepceteni. lllomyna YCHIHBUIFaH HOTHIKENEP OHKOJIOTHSUIBIK, KaOBIHY, JKYKIaJIbI
aypynapabl eMzeyre OarbITTajfaH »KaHa IpernaparTapbl d3ipieyae NaiganaHbuTysl
MYMKiH, COHJal-aK MJOpPUTIK XUMUsS, (ApMAKOJIOTUS KOHE OHOMEIUIIUHAIIBIK
TEXHOJIOTHsIJIAp cajlachIHIOAFbl OJaH opi 3epTTeyiepre Heri3 Oonansl. 3epTTeynepliy
MPAaKTUKAJIBIK MaHBI3IBUIBIFEl — MOIU(HUKALUSUIAHFAaH YpPCON KBIIIKBUIBIHBIH JKaHa
(hapmaleBTHKaJIBIK areHTTeP/1 93ipIiey/ie JKOFaphl IOTEHIHAIbI 0ap eKeHIH alKbIHAAY bl
KOHE OMOJIOTHSUIBIK OEJICEHIUTIKTI MaKcaTThl TYpAE apTThIpyFa OarbITTallFaH CHHTE3
CTpaTerusIapblH Herizaeyi OoJbIl TaObLIaabI.

Tyiiin ce3mep: ypcona KbIIKBUIBL, XUMHSJIBIK MOAWDUKAINSA, PEaKIHSIIBIK
OpTaJIBIKTap, TPUTEPIICHOUATAPABIH TYBIHIBIIAPHI, OUOTOTUSIIBIK OSICEH TITIK
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AHHOTanms. YpconoBasi KUCJIOTa — MPUPOAHBIN NMEHTAUKINYECKUNA TPUTEPIIEH,
cofiepKalluiicss BO MHOTHX JIEKAPCTBEHHBIX pacTeHMsIX. brnaromaps IHpoKoMy
CIEKTPY OHMONOTMYECKOH  aKTHBHOCTH, BKJIIOYAIOLIEMY  HPOTHUBOOITYXOJIEBOE,
MIPOTHBOBOCHAIUTEIbHOE, aHTHOKCHJAHTHOE, TeNaTONPOTEKTOPHOE U aHTUMUKPOOHOE
JeliCTBUE, OHA PACCMATPUBACTCS KaK IEPCIIEKTUBHAS CTPYKTYpa AJIs pa3padOTKH HOBBIX
TepaneBTUYeCKUX areHToB. OHaKo e€ KIMHUYEeCKOe IPUMEHEHHE OTPAHNYEHO HU3KON
pPacTBOPUMOCTBIO B BOAE, C1a00H OMOAOCTYIMHOCTBIO M YMEPEHHON CEIEKTUBHOCTBIO,
YTO CYLIECTBEHHO CHMKAET (papMakolornieckyro 3(p¢GeKTHBHOCTb. B cBs3u ¢ 3THM
3HAUUTEIbHOE BHUMAHHE YAEIAETCS CTPYKTYPHOM MOAU(UKAMK YPCOTOBON KUCIIOTHI
C LIEJBIO MIOTYYEHUsI TPOU3BOAHBIX C YIyUIIEHHBIMHU (DapMaKoJIOTHIECKUMH U (HU3UKO-
XMMUYECKHMHU XapakTepucTukamu. llenpro mccienoBanus ObLIO MPOaHaIM3HPOBATH
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CIOCOOBIMTOBBIICHHUS OMOJIOTHYECKOH aKTUBHOCTH M YTy YILICHH S (papMaKOKHHETHYE CKUX
CBOHCTB yPCOJIOBOM KHCJIOTHI TOCPEACTBOM Pa3IMYHBIX XUMHUECKUX MonuuKanuii. B
Ka4yeCcTBE METO/I0B UCCIIE0BaHMS HCIIOIb30BAINCH aHAJIN3 COBPEMEHHBIX XUMHUUECKHUX
MOAXONOB K MOAM(DUKANMH CTPYKTYpbl, H3yYeHHE BIMAHUS (YHKIHOHAIBHBIX
MpeBpaleHni Ha OMOIOTUYECKYI0 aKTUBHOCTD U COTIOCTaBIICHHUE JaHHBIX, MOTYYEeHHBIX
Ha Pa3IMyYHBIX OMOMozeisx. B 0030pHOH cTaThe pacCMOTPEHBI aKTyajlbHbIE METOJBI
CHHTE3a MPOU3BOIHBIX YPCOJOBOW KHCIOTHI, KIAacCH(HUIMPOBAHHBIE MO KIIOUEBBIM
PEaKIMOHHOCTIOCOOHBIM MO3HLUSAM MOJIeKybl — C-3, C-28, a Takke 0 MOTUPHUKALUSIM
koibIa A u obnactu J1BoiHOM cBsizu C-12=C-13. [loka3aHo, 4TO IeJICHAIIPABICHHBIC
npeoOpaszoBanus B no3unusax C-3 n C-28 sBustorcst HanOonee d(QPEKTUBHBIMU IS
YCUJICHUSI TPOTHBOOIYXOJICBOH, MPOTHBOBOCHAIUTEIbHON, aHTUOAKTEPUAILHOW H
LIUTOTOKCHYECKON aKTUBHOCTH B OTHOIIIEHNH OITyXOJEBBIX KJIeTOK. [IpencraBneHHbIe B
0030pe pe3ynbTaThl MOTYT OBITH UCTIOJIB30BAHBI P CO3IaHUH HOBBIX JIEKaPCTBEHHBIX
npenaparoB AJsl JIE€YCHUS OHKOJIOTMYECKHX, BOCHANIUTENBHBIX M HH()EKIHOHHBIX
3a00JIeBaHMI, @ TAK)KE CIY’KUTh OCHOBOM AJIS1 JalbHEUIINX UCCIIeOBaHUH B 00NacTH
MEINIMHCKON XUMHUH, (PapMaKoJIOTHH 1 OMOMEANIMHCKUX TexHonoruil. [Ipakruyeckas
3HAaYMMOCTbh HCCIJIEZIOBAHUS 3aKiIodaeTcs B JEMOHCTPALMM BBICOKOTO MOTEHIMAJa
MOIM(UIMPOBAaHHON YPCOJOBOM KHUCIOTHI B pa3paboTKe HOBBIX (hapMalleBTHUECKUX
CpeAcTB U OOOCHOBAaHWM CTPATEeTHil CHMHTE3a, HANPaBICHHBIX Ha LEJEBOE YCHIICHHE
OMOJIOTMYECKOM aKTUBHOCTH.

Ki1ioueBble c10Ba: ypcoioBasi KUCJIOTa, XUMUYECKask MOAU(HUKALIUS, peaKIHOHHbIE
LEHTPBI, TPOU3BOAHBIE TPUTEPICHOUIOB, ONOJIOrHYeCKass aKTUBHOCTD

Introduction. Among natural compounds, triterpenoids are among the most
abundant and structurally diverse biologically active secondary metabolites in plants.
They play protective, signaling, and physiological regulatory roles in plants. In addition,
triterpenoids have attracted special attention in the medical and pharmaceutical industries
due to their anti-inflammatory, antitumor, antiviral, antioxidant, and hepatoprotective
effects (Malik et al, 2024; Wei et al, 2024; Hu et al, 2025). One of the most widely
distributed compounds among these triterpenoids is ursolic acid (Cargnin et al, 2017;
Szakiel et al, 2012). Ursolic acid (3B-hydroxy-urs-12-en-28-oylic acid) (1) is a five-
membered triterpenoid.
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Various studies on the synthesis and biological properties of ursolic acid obtained
from plants have revealed its importance in the fields of industry, agriculture and
medicine.

Among oncological diseases, hormone-dependent types - in particular, breast and
endometrial cancer in women, as well as prostate cancer in men - remain one of the
medical and biological problems that have not lost their relevance today. In the treatment
of such pathologies, antihormonal drugs aimed at regulating hormonal balance and
inhibitors of enzymes involved in the biosynthesis of hormones (for example, aromatase)
are widely used. Studies have shown that ursolic acid is also able to inhibit the activity
of the aromatase enzyme (Jeong et al, 2000), which makes it a promising agent in the
therapy of hormone-dependent malignant tumors.

Ursolic acid exhibits pronounced antitumor activity by suppressing key signaling
pathways involved in tumor development. It also significantly reduces proliferation and
enhances apoptosis of cancer cells by blocking their pathological activation (Mbaveng
et al, 2014).

Ursolic acid exhibits a wide range of biological activities, however, its practical
application is limited by its low solubility, poor bioavailability, and limited selectivity
of action. Therefore, it is important to chemically modify ursolic acid to improve its
pharmacokinetic properties, enhance its therapeutic activity, and obtain new derivatives
with high selectivity and safety.

This work examines the modifications of the triterpenoid ursolic acid, which has a
wide spectrum of biological activity, at its reactive centers, and the pharmacological
activities of the synthesized derivatives.

Materials and methodology. The scientific information and data that formed the
basis of this review were systematically selected from international scientific databases.
In particular, information on chemical modifications performed on the reactive centers in
the molecular structure of ursolic acid, their synthesis routes and biological activity were
searched and analyzed from leading databases such as ScienceDirect, SpringerLink, and
PubChem.

The following keywords were used during the information search: ursolic acid,
chemical modification, reactive centers, biological activity, triterpenoids, derivatives,
etc.

The collected literature data were systematized according to the directions of
chemical modification (for example, C3-hydroxyl group, C28-carboxyl group and C12—
C13 double bond), and the synthetic methods used for each reactive center and their
effect on pharmacological activity were comparatively analyzed.

Results and discussion. Modifications at the C-3 position. The C-3 hydroxyl
group is one of the most frequently modified moieties in the structure of ursolic acid.
Various chemical modifications at this position, including esterification, oxidation,
glycosylation, oximation, and the formation of carbamate or amide derivatives, are
widely used to enhance anticancer activity.

Thien and colleagues synthesized a number of new derivatives of ursolic acid
by chemical modification. In the study, the hydroxyl group at the C-3 position was
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mainly modified with various functional groups. The purpose of these modifications
was to increase the anticancer activity of the molecule. During the synthesis, the C-3
hydroxyl group of ursolic acid was first subjected to various acetylation and ester and
amide introduction reactions. As a result, compounds (2—4) were obtained. In addition,
oxidation, oximation, and further acetylation were carried out to obtain the acetoximino
group compound (5) (Thien et al, 2013). The results of the study showed that the
presence of an acetoximino group in the molecule significantly increased its anti-lung
cancer activity compared to the original ursolic acid. These structural modifications
demonstrate the possibility of creating effective anti-cancer drugs based on ursolic
acid, and the reactions are aimed at improving lipophilicity and biological activity by
modifying the C-3 position.

HOOC(H,C),0C

7,
“,,

) (3)

HOOC(CgH4)OC

4) ®)

Fontana and colleagues conducted a series of modifications and studied the effect of
the synthesized compounds on malignant liver cancer cell lines (HepG2, HA22T/VGH
and Hep3B) [Fontana et al, 2019]. Among the ursolic acid derivatives, compounds (6)
and (7), in which a three-carbon side chain was introduced at the C-3 position, were
obtained as stereoisomers by the Barbier—Grignard method and showed high activity

against all three cell lines.
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H O////u,

(6) )

Xu and his research group reacted ursolic acid and a number of other triterpenoids
with 3,4,5-methoxy benzoic acid and tested the antitumor effects of the resulting
compounds on A549, MCF-7, H1975, and BGC-823 tumor cells. In particular,
compound (8) with a 3,4,5-trimethoxyphenacyl group introduced at the C-3 position
had a specific antiproliferative effect, with an 1Cs, value ranging from 5.32—-15.23 uM
(Xu et al, 2020).

OCH,

®)

Jin and colleagues synthesized novel derivatives based on ursolic acid containing a
quinoline structure and containing thiadiazole, hydrazide, and oxadiazole moieties. The
antitumor activity of these compounds was evaluated in vitro against cancer cell lines
such as SMMC-7721, MDA-MB-231, and HeLa. As a result of the studies, a number
of compounds showed significant activity against at least one cell line. Among them,
compound (9) showed the strongest activity against all cancer cell lines, and this activity
was higher than that of etoposide. In particular, compound (9) can induce apoptosis of
HeLa cells, arrest the cell cycle at the GO/G1 phase, increase the intracellular level of

reactive oxygen species, and reduce the mitochondrial membrane potential (Jin et al,
2019).
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In addition, compound (9) can significantly inhibit MEK1 kinase activity and
interfere with the Ras/Raf/MEK/ERK transduction pathway. Thus, compound (9) has
been identified as a potential anticancer agent and a promising compound worthy of
further investigation.

Wu et al. developed a series of derivatives by modifying the structure of ursolic
acid with an aminoguanidine fragment and evaluated their anti-inflammatory and
antibacterial properties (Wu et al, 2019). Among these derivatives, compound (10)
showed the highest antibacterial activity against various bacteria tested with MIC
values in the range of 2-16 pug/mL, as well as the highest anti-inflammatory activity
with 81.61% inhibition. Structural analysis revealed that the aminoguanidine group is
the main factor influencing the activity. It was also observed that the retention of the
carboxyl group at C-28 in the molecule enhances the pharmacological efficacy of the

compound.

(10)

Gu and his research group synthesized new quinoline derivatives based on ursolic
acid. The antitumor effects of these compounds were tested in vitro on a series of
human cancer cells, such as MDA-MB-231 (breast cancer), HeLa (cervical cancer), and
SMMC-7721 (liver cancer) (Gu et al, 2017). In particular, compound (11) was found
to be the most potent derivative, with IC, values of 0.61 + 0.07, 0.36 + 0.05, and
12.49 + 0.08 uM, respectively, against MDA-MB-231, HelLa, and SMMC-7721 cells,
respectively, compared with the control.
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1m

Modifications at the C-28 position

The carboxyl group at the C-28 position is one of the structural elements that is
frequently subjected to chemical modification. Functional groups such as piperazine
ring and nitrogen chains are introduced at this position through esterification, amidation.
Such modifications are often carried out to enhance anti-lung cancer activity.

Tian and colleagues synthesized new derivatives by introducing various diamine
groups at the C-28 position of ursolic acid and studied their anti-cancer activity against
MCEF-7, HeLa and A549 cancer cells (Tian et al, 2017). During the synthesis, the C-3
hydroxyl group was first protected with an acetyl group, and then the C-28 position
was modified with 2-hydroxyacetate and subjected to amidation reaction with various
diamines. The amines used included piperazine, N-methylpiperazine and various alkane
diamines. The results of the study showed that some of these derivatives, especially
compound (12), had higher antiproliferative activity compared to gefitinib. In particular,
compounds with primary amine groups were significantly more effective than secondary
and tertiary amine derivatives. In addition, secondary amine derivatives showed higher
activity compared to tertiary amines.

3
S
N
N

R' = NH(CH,),NH,
12)

Chi et al. synthesized a series of novel derivatives containing oxadiazole, piperazine,
and triazolone groups based on ursolic acid and evaluated their antitumor activity (Chi
et al, 2017). The antihypoxic effects of these derivatives, in particular, their ability to
inhibit the expression of hypoxia-induced factor-1a (HIF-1a), were investigated. In vitro
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experiments showed that these novel compounds significantly enhanced their antitumor
activity by inhibiting the expression of HIF-1a. Among them, derivative (13) inhibited
HIF-1a activity the most, but did not show cytotoxic effects on cancer cells. These
results indicated that simple esterification of the carboxyl group of ursolic acid could
significantly enhance its ability to inhibit HIF-1a activity and reduce its toxicity to cells.
In addition, the study revealed that derivative (13) could slow down cell proliferation
and induce cell cycle arrest in the G1 phase.

(13)

Gou et al. obtained several compounds by structural modification of ursolic acid.
Among them, compound (14) with a piperazine moiety in particular showed a more
pronounced inhibitory effect on lung cancer cell proliferation (IC, = 5.4-6.1 uM for
AS549 cells and IC50 = 3.9-5.7 uM for H460 cells) compared to the original ursolic acid.
Compound (14) was shown to not only induce cell cycle arrest at the GO/G1 phase but
also induce apoptosis in A549 and H460 cells. Thus, compound (14) is a drug with anti-
lung cancer properties (Gou et al, 2020).

(14

Li and his research group synthesized a series of novel derivatives based on ursolic
acid and investigated their ability to inhibit hypoxia-inducible factor 1o (HIF-1a) activity
and anti-inflammatory properties. The single compound (15) inhibited HIF-1a activity
more effectively than ursolic acid and showed anti-inflammatory effects comparable to
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celecoxib in in vivo studies. In addition, this compound moderately inhibited the COX-
2 enzyme, which also confirms its anti-inflammatory potential (Li et al, 2022).

(15)

Based on these results, compound (15) is considered a promising molecule and can
be proposed as a starting structure for the development of new HIF-1a inhibitors and
anti-inflammatory agents.

Modifications at positions C-3 and C-28

Kalani and colleagues modified the molecular structure of ursolic acid and studied its
characteristics using quantitative structure-activity relationship (QSAR) models (Kalani
et al, 2012). They applied these models to human lung cancer cell lines (A549). The
antitumor activity of the compounds obtained in the study was in good agreement with
experimental data. Among them, the 4-bromoanilamidoursolic acid analogue (16) was
the most active of all and had higher cytotoxic activity than the control drug Adriamycin.

(16)

Based on previous studies, Hua and his research group developed a series of novel
biologically active derivatives by purposefully modifying the structure of ursolic acid.
In their study, a series of novel ursolic acid derivatives modified at positions C-3 and
C-28 were designed and synthesized with the aim of developing potential anticancer
agents (Hua et al, 2015). They were evaluated against five cancer cell lines (MGC-803,
HCT-116, T24, HepG2 and A549) and a normal cell (HL-7702). The screening results
showed that some of these targeted compounds exhibited moderate to high levels of
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antiproliferative activity. The results indicated that the anticancer activity of compound
(17) could be achieved by inducing cell apoptosis by arresting the cell cycle at the
G1 phase, and could induce apoptosis through both intrinsic and extrinsic apoptotic
pathways.

S

N)J\NH

H,CO OCH,
OCH,

an

Other modifications

Leal and colleagues synthesized a series of ursolic acid derivatives using an
electrophilic fluorinating reagent. The antiproliferative activity of these novel compounds
was evaluated in AsPC-1 pancreatic cancer cells and their structure-activity relationships
(SARs) were investigated. Among the synthesized compounds, ursolic acid derivatives
with heterocyclic rings such as imidazole or methylimidazole and cyanones were among
the most potent inhibitors of AsPC-1 pancreatic cancer cell growth. 2-cyano-3-oxo-
120-fluoro-urs-1-ene-13,28B-olide, compound (18), was the most potent inhibitor with
1C50 values of 0.7, 0.9 and 1.8 uM in AsPC-1, MIA PaCa-2 and PANC-1 cancer cells,
respectively. This compound also showed good antiproliferative activity against breast
(MCF7), prostate (PC-3), hepatocellular (Hep G2), and lung (A549) tumor cells with
1C50 values below 1 uM (Leal et al, 2012).

NC

(18)
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Fu et al. reported that the biotransformation of ursolic acid by the endophytic fungus
Ustilago isabellina introduced a number of important structural changes. During the
study, it was found that the double bond of ursolic acid was shifted from the original
C-12—C-13 position to the C-11-C-12 position, and a hydroxyl group was introduced
at the C-13 carbon atom. As a result, new compounds (19-21) were obtained (Fu et al,
2011). In addition, a lactone ring was formed between the C-28 carboxyl group and the
C-13 hydroxyl group. These structural changes are an important step in increasing the
biological activity of ursane-type triterpenes and obtaining new natural compounds. The
authors showed that endophytic fungi can be used not only as metabolite producers, but
also as effective biocatalysts in complex structural transformations of natural compounds.
This study will increase the possibility of obtaining new bioactive compounds based on
ursolic acid and open the way to its use in the pharmaceutical field.

19)

21

Batra et al. isolated ursolic acid from the holy basil plant (Ocimum sanctum) and
synthesized three new derivatives based on this compound. These derivatives were
obtained by introducing various functional groups at the C-3, C-11 and C-28 positions
of ursolic acid and were evaluated for antitumor activity. A series of derivatives (22-24)
decreased DHFR activity and increased extracellular homocysteine levels. Compound
(23) showed significant antiproliferative activity in cancer cells (Batra et al, 2013).
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(22) (23)

249

Conclusion. Ursolic acid is a biologically active substance belonging to the group of
natural triterpenoids. The main functional groups include the hydroxyl group, carboxyl
group, and double bond. These groups are chemically active, so ursolic acid is easily
subjected to various chemical modifications. Such modifications are aimed at improving
its properties such as solubility, bioavailability, and pharmacological activity.

The chemical structure of ursolic acid is amenable to modification at various positions,
which in turn allows it to significantly increase its biological activity. The C-3 position
is one of the most frequently modified regions. The hydroxyl group at this position
easily undergoes various chemical reactions, improving the lipophilicity and biological
activity of the molecule. Significant modifications have also been made at the C-28
position. Here, the antitumor activity of the derivatives has been significantly increased
by the addition of various fragments. Modification of the double bonds at positions
C-12 and C-13 is also of interest. In particular, reactions such as the introduction of
a fluorine atom or the formation of a lactone ring enhance the activity of ursolic acid
against cancer cells. These changes contribute to cell cycle arrest, apoptosis activation,
and cytotoxicity.

Overall, this review has shown that chemical modifications at different positions of
the ursolic acid molecule significantly affect its pharmacological properties. The clinical
efficacy and safety of the resulting derivatives need to be further evaluated through in
vivo and clinical studies. Work in this direction will pave the way for the development
of new, effective, and safe drugs based on ursolic acid.
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Abstract. Molybdenum disulphide (MoS;) is widely used in catalysis,
electrochemistry, energy storage devices, and lubricants due to its layered structure and
unique properties. This study investigates the kinetics and mechanism of MoSoxidation
by sodium hypochlorite (NaClO) solution. It reviews current hydrometallurgical methods
for processing molybdenite concentrates. Experimental research was conducted over a
range of temperatures (298338 K), pH values (5.5-9.0), and oxidant concentrations
(0.05-0.8 mol/L). Results show that oxidation proceeds via a heterogeneous mechanism
and follows pseudo-first-order kinetics with respect to NaClO. Increasing hypochlorite
concentration enhances molybdenum extraction from 35% to 85%, while reducing
reaction time from 60 to 30 minutes. The highest reaction rate occurs in a slightly
alkaline environment (pH 8-9), corresponding to optimal oxidative activity of OCl
ions. The activation energy, calculated from the Arrhenius equation, is 42—55 kJ/mol,
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indicating a moderate energy barrier. The oxidation mechanism involves adsorption
of ClO ions on MoS, surface active centers, followed by the oxidation of sulphur (S*
— S0O,”) and molybdenum (Mo** — Mo®"), producing soluble MoO,* and SO,> ions.
Intermediate compounds like MoO, and H,MoO, were observed in the early stages. The
morphological properties of MoS,, including dispersion and lattice defects, significantly
impact the reaction rate. These findings advance the understanding of sulphide mineral
oxidation and have applications in environmentally safe hydrometallurgical processes
for molybdenum-containing materials.

Keywords: molybdenum disulfide, sodium hypochlorite, oxidation, kinetics,
activation energy, reaction mechanism
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Annoramnus. Kasipri yakpiTTa MOMTHOAEH KOCBUIBICTAPbI KAaTaln3, IEKTPOXUMHUS,
9HEPTHUsl CaKTay KYPBUIFBUIAPHI JKOHE Maiijlay Marepuanjgapbl calanapblHla KeHiHeH
KOILIaHbLIaAbl. Ocipece, MonubaeH mucynbduai (MoS,)) esiHiH KaOblpmiak Topismi
KYPBUTBIMBI MEH €pEeKLIe PU3UKA-XUMUSITBIK KACHETTEPIHIH apKACHIH/1a HAHOTEXHOJIOT s
MEH MaTepuaiTaHyla epekiue Hasapra ne. Makanana Harpuid runoxyoputi (NaClO)
epiTinjici MeH MomuOieH nucyabGuaiHia (MoS,) KHHETUKAChl MEH TOTBIFY MEXaHH3MiHE
KEIICH/Ii 3epPTTeY JKYpri3iireH. MonnOaeHUT KOHIEHTPATTAPbIH MM IPOMETaILITY PTHSUIBIK
OHJICY/IIH 3aMaHayH 9JiCTepiHe 9/1eOu Moy kKacajabl. DKCIIEPUMEHTTIK 3epTTeylep
KeH Temrmeparypa auanazoHbiHAa (298-338 k), pH (5,5-9,0) %oHE TOTBIKTBHIPFBIII
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konuenTpanusiceiga (0,05-0,8 monb/n) opeipanael. [Iporecc rereporenai TUOTET]
MexaHH3M OolibIHIIa )KYpeTiHi xoHe NaClO GolibiHIIa [TCeB10-01piHILi pETTi KHHETHKAFa
OarbIHATBIHBl  AHBIKTAJABL. | MIOXJIOPUT KOHUEHTPALMSCHIHBIH KOFapbliaybIMEeH
MOJIMOJICHHIH JSKCTpakius nopexeci 35%-man 85%-ra JeliiH apTanubl, an peakius
yakbIThl  60-Tan 30 MuHyTKa JAeWiH KbIcKapaabl. PeakuusiHbIH €H JKOFapsbl
KBUIIAMIBIFBL d71ci3 cintimi opraga (pH 8-9) Oaiikanagpr, 6yn OCl- moHIapbIHBIH
MaKCHUMaJbl TOTBIFY OeNCeHIUNriMeH OainaHbICThl. AppeHHyC TeHJeyi OoHbIHIIa
aKTUBTEHAIPY JHeprusicblH ecentey 42-55 k/[k/Monmb MoHIEepiH KepcerTi, Oyl
MPOLECTIH KalbINTBl JHEPreTUKANbIK KEeAEprici MeH XUMHSJIBIK OaKbUIaybIH
kepcereni. MoS, Oerinin Oencenni  oprambikrapeiiaa  ClO™  MoHIaphIHBIR
ancopOLMACHIH, KYKIpTTiH (S* — SO,*) xoHe Monubaennin (Mo** — Mo®") epurin
MoO,* sxone SO, HMOHJAPHIHBIH TY3iTYiH KAMTUTBIH BIKTMMA TOTBIFY MEXaHM3Mi
ycoinbuIFad. MoO, xone H,MoO, apanblK KOCBUIBICTApBIHBIH TY31LIyi pacTaibl,
acipece peaklMAHBIH alFallKpl Kesenaepinae. MoS, Mop(onorusibIK cunarraManapbl
(mucmepcusi, KpUCTaJABIK TOPABIH aKayJjapbl) >KYWEHIH pPEaKTUBTUIIMH apTThIpa
OTBIPBIN, ©3apa 9PEKETTeCy >KbUIAaMIBIFbIHA alTapibIKTall ocep eredi. Hotwmxkenep
cyabpUATI MUHEpaNAapIblH TOTBIFY MEXaHU3MJAEpi Typajbl TYCIHIKTEpIi KeHeWTeli
JKoHe KypambiHaa MoS, Gap monubiaen 0ap KOHLEHTpAaTTapipbl, KaTaau3aTopaapibl
KOHE  KaJABIKTapIpl  OHJACYIiH  THIMAI  JKOHE  OKOJOTHSUIBIK  Kayimcis
THIPOMETAILTY PTHSUTBIK, TEXHOJIOTUSIIAPBIH 3ipIiey/ ie naiiiananblTybl MYMKIH.

Tyiiin ce3nep: MonuOaeH AuUCYnb(GUAI, HATPUH TUIOXJIOPUTI, TOTBIFY, KHUHETHKA,
AKTHBTEHY SHEPTHSCHI, pEaKsi MEXaHU3Mi

© P.H. Kanaauena', b.C. Umanranuesa™, M.A. JKapkunoexon',

A.C. Yurapo6aea', C. Bepuioexosa!, 2025.
TlenTpanpHO-A3uaTCKUii HHHOBAIMOHHBIN yHUBepcuTeT, [1IsiMkenT, Kazaxcran;
2 AKTIOOMHCKUH perrnoHanbHbIi yHuBepceuTeT uMenu K. Xybanona,
Axto0e, Kazaxcramn;

SVuusepcureT umenn XK. Tarrenosa, IlleivkenT, Kazaxcran.

E-mail: nur_b_70@mail.ru

N3YYEHUE KUHETUKU U MEXAHU3MA OKUCJIEHUSA JUCYJIbDUJIA
MOJIMBAEHA I'MIIOXJIOPUTOM HATPUSA

Kananuesa Pamuna — IlenTpanbHo-A3HaTcKUil MHHOBALIUOHHBIN YHUBEPCUTET, KAHIUAAT XUMHYECKUX
Hayk, mpodeccop, llIsmvkent, Kazaxcran,

E-mail: rashida_zhanalie@mail.ru, https://orcid.org/0000-0002-2171-2707;

HWmanrannesa bazapxan — AkTioOuHCKHMI pernoHanbHblil yHUBepcuteT uM. K. XKyGanosa, kananaar
Iejarornieckux Hayk, npogeccop, Axroode, Kasaxcran,

E-mail: nur_b_70@mail.ru, https://orcid.org/0000-0002-3121-3135;

KapxunOekos Mypar — lLleHTpanbHO-A3UAaTCKUl HMHHOBAllMOHHBIA YHUBEPCUTET, KaHIAMJAT
TeXHUYCCKUX Hayk, [IIsiMkent, Kasaxcran,

E-mail: murat.asan.73@mail.ru, https://orcid.org/0009-0001-3098-9812;

Yurapo6aeBa Aiicyny — LlenTpanbHO-A3UaTCKUI HHHOBALIMOHHBIN YHUBEPCUTET, MATUCTP, CTAPILUI
npenazasareis, [IIeivkent, Kasaxcran,

89



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

E-mail: ungarbaeva.aysulu@mail.ru, https://orcid.org/0009-0006-5936-0360;

Ko3bixeeBa Paiixan — VYuusepcuter umenu K. Tomenosa, Kazaxcran, kaHauaar TEXHUYECKUX Hayk,
noreHT, [lIsimkenT, Kazaxcran.

E-mail: kozykeeva@bk.ru, https://orcid.org/0000-0002-5409-3754.

AnHoTanus. B HacTos1ee BpeMsi cCOeTUHEHUS] MOJIMO/ICHA IIMPOKO MCIIOIb3YIOTCSI
B 00JacTH KaTaiu3a, 3JICKTPOXUMHH, YCTPOWCTB XpAaHEHHUS SHEPIUU W CMA304YHBIX
marepuanoB. B uactHoct, mucynbdun momubaena (MoS)) npusiekaer ocoboe
BHUMaHUE B HAHOTEXHOJOTHAX M MAaTepUaJIOBEICHWUH Onaroiapsi CBOCH CIOUCTOM
CTPYKTYpe W YHUKAJIbHBIM (H3MKO-XMMHUYECKHM CBOHCTBaM. B crarbe mpoBemeHO
KOMHHCKCHOGI/ICCJ’IGZ{OB&HI/ICKI/IHCTI/IKI/II/IMeXElHI/I?)MaOKI/ICHeHI/ISII[I/ICYJIB(i)I/IILaMOJIH(SI[eHa
(MoS,) pacteopom runoxynoputa Harpus (NaClO). Ilposenén mureparypHblii 0630p
COBPEMEHHBIX METOJIOB THUAPOMETAIUTYPIHYCCKOW MepepadoTKH MOJIHOIESHUTOBBIX
KOHIICHTPATOB. 3KCHepI/IMeHTaHBHBIC HCCJIICAOBAHUA  BBIIIOJIHCHBI B IHHPOKOM
nuarnaszone Temmneparyp (298-338 K), pH (5,5-9,0) u konuentpanuit okuciuresns (0,05—
0,8 Momb/11). YcTaHOBJIEHO, YTO TPOLECC MPOTEKAET IO IFeTePOreHHOMY MEXaHU3MY
W TIOMUMHSIETCS KWHEeTHKe IceBno-nepBoro mopsiaka no NaClO. Tlpu yBenuueHnn
KOHIIEHTPAIIMU THIIOXJIOPUTA CTENeHb H3BICUCHHsT MOJMOAeHa Bo3pacTaer ¢ 35
% no 85 %, a Bpems peakmum cokpamaercsa ¢ 60 o 30 munyt. Hambonee BhIcOKast
CKOPOCTh peakliu HalOiromaeTcs B ciabdorienounoit cpene (pH 8-9), uro cesizaHo ¢
MaKCHUMAaJIbHON OKHCIHUTEIBLHON aKTUBHOCTBHIO MOHOB OCI. Pacuér akTuBalmOHHOU
SHEPruM MO0 ypaBHEHUIO AppeHuyca IMokaszan 3HaueHus 42-55 kJlx/Moib, 4TO
yKa3bIBaeT HAa yMEPEHHBIH SHEpreTHUECKUi Oapbep ¥ XUMUYECKHI KOHTPOIIb IIpoliecca.
[IpensnioxeH BepoSTHBIN MEXaHU3M OKUCIICHHS, BKIFOYAIONIHiA agcopouunio nonos ClO-
Ha aKTUBHBIX IIEHTPaX MOBEPXHOCTH MOS,, MOCIEN0BATENILHOE OKUCIEHHE Cephl (S*
— S0O,%) u monubena (Mo*'—Mo®") ¢ o6pazoBaHueM pacTBOPUMBIX HOHOB M0O,> u
SO,”. loareepkaeHo 06paszoBaHue MPOMEKYTOUHBIX coeaunenuii MoO, u H MoO,,
0COOEHHO Ha HAYAJIBHBIX CTAIUAX Iporecca. Moponornyeckue xapakrepuctiuku MoS,
(mucriepcHOCTh, JEeEeKThl KPUCTAIMUECKOH pPemETKr) OKa3bIBAIOT CYIIECTBEHHOE
BJIMSIHUE Ha CKOPOCTb B3aPIMOI[eI>'ICTBHH, MoBbIIIAsA PCAKIUOHHYIO CcHoCcoOHOCTE
CHCTEMBI. HOHy‘-IeHHBIe PE3YIbTAaThl PACIOIUPAIOT MPCACTABICHUA O MEXaHU3MaxX
OKHCJICHUS CyNb(QUAHBIX MUHEPAIOB U MOTYT OBITh HCIOJNB30BaHbI MPU pa3padoTKe
3QPEKTUBHBIX W JKOJOTMYECKH OE30TMACHBIX THIPOMETALTYPIrHUSCKUX TEXHOJIOTHH
nepepadoTKH  MOJIHOJICHCOEPKAIMX KOHIIGHTPATOB, KaTall3aTopoB M OTXOJOB,
cozmepxkaumx MoS,.

KaroueBble ciaoBa: jnucyibdua MosuOieHa, THUIIOXJIOPUT HATPHs, OKUCIICHUE,
KHHETHKA, DOHCPI'Usa aKTUBAlluU, MEXaHU3M PCAKIINN

Beenenne. Cpenu  NpUPOAHBIX — COCAMHEHMH — MOJHMOJEHAa  HauOoIbllee

pacrnpocTpaHeHHe MOMYUHI JUCYIb(UI, XapaKTepU3YIOMIHNCI XUMAYECKOH (POpMYIIoit
MoS, ¥ cI0MCTOH CTPYKTYPOid.
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Pucynok 1 - Iucyns¢pun monudaeHa

Cpenu MHOTOYMCIIEHHBIX COCIMHEHHUH MOJIMOIEHA, BCTPEYAIOLIMXCS B IPHUPOIE,
micynshua  MonmOaeHa (MoSz) 3aHMMaeT ocoboe wmecTto Omaromaps cBoei
XMMUYECKOH YCTOHUMBOCTH M (PU3MKO-XUMHUYECKHM CBoWcTBaM. OH mpencTaBiseT
cOo0OH HEOpraHW4YecKOE€ COCIUHEHHE C XapaKTepHOW CIIOMCTOW CTPYKTYypOH, TIae
aTOMBbl MOJIMO/EHA PacIoJIaraloTCsl MEXIy IByMs cilosiMu cepbl. brmaromaps Taxoi
KoHpurypauun MoS, HaxXoOUT MIMPOKOE IPUMEHEHHWE B KauecTBe TBEPIOTO
CMa304HOT0 MaTepHaja, KOMIOHEHTa aHTU(PUKLHUOHHBIX [1ACT, BHICOKOTEMIIEPaTyPHBIX
1 MHOTOLIEJIEBBIX CMa30K.

MoS, ycToiuuB K BO3NEHCTBUIO KMCIIOT, IIEIOYEN U OPraHUYECKUX PACTBOPUTEIIEH,
32 UCKJIIOYEHUEM «IAPCKOM BOIKM» U KOHLEHTPUPOBAHHOM ropsyeil CEpHOM KHCIOTHI.
[Ipu 5TOM Ha MOBEPXHOCTU OH 0Opa3yeT MPOYHYIO IJIEHKY, CIIOCOOHYIO BBIICPKHUBATh
BBICOKHE Harpy3ku M TeMmIilepaTypbl. biarogapsi BBICOKOH Temmeparype IUIaBICHHS
(1185 °C) u mnorHoctn (4.8 r/cm® mpu 14 °C), mMarepuan ocTaércs cTaOMIBHBIM B
arpecCUBHBIX yCIOBUSX.

C npakTHYECKOH TOYKHM 3pEHMS, M3YUYEHHE MPOLIECCOB OKUCICHMS AMCYIbhuaa
MoOJHMO/IEHa MPEICTABISIET UHTEPEC B PA3JIMUHBIX TEXHOJOTMUYECKMX HalpaBJICHUSX:
OT IepepabdOTKN MOIHMOICHCOAEPKAIMX PyA A0 00E3BPEKHMBAHUS MPOMBILIUICHHBIX
orxonoB. PactBopsirunoxnoputanatpus (NaClO) mposBistoT BBICOKYH0 3(h(heKTUBHOCTH
KaK OKMCIIMTEIHM, CIIOCOOHBIE NEPEBOAMTH MAIOPACTBOPUMBIE MOS, B pacTBOpHMYIO
¢dopmy, BKIItOUas MOIMOIAT- U Cyab(ar-uoHbL. B CBA3M ¢ 3TMM akTyaJbHOU 3ajaveit
SIBJISIETCSl N3yYeHNE KHHETUKU U MEXaHM3Ma JIaHHBIX OKUCIHUTEIbHBIX IPEBPAIICHUH B
YCIIOBUSIX, IMUTHPYIOLIMX PealibHbIE IPOLIECCHI THAPOMETAIUTYPrHYeCKOM HepepaboTKu
1 OYHCTKH CTOYHBIX BOI.

Lesanr wuccaeqoBaHUsT — YCTAaHOBJICHHE KHHETHYECKHX 3aKOHOMEPHOCTEH H
MEXAaHU3MOB B3aUMOIEHUCTBUS MOS2 ¢ NaClO B BomHO# cpeme Tpu pazTUIHBIX
Temreparypax, pH 1 KOHIEeHTpauusIX OKUCIUTEIIS.

JlureparypHblii  0030p. OkucieHue Cynb(QUAHBIX MHHEPAIOB, B TOM 4YHCIE
mucynbduaa MonuOpeHa, sIBISIETCS BAKHBIM JTallOM B IIPOLECCAX  HM3BJICUCHUS
METaJUIOB U OYUCTKM CTOYHBIX BOA. Ha ceromHsmHuii AeHb NPOBEICHO HEMallo
UCCIIEIOBAHMUH, TIOCBSAIIEHHBIX B3aUMOIEHCTBIIO MOS, ¢ pasiMiHbIMU OKUCIIUTEIIAMM.
OcoOp1ii  wHTEpec BbI3bIBaeT runoxioput Harpus (NaClO), koropeii o6iamaer
PSIOM TPEUMYILECTB: BBICOKOH OKHCIHUTEIbHOM CIOCOOHOCTBIO, OTHOCHUTEIHHOM
9KOJIOTHUECKON 0€3011aCHOCTBIO U IOCTYIHOCTBIO.

MoS, — TUNMYHBIA NPENCTaBUTENL MNEPEXOAHBIX METAILIIMXAIBKOTEHH/IOB,
oOyaarommii  CIIOMCTOM CTPYKTYPOH, BBICOKOM XHMHUYECKOHW YCTOWYMBOCTHIO U
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MOJTYIPOBOIHUKOBBIMU cBOcTBaMH. CoTllacHO JInTeparypHbIM uctouHukam (Gulyaev,
2004), mpu 06padoTke MoS, pacteopom NaClO nporcXomuT pa3pyIeHue ero CIOMCTOM
CTPYKTYpBl C 00Opa30BaHHEM pPaCTBOPUMBIX IpPOAYKTOB — Momubaara (MoO,*) u
cynbdarsl (SO,).

Oxucnenne aucynbpuna MonuOIeHA B pacTBOpax TUIOXJIOpUTA HATPHUs
MpeACTaBIsIeT COO0H CIOXKHBIN MeTEPOreHHbIH MPOLeCC, BKIIOUAIOIIUN XUMHUUECKUE U
muddys3noHHble cTaguu. MexaHn3Mbl 1 KHHETHKA OKUCIICHUS CYbQOUAHBIX MUHEPAJIOB
THIIOXJIOPUTOM HCCIEOBaHbl B psiie paboT. ['MIOXJIOpHUT crocoOeH OKUCIATH Kak
cepy O ILEeCTOW CTENeHU OKUCIICHHMS, TaKk U MonuOaeH — 1o Mo®', mpoxozst uepe3
npomexxytounyto craguo Mo®* (Kulikova, Nikitenko, & Gromov, 2020). ITpu sTom
PEaKIMOHHAs CIIOCOOHOCTH CHCTEMBI BO MHOTOM OTIpEIeNsieTCs TAKUMH TlapaMeTpaMH,
KaK KUCJIOTHOCTB CpeJlbl, TeMIeparypa U KOHIEHTPALHs aKTHBHOTO XJIOPA.

Waseda and Suito (1993) mpemioxuim CTymeH4aTy0 MOJelb OKHUCIICHHS, TIe
nonbl ClO- aTakylOT Kak CEpHble, TaK W METAUIMYECKHE IICHTPBI, CIIOCOOCTBYS
obpazopanuio nonos SO, u MoO,*. B janHOM cllydae THIOXJIOPHT JEHCTBYET Kak
IBYX(YHKIIMOHAIBHBIN OKHCIHMTENb: OH aTaKyeT Kak aTOMBI Cepbl, IpeBpalas ux B
cynbdarel, Tak 1 MOTHO/ICH, KOTOPBIN MEPEXOANUT B pacTBOPUMYIO hopMy Monubaara.
WHTepec mpeacTaBisiFOT MCCIENOBAaHUS, TOCBSIIEHHBIE BIMSHUIO MOPQOIOTUH H
nedexrnocTd MoS,. Bonblyro pojib B peakluy UIpaeT MUKPOCTPYKTypa MaTepHaa:
Ne(EKThI KPUCTAIIMYECKON PEMIETKH, IPaHUIIBI 3EPEH U BBICOKAs JUCTIEPCHOCTE MoS,
yckopsirot miporiecc (Bessonov & Fedorov, 2017). OcoOeHHO BBIpaKEHHOE BIIUSHUE
HaOII0aeTCsl TPU MCTIONB30BaHNH HAHOCTPYKTYPHPOBAHHBIX ()OPM COCAMHEHHS.

Takoke yCTaHOBIICHO, YTO Ha CKOPOCTh PEAKIIMHU CYIIECTBEHHOE BIMSIHUE OKAa3bIBACT
pH cpensl. [Tpu HelTpanbHBIX U cllabonienodHbiX 3HadeHusx pH (7-9) akruBHas Gpopma
rurnoxyioputa — uoH HOCl — nposiBiisieT MakCUMaIbHYIO OKACIUTENLHYIO aKTHBHOCTD
(Lutsik & Sobolev, 2009). Xumuueckoe paBHOBECHE B PACTBOPE OIHMCHIBACTCS
CJIC/TYIOIIUMH PEAKIINSMHU:

B BognoMm pactBope NaClO:
NaClO+H,0<~HOCI+NaOH

HOCl—~H"+OCI"

IIpu pH 6-9 mpeobmamaer HOCI, oOmamaromuii BBICOKOW OKHCIUTEIHHOU
crocobnocteio.  Okucnenne MoS, npoTekaeT B HECKOJIBKO CTaiui ¢ 0Opa3oBaHUEM
Moni6iara u cynbharos. COBOKYIHBIH NPOLECC OKHUCIEHH MOS, MOJKHO IIPEICTaBUTh
YIPOIIEHHBIM YPaBHEHUEM:

MoS, +6NaClO+ 3H,0— MoO,* +2 SO >+ 6NaCl + 6H*

[IpomykTel peakiuu: MoaubaaT-uoH (M0O4>), cynbdar-uon (SO,*), HOHBI HATPUS
U XJIOpU.
MexaHu3M BKIIO4aeT cranuu aacopounn noHoB ClO™ Ha aKTHBHBIX IIEHTpaX,
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X B3aMMOZACUCTBHE C CEpOH M MOJHOAEHOM, a TaKkKe MOCieaylolee oOpa3oBaHHe
pactBopuMbIXx HOoHOB Mo(VI) u SO,*. [Ipenmonaraercs ydacTue HPOMEKYTOYHBIX
okcnos MoO, u HMoO,.

Oxwucnenne aucynbpuna monubaeHa (MoS)) pacTBOpOM TIMIIOXIOPHTA HATpHs
(NaClO) sBnsieTcss MHOTOCTaJAWHHBIM TETEPOr€HHBIM IPOLIECCOM, BKIIOYAIOIINM
aIcOpOLIMIO, ANEKTPOXMMUYECKOE OKHCICHHE W JIeCOpOLMI0O MPOMyKTOB. Peakimun
MPOMCXOIAT Ha rpaHuie (a3 U COMPOBOKAAIOTCS Pa3pyIIEHHUEM CIOUCTONW CTPYKTYPHI
MosS,.

1.Ancopbuus THITOXJIOPUT-HOHOB Ha AKTHBHBIX HEHTPax MoS
MoS,(s) + ClIO = MoS,- CI1O

2. Okucnenue cepol B coctaBe MoS

2

§*+3ClO + 2H,0 — SO >+ 3CI + 4H"
3. Oxucienne moaubaena (Mo*" — Mo®):

Mo* +2CIO" + 40H- — MoO * + 2CI- + 2H,0
4, COBOKyHHafI peaKknusa OKHUCJICHUSA:

MoS, + 8CIO" + 4H,0 — MoO >+ 2SO *+ 8Cl + 8H"

Kunernka m MexaHW3M 3THX MPOLECCOB OBLIM HCCIENOBaHBl B PsAC HayYHBIX
pao6or. ITo nannem Rasulova et al. (2020), peakuus cieayeT KWHETUKE TICEBAOIEPBOTO
nopsinka mo NaClO u uMeeT akTUBaLMOHHYIO 3Hepruto nopsiaka 33—40 k/[x/Momb.
[Ipu pa3baBieHHBIX pacTBOpax BO3MOKHO 3aMe/JICHUE TpoLecca 3a CUET nepexoaa oT
XMMUYECKOTO KOHTPOJISl K BHYTpHIUQY3uoHHOMY. Taroke B uccienoBanusx Waseda u
Suito ormeuaercst 3HaUMTENBHOE BIUsiHUE pH 1 Temneparypbl Ha CKOPOCTh OKUCIICHHS.

Takum o6pa3zom, okucaenne MoS, rHIOXJIOPUTOM — 3TO MHOTOCTaIMAHBIN IIPOLECC,
MPOTEKAIOMINHI ¢ 00pa30BaHNEM PACTBOPUMBIX MOJIMOAATOB U CY/Ib()ATOB B 3aBUCHMOCTH
oT ycnoBuil cpenpl. MccrnenoBaHus Takke MNOAHMMAIOT BOMPOCHI BO3MOXKHOCTH
MPaKTUYECKOTO MPUMEHEHMs] JaHHOTO OKHCIMTEIBHOIO Ipolecca B TEXHOIOTHSIX
YTUIM3aLUN OTPaOOTaHHBIX KAaTaJM3aTOPOB M CMAa30YHBIX MaTepHasioB, COAEPIKAIINX
MoS, (Yang & Liu, 2014). B 0630pe Cotton and Wilkinson (1999) nonuépxusaercs
BbICOKasi TepMoAnHamuyeckas crnocoOHocTh ClO- k paspyleHHio CyabQHUIHBIX
CBsI3€H, UTO JOMOJHUTEIBHO MOATBEPKIAET MEPCIEKTUBHOCTh TaHHOTO MOAX0/a

Takum o6paszom, o ganHeiM Jgutepatypbl, NaClO MoxkeT paccMaTpuBaThCs Kak
YHHBEPCAJIbHBIN OKUCIIUTEND 711 00paboTku MOS , 071HaKO psiJ BOIIPOCOB, KACAKOIIMXCS
MOJICKYJISIPHOTO MEXaHM3Ma M CTaJud 00pa30BaHUs NMPOMEKYTOUYHBIX IMPOAYKTOB,
TpeOyeT AajJbHEHIIero n3yueHHsI.

YeiaoBuss w MeToAbl McciaeloBaHusl. JlJIi  TPOBEAEHUS HKCIEPUMEHTOB
HCIOJIBb30BAIUCH CIEAYIOIINE XUMUYECKUE PEareHThl:

Hucynbdun monubaena (MoS,) — mopormkooOpasHblii 00pasel aHaJIuTHIECKOH
YHCTOTHI C pa3MepoM dacTHll 10 75 MkM. Ilepen mcrmonb3oBaHHMEM BEIIECTBO OBLIO
BBICYLICHO B CylIHIbHOM Kady npu Temneparype 105 °C B TeueHne 2 4acos.

l'unoxnoput Harpust (NaClO) — BoAHBIM pacTBOp ¢ KOHLEHTpAIMEH aKTUBHOTO
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xytopa 10-12%. J{ns skcreprMeHTOB pacTBOP Pa3BOAMICS AUCTUIUIMPOBAHHON BOAON
1o TpeOyemoii koHteHTpanuu (ot 0,05 10 0,8 mMob/m).

Bydepusie cucrembr: Gocdarnsiii (pH 7), ruapoxapbonarusrit (pH 8) u 6opaTHbIii
(pH 9) pacTBOpEI OBUTH UCTTOE30BAHKI IS TIOJICPKAHUS CTAOMILHOTO 3HaYeHUs pH B
XOJIe PeaKIIHH.

JuctunnupoBaHHas BOja NMPUMEHSUIACH Ul IPUTOTOBJICHHUS BCEX PACTBOPOB H
MIPOMBIBKH 000pYy/IOBaHUSI.

O6pasub MoS, mpeaBapuTenbHO U3MENTBIAINCh JI0 CPeHEro pasmepa yacTtui 20-50
MKM U cymuiuch npu remmeparype 105 °C B tedenue 2 gacoB. Peaknnun npoBoauimch
B CTCKJISTHHOW TEpMOCTaTHpyeMOW EMKOCTH 00bEMOM 250 MIJI C HCIIOB30BAHHEM
MarHMTHOW Memayiku 1 nogorpesa. Kontpons pH cpempl oCyecTBIsuIcsS ¢ IOMOIIHIO
noHomepa ™monenu «pH-150M», ocHamEHHOrOo KOMOMHHUPOBAaHHBIM CTEKIISTHHBIM
ANEKTPOJOM. AHalu3 HMOHOB MOJIMOJCHA B pacTBOpE MPOBOAWICS MeToAoM YO-
cnekrpodoromerpun Ha ipudope Shimadzu UV-1800 npu mymae BostHbl 240-250 HM.
Ot60p u moaroToBKa Mpo0 BKIFOHAIN (PUIBTpAIMIO Yepe3 MeMOpaHHBIE (UIBTPHI U
JIo0aBJIeHNE PacTBOpPA ACKOPOMHOBOW KHCIIOTHI JUII OCTAHOBKH PEAKITHH.

Mertonuka npoBeaeHus skcriepumenTa B Tepmocratupyemslii peaktop BHocuinu 100
MJI IPEABAPUTENEHO MPUTOTOBICHHOTO Oy(epHOro pacTBopa ¢ 3aJaHHBIM 3HAYCHUEM
pH u nmoBommim ero no Tpebyemoi Temmeparypsl (B auanazone 25-65 °C). 3arem
nobasnsanu HaBecky MoS, (0,5 r) u mocsie mnepemMelMBaHis — COOTBETCTBYIOIIMMA
00BEM pactBopa NaClO. PeakimonHnyo cMech EpeMeNInBaiid Ha MPOTHKEHUH BCETO
skcriepuMenTa. Uepes 3amaHHble TpomexyTku Bpemeru (0, 5, 10, 15 u 20 muHyT)
OTOMpay aUKBOTHI 00BEMOM 110 5 MiI. Peaknuro ocTraHaBmuBaiy myTéM JH00aBICHUS
BOCCTAHOBHUTEISI — aCKOPOMHOBOW KHUCIOTHL. OOpa3ubl GUIBTPOBAIN U MOJBEPrajn
CHEKTPO(OTOMETPUUECKOMY aHAIU3y Ha coepxanue MoO,>.

CKOpOCTh peakluu OIpeJeNsach M0 U3MEHEHHIO KOHIIEHTpalud MoJubjara BO
BpEMEHH:

v=A[MoO >}/ At

rie:
V — CKOPOCTh XUMUYECKOH peaKluu (B JaHHOM CiIy4ae — OKHCIeHus MoS)
A[MoO 42']— M3MEHEHHE KOHIEHTpauu Monubaar-uonos (MoO 42') 3a
OTIPEICIEHHBIN TPOMEKYTOK BPEMEHH,
At — COOTBETCTBYIONIUH WHTEPBAT BPEMEHH, 32 KOTOPBIM MPOUCXOIUT ITO

U3MEHEHHNE KOHLEHTPALIUH.

W3menenne  koHmeHTpamuu  MoiubOmaT-uoHoB  (MoO4*)  xapakrepusyercs
BenuuuHo A[MoQO4*], mNoKa3bIBaloOIIe, HACKOIBKO HK3MEHWIACh KOHLEHTPALIMS
MonuOaTa B XOJA€ PEaKnWW. JTa BEIMYMHA BBIYMCISETCS KaK Pa3HOCTh MEXKIY
KOHEYHOU M HauaJbHON KOHIICHTpAIMSIMHK 110 (popmyiie:

A[MOO42']: [MOO42>]kon - [MOO42_]H

[MoO4*], — HavanbHas KOHLEHTpaUWs MONMOJAT-WOHOB O Hayalla pPEaxiyH,
[M0O,*Jxon — KOHILEHTpalMs MOIUOJAT-HOHOB II0CJIE ONPEAEIEHHOTO0 BPEMEHH
peakuuu.
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[Monoxutensuoe  3nadenue A[MoO,”] cBuueTenbcTBYeT 00 —yBEIMYEHHM
KOHIEHTPALlMd MOHOB B PacTBOpPE, a OTPHULATENbHOE — 00 WX YMEHBLICHHWH, YTO
yKa3bIBaeT Ha MPOTEKaHHE PEaKLUUH C y4acTHEM MOInOaara.

[IpencraBneHHble KHHETUYECKUE JAHHBIE MOJATBEPXKAAIOT, UTO CKOPOCTh pPEaKIUU
YBEJIMUUBAETCSI C pOCTOM TemIieparypsl U KoHueHTpauuu NaClO, uto cormacyercs
C TEpPMOIMHAMHYECKHMMH 3aKOHOMEPHOCTSAMHU OKHUCIUTEIbHO-BOCCTAHOBUTEIBHBIX
IIPOLIECCOB.

Jiist onpeaeseHus mopsiKa peakuu M0 TUIOXIOPUTY CTPOMIIH JIOTapU()MUUECKYTO
3aBHCHMOCTb:

In v = Ink +n1In[NaClO]

AKTHBaIlMOHHAsl SHEPIHsl pacCUMThIBAjach M0 ypaBHEHUIO AppeHHyca Ha OCHOBE
TEMIIEPaTypPHOH 3aBUCUMOCTH KOHCTaHTHI CKOPOCTH:

Ea

Lnk =InA —

RT

CKOpOCTbh peaklMH 3aBUCUT OT TEMIIEpaTyphl, KOHLEHTpalUUu rumnoxiopura, pH
cpenpbl ¥ pasmepa yactul, MoS,. Hivke npuBenena tabnuua ¢ 3KCIEPHMMEHTaIbHbIMU
YCIOBUSIMH M COOTBETCTBYIOLIMH TpauK 3aBHCHUMOCTH CTENICHH H3BJICUCHHS
MOJHO/IeHa OT KOHIIEHTPALH THIIOXJIOPHTA.

Tabmuua 1 — YenoBust NpoBEACHUS SKCIIEPUMEHTOB

Konmu. NaClO | Temneparypa Bpewms peakuun CreneHb U3BJICUCHUS
Ne (Momb/) (15) PEI pH cpen ’ (Mﬁﬂ) Mo (%)
1 0.1 298 5.5 60 35
2 0.2 308 6.0 45 48
3 0.4 318 7.0 40 62
4 0.6 328 8.0 35 74
5 0.8 338 9.0 30 85

CKOpOCTh peakuuH IPH pa3IH4YHBIX TEMIIepaTrypax IO3BOJMIA IOCTPOUTh Tpaduk
AppeHnnyca (pUCYHOK 2).

pachnk AppeHunyca anasa okmcneHmnsa MoS:

—o— In(k) vs 1/T

0.00315 0.00320 0.00325 0.00330 0.00335
/T, 1/K

Pucynok 2 — I'padux Appenunyca misa okucnenust MoS,
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PesyabTatsl ucciaenoBanmuii 1 ux odcy:xkaenue. ComiacHO 3KCIEPUMEHTAIbHBIM
HabOmoneHusiM, yBenudenue comepkanust NaClO B pacTBope OKas3bIBacT 3aMETHOE
BIIMSHUE HA HHTEHCUBHOCTD NPOTEKAHUs Iporiecca okucienus MoS,. TIpu nosbinieHuu
KoHUeHTpauuu runoxiopura ot 0,1 1o 0,8 Moib/1 cTeneHb U3BICUEHHU MOJIMOICHA B
pacTBop yBenuuuBanach ¢ 35 1o 85%, npu 3ToM 00111ee BpeMs PEaKIUu COKPAIIAETCS C
60 10 30 munyT. Jlorapupmuueckuii aHanu3 KHHETHYECKUX AaHHBIX TOKa3aJl THHEHHYIO
3aBucUMOCTh Mexay Inv u In [NaClO], uTo cBUAETENbCTBYEeT O MEPBOM IMOPSAKE
peakLuy M0 TUIOXJIOPUTY. DTO MOATBEPHKAAET TUIIOTE3y O TOM, YTO TMIIOXJIOPUT-UOH
y4acTBYET B 3JIEMEHTAPHOM aKT€ OKHCIEHHs MOJEKYINbl WM €€ aKTUBHOTO LIEHTpa Ha
noBepxHocTH MoS,.

[Ipu mpoBeneHuu OMBITOB B AuamnaszoHe Temmeparyp 298-338 K nabmomanoch
pe3Koe YCKOpEeHHE OKHCIMTENBHOIO Mpoliecca ¢ pocToM Temmneparypsl. [lomydeHnHble
JaHHBIC MCIIONB30BaHbl A mocTpoeHus rpaduka Appennyca. [lo ero HakiaoHy Oblia
paccuuTaHa SHEpPrusl aKTUBALMM, 3HAYEHHsS KOTOpPOW BapbHpPOBAIUCH B Ipenerax
42-55 xJI>x/Monb B 3aBUCUMOCTH OT pH cpeabl U KOHLEHTpallMK peareHToB. J{aHHbIH
YPOBEHBb DHEPreTUYECKOro Oaphepa yKa3blBaeT Ha YMEPEHHO aKTUBUPYEMBIH IpolLecc,
YTO TUIWYHO JAJISl TeTEPOTreHHBIX OKUCIUTENbHBIX PEAKIIUHA.

Peakyonnas cmocOOHOCTh CHCTEMBI TaK)kKe CYLIECTBEHHO 3aBHCENa OT KUCIOTHO-
IIETOYHBIX ycnoBui. Hanbomnpmas ckopocTh okucinenus MoS, dukcupopanachk npu
pH 8-9, uro corjacyercs ¢ MakcuManbHOW akTuBHOCTHIO HOHOB OCI. Ilpn
HEHTpalbHOM M caboIesoqHOM pH THIOXIOPHUT MpencTaBieH NPEeuMYIIECTBEHHO B
¢dopme HOC, obnanaromieii BBICOKOH 3MEKTPO(UIBHOCTBIO U CIIOCOOHOM 3P PEKTUBHO
aTakoBaTh CyNb(QUIHBIC U METAUINYECKHUE IICHTPBI.

XUMHUYECKOE DPABHOBECHE THIOXJIOPUTA HATPHUsS B BOJHOW Cpele OMHCHIBAETCS
CIIEYIOIUMH YPAaBHEHUSAMU:

NaClO+H,0 =HOCI +
NaOH HOCI=H+OCI

OKCIEPUMEHTAILHO yCTAHOBJIEHO, YTO OKHUCJIeHWEe MOS, B IUENOYHON cpene
TUIOXJIOPHTOM HAaTPHs IPUBOAUT K 00pPa30BaHUIO PACTBOPUMBIX HOHOB MoO,*n SO,*.

Ha ocHoBe pe3ynbTaToB aHajgm3a MPEAioKEHO OOOOIIEHHOE CTEXHOMETPHUYECKOE
ypaBHEHHUE OKHUCIIEHUS:

MOSZ+8C107 +4HZO_>MOO427 + 280427 + 8C +8H*

CriekTpoOTOMETPUYECKMM METOJOM IOATBEPKICHO 00pa3oBaHHE B PacTBOpE
HOHOB MonuOmaTa W cynbdara Kak OCHOBHBIX MPOAYKTOB. Takke BO3MOKHO
00pa3oBaHKe POMEKYTOUHBIX COeMHEH I, Takux kak MoO, u H,MoO,.ocobenno na
PaHHMX CTAJUAX B3aMMOJEHCTBUS

C yBennuenuem koHueHntpanuu NaClO ckopocTh peakiuu BO3pacTaeT JHMHEHHO.
['padux 3aBucuMocTH (pucyHok 3) moaTBepkaaer nepsbii nmopsaok mo NaClO (n =
1.0):
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Tabnuua 2 - Kunetndeckue xapakTepucTuku okucienus MoS, B pactsope NaClO

Ne onibiTa | [NaClO], moais/a1 | Temneparypa, °C Cropocrs peakuuit, Hopsinoxk mo NaClO
MKMOJIb/(J1* MHH)
1 0.05 25 1.2 0.96
2 0.10 25 2.3 0.98
3 0.20 25 4.6 1.01
4 0.50 25 11.5 1.03
5 0.10 35 3.1 0.99

33BMCUMOCTL CHOPOCTH OKWCNEeHMA MoS2 0T KoHUeHTpauKK NaClO
0.9}

a
=]
-]

05F

eaKunn (OTH, ed.)

= 04¢
o

T

203
[=%

0.lct L L i i i
0.1 0.2 0.3 0.4 0.5
KonuenTpaywa NaClO (mons/n)

Pucynok 3 — I'paduk 3aBHCHMOCTH CKOpOCTH peakuuu oT koHneHtpamuu NaClO.

[MoctpoeHnsle rpaduKu MOKA3bIBAIOT JTHHEHHYIO 3aBUCHMOCTh CKOPOCTH PEaKLUH
OT KOHILIEHTPAIIMU TUIIOXJIOPUTA, TIOATBEPKIAs MOPSIOK PEaKIuy, OMTU3KUHI K IEPBOMY.

HOJ’Iy‘-ICHHLIC pe3yibTaTbl CBUACTCIBCTBYIOT O TICTCPOrCHHOM MCXaHU3ME,
BKJTIOUAIOIIIEM CJICAYIOUINE KITIOUYEBbIC ATAIBI:

AJcopOnus THIOXJIOPUT-HOHOB HAa aKTUBHBIX YYaCTKaX MOBEpXHOCTH MoS ;

OxucreHne cepbl ¢ MePEeXoI0M U3 CTETIeHN OKHUCIeHHS —2 B +6;

Oxucnenue momubaeHa ot +4 10 +6 ¢ obpasopanuem noHoB MoO >

JecopOuus MpoayKTOB U JaNbHEHIIee pa3pyIieHHe CIOMCTON PEIIETKH.

Takxe noATBEPIKIEHA BAXKHOCTh MOP(OIOrUYECKHUX XapaKTepUCTUK MoS : BhICOKast
JHMCIIEPCHOCTh M Hann4ue Ae(eKTOB B KPHCTAIMYECKOH CTPYKType 3HAYMTEIHHO
YCKOPSIIOT peakiinio. B HAaHOCTPYKTYpHpPOBaHHBIX 00pa3iiax HaOII0IaeTCsl MOBBIIICHHAS
CKOpPOCTH B3aI/IMOI[CI\/'ICTBI/IH, YTO CBA3aHO C YBCIMYCHHUCM y)leﬂbHOﬁ IMMOBECPXHOCTU U
quciia peakKinOHHO-aKTUBHBIX IIEHTPOB.

3akarouenne. [IpoBenéHHbIE SKCIEPUMEHTHI MO3BOJIMIM YCTAHOBUTH OCHOBHBIE
3aKOHOMEPHOCTH OKHUCIICHUS TUCYIb(HIa MOTHOIeHa pACTBOPOM TMIIOXJIOPUTA HATPHSL.
Peaxmyst mpoTekaet Mo MHOTOCTaJUHHOMY MEXaHU3MY H BKJIIOYAET MOCIIEI0BATEIbHbIC
MPOIIECCHI: aZICOPOIMI0 OKUCIUTEINS, OKHCICHUE Cephbl U MOJIMOJICHA, a TaKXKe MePexos
MIPOIYKTOB B PAacTBOP. YCTaHOBIICHO, YTO CKOPOCTh PEAKLUH YBEINYHNBACTCS C POCTOM
Temreparypsl u koHIeHTparu NaClO, npu 3ToM Hanbosiee OMaronpusTHHIC YCIOBUS
JIOCTUTAIOTCSI B HEHTpaJbHOU U cliaborienounoi cpene (pH 8-9).
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Kunernueckuil ananu3 mnokasan, yTO MPOIECC MOMUYMHSETCS KHHETHKE IICEBIO-
IIEPBOI0 MOPSJKA 10 FMIIOXJIOPUTY. Pacu€r akTMBAaLMOHHON SHEPIUHU, BBIITOJIHEHHBII
Ha OCHOBE TEMIIEPATYPHBIX 3aBUCHMOCTEH, Jan 3HaueHHs B mpenenax 42-55 kJ[x/
MOJIb, YTO YKa3blBaeT Ha yMEPEHHbIH sHepreTuyeckuii Oapbep. Ha ocHoBanHum
AHAIM3a TOJYYEHHBIX AAHHBIX INPEMJIOKEH BO3MOXHBIM MEXAHW3M B3aUMOJICUCTBUS,
BKJIFOYAIONIMK 00pa3oBaHKe MPOMEKYTOIHbIX coeaunenuii - MoO, u H.MoO,. Taxxe
OTMEYEHO BIHSIHHE MOP(HOJIOTHYECKUX XapaKTePUCTUK MaTepuaa: Haanyue ae(eKkTo
1 BBICOKasl y/IeJIbHasi TOBEPXHOCTh CIIOCOOCTBYIOT HHTEHCU(HUKALIMY ITpoLiecca.

[lonmy4yeHHble pe3yabTaTbl UMEIOT MPAKTUYECKYI0 3HAYUMOCTH ISl Pa3paboTKH
THIPOMETAITYPTHUECKUX TEXHOJOTHH, HamNpaBlICHHbIX HA H3BJICYCHHE MOJHOIEHa
13 KOHLIEHTPAaTOB M BTOPUYHBIX MCTOYHUKOB, a TAKKE JUISl ONTUMHU3ALUU MPOLECCOB
00e3BpeXUBaHUs CyNb(OUIHBIX 3arpsi3HUTENICH B BOJHBIX CHCTEMAX.
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Abstract. Catalytic hydrogenation of carbon dioxide is considered as a key process
for the transition to a carbon-neutral economy, allowing the transformation of the main
greenhouse gas into valuable chemical raw materials and components of synthetic
fuels. The development of highly effective catalysts active under mild conditions is an
urgent scientific and practical task. The aim of the work is the synthesis of composite
catalysts based on nickel, cobalt and zirconium oxides, using the solution combustion
method, for the selective hydrogenation of CO2 to methane and a comprehensive study
of the catalytic properties. The activity of the catalysts obtained from the initial mixture
of Ni(NO3)2 - Co(NO3)2 - ZrO(NO3)2-xH20 + urea of various compositions was
studied in a flow reactor at temperatures ranging from 200 to 400° C. It was found
that the optimal conditions for obtaining methane are: CO, conversion of more than
93,6%, CH, selectivity of 97%, H,: CO,=4 : 1, T = 300°C, space velocity of 24,000
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h'. The comprehensive characteristics of samples included X-ray phase analysis and
scanning electron microscopy. X-ray phase analysis confirmed the formation of target
oxide phases. High indicators are due to the synergistic effect between nickel, cobalt
and zirconium oxides, as well as structural features formed due to the synthesis method.
Research on Ni-Co/ZrO, catalysts for CO, hydrogenation is a timely and vital endeavor
with clear environmental, economic, and strategic energy benefits. Innovation in this
field is essential for turning the vision of a circular carbon economy into a practical
reality.

Keywords: carbon dioxide, catalytic hydrogenation, Ni-Co/ZrO, catalyst, solution
combustion method, methane
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Annoranusi. KeMIpKbIIIKbIT Ta3blHBIH KaTaJUTUKANBIK THAPICHYl Herisri
MApHUKTIK Ta3apl Oarayibl XUMHSJIBIK LIMKIi3aTKa JXOHE CHUHTETHKAIBIK OTHIHHBIH
KOMIIOHEHTTepiHe allHaIABIpyFa MYMKiH/IiK OepeTiH KoMipTeKTi OefTaparn YJKOHOMHKara
KOIIyJIiH Heri3ri mporieci 0oibin caHananel. JKeHin xkarnainapna OelceH/Ii, KOFaphl
THIMJII KaTajau3aTopiapabl Kacay ©3€KTi FBUIBIMU JKOHE MPAaKTUKAIBIK MIHAET OOJNbII
Tabbu1aAbl. JKYMBICTBIH MaKcaThl — KOMIPKBIILIKBUI Ta3bIH METAHFA CEIEKTUBTI THAPIICY
YLWIH epiTiHAiAe *aHy OIICiH KOJJaHa OTBHIPBIN, HHUKENb, KOOAIBT MKOHE LUPKOHHM
OKCHATEPI HeTi31HaeTi KOMIIO3UTTI KaTaln3aTopiapabl CHHTE3CY KOHE KaTaIUTHKAJIBIK
KaCHETTEPIH KeIeH i 3epTTey. Op Typai maibiabik Kypamasl Ni(NO,), - Co(NO,), -
ZrO(NO,), xH,0 + moueBMHa OacTanKbl KOCIACHIHAH aJIbIHFAH KaTAIM3aTOPIAP/IbIH
oencenainiri 200 -400° C TemnepaTypa AMana30HbIHAA aFbIHJIBI PEAKTOPAA 3€PTTEI].
Meranapl enaipynin onraiinel maprrapsl: CO, xonBepeuschl 93,6% - 1aH sKoraphl,
CH, celleKTUBTLIIr 97%, H,: CO,=4:1, T =300°C, KOJIEMIIK KbLagaMabirsl 24,000
car' eKeHI aHBIKTaJNJAbL. YJTUICPIiH KEUIeH/l CUIaTTaMachl PEHTTeHIIK (a3albiK
Tangay/abl, CKaHepJIeYyIIi AEKTPOHIbl MUKPOCKOITUSIHBI KAMTHIBL. PEeHTreHaiK (a3anbik
Tangay MakcaTThl OKcH (ha3anapbIHbIH TY3UIyiH pacTaabl. ANBIHFaH KOFapbl MOHIED
HUKeNb, KOOANbT >KOHE LUPKOHUH OKCHATEPl apachblHIaFbl CHHEPIUsUIBIK ocepre,
COHal-aK CHHTE3 OMICIMEH TY3UIreH KYPBUIBIMIABIK €peKLIeNiKTepre OaiaHbICTHI.
KeMipKbIIIKbIT ra3slH THAPIIEYTe apHalFaH, epiTiHAige KaHy dJiciMeH IaibIHaanFaH
Ni-Co/ZrO, KOMIIO3UTTi KaTaauM3aTopiapblH 3€pPTTEy JKOJOTHSJIBIK, SKOHOMHUKAIIBIK
KOHE CTPATETHSUIBIK SHEPTeTHKAJbIK Maiackl 0ap ©3eKTi OHE MaHBI3Ibl JKYMBIC
Ooubin TabbUTaBl. OCHl cananarbl MHHOBALMSUIIAP aifHaIMallbl KOMIPTEKTI SKOHOMHKA
TYKBIPBIMJIAMACHIH TPaKTHKAJBIK INBIHIBIKKA alHAIABIPY VINIH aca KakeT OOJbII
TaOBLUIABL.

Tyiiin ce3aep: KOMIPKBINIKBLI TIa3bl, KaTaluTHKaiblK ruapaey, Ni-Co/ZrO,
KaTaJlu3aTophl, EPiTIHIe JKaHy 9JIiCi, METaH
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AHHoTanms. Karanutrnyeckoe rujprpoBaHue TMOKCH A YITIepoa paccMaTprUBaeTCs
KaK KJIIOUeBOM Tpolecc s TMepexoja K YIIepOTHO-HEHTpaldbHONH HSKOHOMUKE,
MO3BOJISIOINIA TPAaHC(HOPMHUPOBATH OCHOBHOM MAPHUKOBBIN a3 B IICHHOE XUMUYECKOE
CHIPbE M KOMITOHEHTBI CHHTETHYECKHX TOIUIMB. Pa3zpaboTka BhICOKOI()(HEKTHBHBIX
KaTaJu3aTopoB, AaKTUBHBIX B MITKHX YCJIOBHSX, SBISETCS AaKTyaJlbHON Hay4yHO-
MpakTUdecKoit 3amaueit. L{empio paGoThI SBISETCS CHHTE3 KOMIIO3UTHBIX KaTaanu3aTOPOB
Ha OCHOBE OKCHIOB HHKENs, KOOalbra M LUPKOHUS C HCIOJIb30BAaHHEM METO/a
PacCTBOPHOTO TOPEHUS AJIS CEJIEKTUBHOTO THAPHUPOBAHUS JMOKCH/IA YIIIEPOAa 10 METaHa
1 BCECTOPOHHEE M3YyUEHHE MX KaTaTUTHYECKUX CBOMCTB. AKTUBHOCTH KaTaju3aToOpPOB,
nomydeHnblx u3 ucxomHod cmecu Ni(NO,),, Co(NO,), m ZrO(NO,),xH,O ¢
J00aBI€HNEM MOUYEBMHBI PA3IMYHOTO IMPOLEHTHOTO COCTaBa, OblIa MCCIeI0BaHA B
IIPOTOYHOM peakTope npu Temreparypuom auamnazone 200—-400 °C. bpuio yctaHOBIIEHO,
YTO ONTHMAJIbHBIMHM YCJIOBUSMHU IMOJY4YEHUs. METaHa ABJsAOTCA: Komeepeus CO,
6onee 93,6%, cenekruBnocts CH, — 97%, monbHoe cootnomenue H, : CO, =4 : 1,
temrieparypa 300 °C, oobemuast ckopocth 24 000 u'. KomruiekcHass XapaKTepUCTHKA
MOJTYYEeHHBIX O00pa3loB BKIIOYAJa PEHTTCHO(A30BBIA aHAIN3 M CKAHUPYIOIIYIO
ANIEKTPOHHYIO MUKPOCKOMHIO. PeHTreHo(ha3oBblii aHaiu3 NoATBepaua (GOpMHpPOBaHHE
LEJIEBBIX OKCUAHBIX (pa3. Bricokne KatalmuTHyecKue TOKa3zaTeldn OO0yCIOBICHBI
CHHEPreTHYecKuM d(PPEKTOM MEXKITy OKCHIAMH HUKEJIS, KOOAIbTa U IUPKOHHUSL, 8 TAKXKE
O0COOEHHOCTSIMU CTPYKTYpBI, C(OPMHUPOBAHHBIMU BCJIEACTBUE BBIOPAHHOTO METO/A
cunresa. Mcenenosanne KOMIO3UTHBIX Katanu3aTopos Ni—Co/ZrO,, IpUroTOBIEHHBIX
METOZIOM PAcCTBOPHOTO TOPEHMs, JJI THAPUPOBAHUS JHOKCHIA YIVIEpoJa SBISETCS
aKTyaJlbHBIM  HalpaBlieHHEM, OONAJalONIMM  BBIPAKEHHBIMH  DKOJIOTHUECKUMH,
SKOHOMHUYECKUMH M  CTPATETMYECKUMH  JHEPreTHUYECKHMH IMPEUMYIIECTBAMHU.
JanpHelre NHHOBALUK B 9TOH 00JacTH HEOOXOAUMBI AJISl IPOABHIKCHUST KOHIICTIIIH
LUKJIAYECKOHN YITIEPOJAHON AIKOHOMUKH K ITPAKTUYECKOU peaan3aluu.

KuaroueBble cjoBa: JHOKCHA — yIIepoja, KaTaJIWTHYECKOe THJIPUPOBAHUE,
karanusarop Ni-Co/ZrO,, MeTos1 pacTBOPHOTO TOPEHHsl, METaH

Introduction. The anthropogenic emissions of carbon dioxide from fossil fuel

combustion have reached unprecedented levels, driving global climate change and
environmental instability. With atmospheric CO, concentrations exceeding 410 ppm
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and continuing to rise at 3-4 ppm annually, there is an urgent need for effective strategies
to mitigate carbon emissions while meeting growing global energy demands (Hasan,
et al., 2020). The utilization of CO, as a chemical feedstock represents a promising
approach to addressing this dual challenge, transforming a waste product into valuable
fuels and chemicals through catalytic hydrogenation processes. This strategy not only
helps reduce atmospheric CO, levels but also contributes to a more sustainable energy
economy by providing alternative pathways for fuel production (Wei et al., 2021; Cui
et al., 2024).

The hydrogenation of CO, to synthetic fuels has gained significant attention as a
potential component of the broader carbon capture and utilization (CCU) paradigm.
Unlike carbon capture and storage, which focuses solely on sequestration, CCU aims
to valorize CO, by converting it into useful products, thereby creating economic
incentives for emission reduction. The concept of Power-to-Gas technology, which
converts renewable electricity into gaseous energy carriers via hydrogen production
and subsequent CO, methanation, has emerged as a particularly promising approach for
energy storage and distribution (Khajonvittayakul et al., 2021). This process enables
the storage of intermittent renewable energy in the form of chemical bonds, providing
a solution to the challenge of grid-scale energy storage while simultaneously utilizing
captured CO.,.

Nickel-based catalysts have emerged as the most widely studied non-noble metal
systems for CO, hydrogenation due to their high activity, relatively low cost, and
availability. However, monometallic Ni catalysts suffer from several limitations,
including sintering at elevated temperatures, coking (carbon deposition), and deactivation
under reaction conditions (Cui et al., 2024). The addition of cobalt as a promoter has
been shown to enhance catalytic performance through several mechanisms: improving
reducibility, modifying surface properties, and increasing resistance to deactivation.
The combination of Ni and Co creates a bimetallic synergy that often results in superior
performance compared to either metal alone (Hasan et al., 2020).

The choice of support material plays an equally crucial role in determining catalyst
performance. Zirconium dioxide has proven to be an excellent support for CO,
hydrogenation catalysts due to its unique combination of redox properties, surface
acidity/basicity, and oxygen storage capacity. Unlike conventional supports such as
AlO,, ZrO, exhibits weak hydrophilic character, which reduces the poisoning effect of
water — a major byproduct of methanation reactions — on active sites (Phongamwong
et al., 2017; Wang et al., 2019). Additionally, ZrO, can enhance metal dispersion and
create strong metal-support interactions that stabilize active particles against sintering.
The presence of ZrO, in the catalyst formulation helps suppress the reverse water gas
shift reaction by providing basic sites that favor CO, adsorption in a configuration
conducive to direct hydrogenation rather than CO formation (Wang et al., 2019).

The specific reaction intermediates and their stability on the catalyst surface play a
crucial role in determining the overall activity and selectivity. For instance, the presence
of oxygen vacancies on the ZrO, surface facilitates the activation of CO, molecules,
while the combination of Ni and Co sites optimizes the dissociation of H, and the
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subsequent hydrogenation steps (El-Salamony et al., 2023). Understanding these
mechanistic details is essential for the rational design of more efficient catalysts tailored
for specific product distributions.

The solution combustion method was chosen as a method for preparing the catalyst
due to its significant advantages: simplicity, speed, low temperature and energy
efficiency. This method allows obtaining nanosized powders with a high degree of
homogeneity, developed surface and a given composition, which is extremely important
for creating highly efficient catalytic systems.

The SCS process promotes the formation of strong metal-support interactions and
synergistic effects between components, which are crucial for enhancing catalytic
performance in CO, hydrogenation reactions. The intimate mixing of Ni, Co,
and Zr precursors at the molecular level in the initial solution, combined with the
rapid combustion process, facilitates the formation of interfaces between metallic
nanoparticles and the ZrO, support, which often serve as active sites for CO, activation
and hydrogenation (Summa et al., 2022; Zhao, et al., 2016).

Studies have shown that SCS-prepared catalysts typically exhibit higher specific
activities (up to 2-3 times higher) compared to counterparts prepared by conventional
methods such as impregnation or co-precipitation. For instance, Ni/ZrO, catalysts
prepared via SCS using urea as fuel demonstrated CO, conversions exceeding 85%
with methane selectivities above 95% at relatively mild temperatures (300 — 350°C),
significantly outperforming impregnated catalysts which showed lower conversions
(70 — 75%) and faster deactivation (Zhao et al., 2016). This paper addresses this gap
by presenting activity data for a novel solution combustion synthesis (SCS)-derived
catalyst based on a Ni-Co-Zr formulation, which demonstrates high efficacy for the
catalytic hydrogenation of carbon dioxide into methane.

Materials and methods.

Catalyst preparation

A series of catalysts on the base of (10 % Ni(NO,), + 40 % Co(NO,), + 50 %
ZrO(NO,), xH,0/50 % urea, 20 % Ni(NO,), + 30 % Co(NO,), + 50 % ZrO(NO,), xH,0
/50 % urea, 30 % Ni(NO,), + 20 % Co(NO,), + 50 % ZrO(NO,), xH,0 / 50 %
urea, 40 % Ni(NO,), + 10 % Co(NO,), + 50 % ZrO(NO,),xH,0 / 50 % urea, 45 %
Ni(NO,), + 5 % Co(NO,), + 50 % ZrO(NO,),"xH,0 / 50 % urea, 50 % Ni(NO,), +
50 % ZrO(NO,),'xH,0 / 50 % urea) was prepared by solution combustion synthesis
method. The catalyst preparation process was as follows: a solution of salts in distilled
water within a quartz glass was heated to 80 - 100°C and subsequently subjected to heat
treatment in a preheated muffle furnace at initiation temperature. The synthesis reaction
is initiated by intense heat release, which ensures the rapid propagation of a combustion
front and a sharp, spike-like increase in temperature. This process leads to the formation
of structured catalysts within minutes, a key factor responsible for their high catalytic
activity. The final appearance of the obtained sample is shown in Figure 1.
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Figure 1 - Physical appearance of the SCS-derived catalyst

Characterization techniques

X-ray diffraction (XRD) analysis was performed usinga DRON -4 - 0.7 diffractometer
equipped with a Co - Ka radiation source. Scans were recorded in the 26 range of 6 -
100° with the following parameters: a step size of 0,020°, a count time of 0,6 s/step,
and a goniometer speed of 2°/min. A maximum of 821 pulses were recorded. Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) were
conducted on a JEOL JSM - 6610LV instrument to examine the sample’s morphology
and elemental distribution. Prior to analysis, samples were sputter-coated with a 5 - 10
nm carbon layer. Mechanical properties were assessed by compressive strength tests
performed on cylindrical specimens (@1 cm x 2 cm) using a 100 kN, strain-controlled
universal tester at a constant displacement rate of 100 um/min. Chemical analysis of
the initial mixture and reaction products was carried out with a “Chromos GC - 1000”
gas chromatograph. Chromatographic peaks were identified and calculated using
the instrument’s software, which utilized calibration curves constructed from pure
substances.

Catalytic activity studies

The catalytic activity of the SCS-synthesized materials was evaluated in a fixed-
bed flow reactor within an automated laboratory unit, equipped for online analysis of
reactants and products. The reaction studied was the hydrogenation of CO, to synthetic
fuel components, performed under atmospheric pressure using a feed gas mixture of
H, : CO, : Ar (76 : 19 : 5 molar ratio). The catalyst was pre-reduced in situ prior to
each catalytic test in a 11 % H,/Ar mixture (100 ml/min) at 400°C for 1 h. The tests
were conducted across a temperature range of 200 - 400°C and at space velocities of
12,000 - 48,000 h''. The reproducibility of the data was rigorously confirmed. To this
end, measurements at each specific temperature were repeated in triplicate until fully
consistent results were obtained. A prolonged stability assessment was conducted on the
optimal catalyst (45% Ni + 5% Co + 50% Zr) for a time-on-stream (TOS) of 27 hours.
The catalyst maintained its high catalytic activity with no observable deactivation,
indicating excellent structural and chemical stability under the reaction conditions.
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Results and discussions. Based on a review of literature data, optimal testing
conditions for the Ni - Co - Zr catalysts were set at a gas hourly space velocity (GHSV)
of 24,000 h!' and a temperature range of 200 - 400°C. Repeatability testing determined
that the peak yield for the conversion of carbon dioxide to methane was achieved at
300°C. The results presented in Table 1 indicate that the catalyst with a composition
of 45 % Ni+ 5 % Co + 50 % Zr, prepared with 50 % urea, demonstrated the highest
activity, achieving a CH, yield of 99,2%.

Table 1 - Catalysts prepared by SCS method for the hydrogenation of carbon dioxide to methane

Chemical composition of catalysts, % wt. Yield of CH,, % Selectivity of CH,, %
10 % Ni + 40 % Co + 50 % Zr + 50 % urea 21,2 91,5
20 % Ni+ 30 % Co + 50 % Zr + 50 % urea 40,4 95,5
30 % Ni+20 % Co + 50 % Zr + 50 % urea 34 91,8
40 % Ni+ 10 % Co + 50 % Zr + 50 % urea 93,7 97
45 % Ni+ 5 % Co + 50 % Zr + 50 % urea 99,2 97,1
50 % Ni+ 50 % Zr + 50 % urea 75,5 95,7

Figure 2 shows the conversion of CO, by 10% Ni + 40% Co + 50% Zr, 20% Ni +
30% Co + 50% Zr, 30% Ni + 20% Co + 50% Zr, 40% Ni + 10%Co + 50% Zr and 45%
Ni + 5% Co + 50% Zr catalysts in the temperature range of 200-400°C.
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Figure 2 - Conversion of CO, over the 10% Ni + 40% Co + 50% Zr, 20% Ni + 30% Co + 50%
Zr, 30% Ni + 20% Co + 50% Zr, 40% Ni + 10%Co + 50% Zr and 45% Ni + 5% Co + 50% Zr + urea
catalysts at 200-400°C

40% Ni+ 10%Co + 50% Zr and 45% Ni + 5% Co + 50% Zr + urea catalysts exhibited
high activity, with CO, conversions reaching 85,9% and 93,6%, respectively. Figures 3
and 4 show the dependences of methane selectivity on the process temperatures of two
more active catalysts.
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Figure 3 - Selectivity of CH, over the 45% Ni Figure 4 - Selectivity of CH, over the 40% Ni + 10%
+5% Co + 50% Zr + 50% urea catalyst at 200- Co +50% Zr + 50% urea catalyst at 200-400°C

400°C

The most active catalyst formulation (45 % Ni + 5 % Co + 50 % Zr, prepared with
50 % urea) was selected to study the effect of gas hourly space velocity on catalytic
performance. As presented in Figure 5, CO, conversion exhibits an inverse relationship
with GHSV.
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Figure 5 - Conversion of carbon dioxide over the 45 % Ni+ 5 % Co + 50 % Zr + 50 % urea catalyst at
different space velocities

This correlation is a classic manifestation of a mass transfer limitation, where
elevated space velocities curtail the residence time, thereby insufficiently exposing the
reactant molecules to the catalyst’s active sites for complete conversion to methane.

The influence of reaction temperature on the methane (CH,) production rate,
expressed as space-time yield is shown in Figure 6. Data were obtained using a 45% Ni
+ 5% Co + 50% Zr + urea catalyst and a GHSV of 24,000 h™'.
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Figure 6 - Effect of the reaction temperature on the STY of CH,, (mmole/gt/h) of process over 45%Ni +
5%Co + 50%Zr + urea catalyst at GHSV 24000 h'!

This graph shows the space-time yield of methane in 200 and 300°C, respectively.
Further, for comparison, the space-time yield of methane obtained from 40% Ni + 5%
Co + 50% Zr + urea catalyst is shown in Figure 7.
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Figure 7 - Effect of the reaction temperature on the STY of CH,, (mmole/gr/h) of process over 40%Ni
+5%Co + 50%Zr + urea catalyst at GHSV 24000 h!

Below, in Figures 8 and 9, the dependences of carbon dioxide conversion and
methane selectivity to time on stream are illustrated, respectively.
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Figure 8 - Effect of the TOS on the conversion of CO,

This graph shows that carbon dioxide conversion remained virtually unchanged over
the 27 hours of the catalytic stability test.
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Figure 9 - Effect of the TOS on the selectivity CH,

In this graph, it can be seen that the methane selectivity increased in places but did
not drop below the initial value during the 27 hours of the catalytic stability test.

The phase composition of the catalyst was determined by X-ray diffraction. Figure
10 presents the XRD pattern of the 45 % Ni+ 5 % Co + 50 % Zr + 50 % urea catalyst.
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Figure 10 - XRD spectrum of the 45 % Ni + 5 % Co + 50 % Zr + 50 % urea catalyst

The analysis confirms the presence of metallic Ni, NiO, CoO, and monoclinic ZrO,
phases. The identified diffraction peaks are consistent with their respective JCPDS
standard reference patterns: metallic Ni (JCPDS 01-1260) with primary d-spacings at
2.039, 1.762, and 1.246 A; NiO (JCPDS 44-1159) with d-spacings at 2.409, 2.088,
1.478, 1.476, 1.261, and 1.204 A; CoO (JCPDS 42-1300) with d-spacings at 2.455,
2.135, 1.501, and 1.246 A; ZrO, (JCPDS 17-0923) with d-spacings at 2.840, 2.610,
2.540, 1.832, 1.653, 1.602, 1.541, and 1.475 A.

Scanning electron micrographs of all fresh catalyst samples are provided in Figure
11.
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Figure 11 - Scanning electron micrographs of all fresh catalyst samples

Scanning Electron Microscopy analysis revealed significant morphological
differences among the catalysts with varying Ni/Co ratios while maintaining a constant
50% Zr content. The catalyst with 45% Ni - 5% Co - 50% Zr exhibited a highly porous,
sponge-like structure with uniform dispersion of metal particles, resulting from the
efficient solution combustion synthesis process. In comparison, the 50% Ni - 50% Zr
catalyst (without Co) showed larger aggregates and less uniform morphology, indicating
that the addition of Co even in small proportions (5%) significantly improves structural
homogeneity. The catalysts with intermediate compositions (10% Ni - 40% Co - 50%
Zr, 20% Ni - 30% Co - 50% Zr, 30% Ni - 20% Co - 50% Zr, and 40% Ni - 10% Co -
50% Zr) demonstrated transitional morphological characteristics, where increasing Co
content beyond 20% led to finer particle dispersion but reduced porosity.

Energy-Dispersive X-ray Spectroscopy mapping confirmed the homogeneous
distribution of Ni, Co, and Zr in the 45% Ni - 5% Co - 50% Zr catalyst, with no evidence
of metal segregation or large aggregates. This homogeneous distribution is critical for
creating active sites accessible to reactants during catalytic processes. In contrast,
the 50% Ni - 50% Zr catalyst showed zones of Ni-rich and Zr-rich phases, indicating
incomplete mixing during synthesis. The catalysts with higher Co content (e.g., 10% Ni
- 40% Co - 50% Zr) exhibited Co clustering, which may explain the reduced catalytic
efficiency despite the finer particle size. The optimal dispersion in the 45% Ni - 5% Co -
50% Zr catalyst aligns with its superior performance in CO, hydrogenation, as reported
in earlier studies.
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Conclusion. In summary, the catalyst with the composition 45% Ni + 5% Co + 50%
Zr, synthesized by the solution combustion method using urea, demonstrated high activity
for the CO, hydrogenation reaction to methane. The optimal catalytic performance was
achieved under the following conditions: a feed gas composition of 76% H,, 19% CO,,
and 5% Ar; a space velocity of 24,000 h!; and a temperature of 300°C. Under these
conditions, the process yielded a remarkable methane concentration of 98,8 - 99,2%
with a selectivity of up to 97%. The high activity is attributed to the formation of simple
oxides, as well as to metal particles within the catalyst structure, which actively promote
the reaction. Furthermore, the solution combustion synthesis method offers significant
practical advantages, including shorter preparation time, reduced economic cost, and
enhanced environmental friendliness due to lower emissions during production. These
benefits make SCS a highly promising technique for future catalytic applications.
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Abstract. This paper presents the results of a comprehensive investigation of the
catalytic cracking of vacuum gas oil derived from Kumkol crude and of the properties
of the resulting products. The physicochemical characteristics of the feedstock directly
affect the quality and yield of the products, i.e., the depth of conversion. This is due
to the fact that a lighter feed composition increases the yield of the target product and
enhances catalyst productivity. The experiments were carried out while varying the feed
rate and temperature. The feed rate was selected on the basis of the loaded catalyst
volume. A catalyst-to-feed ratio of 1 vol. part of catalyst to 0.5-2 vol. parts of feed
was employed. The duration of the on-stream portion of the cycle—i., the period of
continuous feed introduction—was determined by the catalyst activity, the feed rate,
and the resin content of the feed. The overall experiment time was dictated by the need
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to obtain at least 200-250 ml of liquid product for analysis, so the number of cycles
was 1-2. The reactor temperature - 490-550°C. Owing to the favorable properties of
the distillate and, in particular, its low resin content, a comparatively severe cracking
regime could be applied: reaction-zone temperature 492°C, circulation ratio 5.1:1.0,
weight-hourly space velocity 2.0 h', and recycle coefficient 1.3. The yield of the
target product, motor gasoline, was 42.8 % with an octane number of 82 by the motor
method and 89 by the research method.

Keywords: catalytic cracking, vacuum gas oil, catalyst, gas, laboratory unit, gasoline,
reactor, light gas oil

© K.K. Kaamakos', I.3. Type6exona', C.2K. EremoepaueBa®’,
V. E. Hypuaunosa®, H.H. [{yaart!, 2025.

M. OyesoB arsinnarel OHTYCTIK Kazakcran ynusepcureti, [simkenT, Kazakcran;
2©. XKonibekoB arsinnarel OHTYCTIK Ka3zakcTaH nenarorukaiblk YHUBEPCUTETI,
HIsmvkent, Kazakcraw;

3 Akagemuk O. KyarOekoB arbiHiarbl XaJabIKTap JOCTBIFbl YHUBEPCHUTETI,
Ismvkent, KazakcraH.

E-mail: saltanat 2207@mail.ru

K¥YMKOJI MYHAVBIHAH AJIBIHFAH BAKYYM I'A3O0MJITH
KATAJIM3ATOPIBIH KAMHAY KABATBIHJIAFbI KOHABIPFBIJA
KATAJIUTUKAJIBIK KPEKUHI TEY

Kanmako Kaiiparbek — pokropant, «MyHail >xoHe rasibl ©HJICY TEXHOJOIHMSCHD) MaMaHJIbIFbI,
M.OyesoB arsiaarsl OHTyCTiK Kasakcran yansepenteri, llsivkent, Kazakcram,

E-mail: kalmakovkk@mail.ru, https://orcid.org/0009-0004-3242-7495;

TypebexoBa I'ayxap — TeXHHKa FBHUIBIMJIAPBIHBIH KaHIUIATHI, Ipodeccop, M. Oye30B aThIHAAFEI
Omnrycrik Kazakcran yauepcureti, [sivmkent, Kazakcran,

E-mail: g.ture@mail.ru, https://orcid.org/0000-0003-3251-1449;

EremoepaueBa Caaranat — PhD, O36ekoui XKonibekoB arsianarbl OHTYCTiK Ka3akcran nenarorukaibik
yHUBepcUTeTi, « Xumush» KadenpachlHeH ara oKbITyIIsl, [IIsivkent, Kazakcran,

E-mail: saltanat 2207@mail.ru, https://orcid.org/0000-0002-7241-9762;

Hypuannosa YamexeH — MarucTp okpITynisl, O.KyarOexos arsiHgars! XaubIKTap JOCTHIFBI YHUBEPCHTETI,
[Ismvkent, Ka3zakcran,

E-mail: zhuban.adilbek@mail.ru, https://orcid.org/0009-0003-3276-5980;

Jynar Hypabsl — marucrpant, M.Oye3oB arbigarsl OHTycTik Kasakcran ynusepcureri, IlIbIMKeHT,
Kazakcran,

E-mail: nurly.dulat.04@bk.ru, https://orcid.org/0009-0004-2731-6678.

AHHOTanusl. Ayblp WIMKI3aTThl KaTaJUTUKAIBIK KpekuHriney Kazakcran
PecnyOnukacelHBIH MyHall ©HIEY ©OHEpKSCiOi YIIIH »KOFapbl camaibl aBTOMOOHIIb,
PEaKTUBTI, AU3EbII KoHEe OacKa Ja OThIH TYpJIEpiHE, COHAAal-aK MPOMaH-IPOIUICH
XKoHe OyTaH-OyTHSIeH (Qpakuusuiapbl CHUSKTBl MYHAH-XMMHS OHEpKaciOl  yUIiH
LIMKi3aTKa >KOFaphl CYpaHbICKa OaiiJlaHbICTBI ©3€eKTi Mocesie OOJbIN TaObLIAIbI.
Byn macene Kaszakcran PecnyOnukachlHBIH MyHail eHIEy ©HEpKOciOi YIIIH epekiie
MaHbI3/1b1, ce0e0i Ka3aKCTaHbIK MYHAHIap ayblp KOMIPCYTEKTep LIMKI3aThIHBIH €1Yip
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KypaMbIMEH cunarTaiaasl. Byt skyMbIcThIH MakcaTbl KyMKea MyHabIHBIH BaKyyM/IBIK
ra30MIIBIHBIH KAaTAIMTHKAJBIK KPEKWHITEY MNPOLECTepiH KOHE ANbIHFaH OHIMIEpPIiH
KacHeTTepiH KaH-)KaKThl 3epTTey OOoNbIm TaObuTambl. KaramuTHUKamblK KPEKUHTTIH
THIMALTITT KeOiHece KOJIaHBUIATBIH KaTalln3aTopiiapra, Ipolec mapamMeTpiepiHe
YKOHE IUKI3aTThIH KypaMblHa OaiinanbicTel. OHTAHIbI HOTHXKENepre KOl JKETKi3y YLIiH
CYHBIK Ka0aTThl KaTaJUTUKAIBIK KPEKUHITIH TOXIPUOETIK 3epTXaHANIbIK KOH/IBIPFBICHI
KypacThIpsliabl. Toxiprbenep mMKi3aTTs 6epy KBUITAMABIFBI )KOHE TeMITepaTypaHbIH
e3repyimeH xypri3inai. uki3aTTeiH Oepy KbUIIaMIBIFBI KaTaTN3aTOP/IBIH KYKTEITEH
KeJieMiHe OaiyaHbICThl aHBIKTaNanbl. KaramnszaTop kenecifield KaTbIHACHI aJIbIHJIBL:
muKizaT = 1 KeyjeM Katanu3atopibiH Oip Oeirine: 0,52 KeJjieM IIUKI3aTThIH O6JIiri.
JMCTUIUTATTBIH MIaWBIPIBLIBIFBIHA OaIaHBICThI KAaTaTUTUKAIBIK KPEKHHT MPOIIECiHIe
CaJIBICTBIPMANbl TYpAE KaTaH PEKUMAI KOJJaHyFa OoJlaibl: peakuusl aiMarblHIAFbl
temreparypa 492°C, abimameim ecemiri 5,1:1,0, mmKki3artel OepymiH MaccabiK
KeutaaMaeirel 2,0 carar !, permpkymanus koddduimenti 1,3-ke TeH. MakcarTsl
OHIM aBTOMOOWMIIb OEH3MHIHIH IIBIFBIMBI 42,8% Kypasabl, OKTaH CaHbl MOTOpP dJIiCiMEH
(MO) 82 xoHe OKTaH caHbl 3epTTey dficiMer (39) 89-ra TeH Oommel. by 3eprreyain
MPAKTUKAJIBIK MaHBI3IbUIBIFBI JKOFAPhI THIM/II KaTaIMTUKAIIBIK KPEKHHT dJIICiH KoJiaHa
OTBIPBIN, KOMIPCYTEK IIUKI3aThIH TEPEH OHJACYIIH TEOPUSUIBIK YKOHE TEXHOJIOTHSIIBIK
ACTIeKTIIEPiH KEeTUIAIPY asChIHIA alIbIHFaH HOTH)KEICPMEH JOJICTICHET].

Tyilin ce31ep: KaTanUTHUKAJIBIK KPEKWHI, BaKyyM Ta30iJli, KaTaim3arop, Tas,
3epTXaHaNbIK KOHABIPFbI, OCH3UH, PEaKTOP, KEHIJI Ta30ii1
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AnHoraums. KaranmuTuyeckuil KpEeKMHI TSKEIOTO ChIPbSL SIBIISIETCSl aKTyalbHOU
3amadeii HedrenepepabaTpiBaroiell mpoMbImieHHOCTH PecryOmmkn Kaszaxcran B
CBSI3M C BBICOKOM TOTPEOHOCTHIO B Kaue€CTBEHHBIX ABTOMOOWMIBHBIX, PEaKTHBHBIX,
TU3ENBbHBIX M JPYTUX BUJAaX TOIUIMB, a TaKXe CHIPhE I HE(PTEXUMHUH — IIPOTIaH-
MIPOTTMIIGHOBOW W OyTaH-OyTHJIEHOBOH (pakmmid. Drta mpobiema uMeeT ocoboe
3Ha4eHne s HedrenepepadarbBaromeld oTpacin PK, mockonbKy KazaxcTaHCKHE
He(PTH XapaKTepU3YIOTCS 3HAYNUTENBHBIM CONEp)KaHUEM TSKEINBIX YITIEBOAOPOIHBIX
(dhpaxnmii. [lenpio qaHHON PaOOTHI ABISAETCS BCECTOPOHHEE MCCIICIOBAHKE MTPOIIECCOB
KaTaIUTUYECKOTO KPEKHHra BaKyyMHOTO Ta3oiis KyMmkombckodl He(TH M CBOHCTB
MOJTyYeHHBIX TPOAYKTOB. DPPEKTUBHOCTh KAaTAIUTUYECKOTO KPEKHMHTa BO MHOTOM
3aBHCHT OT MPHUMEHSEMBIX KaTalli3aTOPOB, TEXHOJIOTHUECKHUX TTapaMeTPOB M COCTaBa
WCXOJHOTO CHIphs. Jlig TONydeHuss ONTHMalIbHBIX pE3ylbTaToB ObLTa coOpaHa
JKCIEepUMEHTAIbHAS  JTA0OpaTopHasl yCTaHOBKA KATAJHTHYECKOTO KpPEKHWHTa C
TICEBAOOKIKEHHBIM CJI0eM Karaim3aropa. OTBITEI MPOBOAWIN TPHU BapbHPOBAHUU
CKOPOCTH TIO/Ia4W CHIPbsI W TeMmreparypbl. CKOPOCTh TOAa49X CHIPhSl OMpPEAEIseTCs
WCXOsl W3 3arpy’KeHHOTO 00BhEMa KaTalm3aTopa; HCIOIh30BaJIOCh COOTHOIICHHE
«KaTanmu3arop: Chipbé» — 1 "acTh 00nEMa karammsaropa Ha 0,5-2 dacth oObEMa
ChIpbsi. BcrnencTBue OMarompusATHBIX CBOWCTB IUCTHIUISATA M, B YaCTHOCTH, €r0
HU3KOW CMOJMCTOCTH, MpeIaraeTcsi PUMEHSTh B MPOIIecce KPEKHHTa CPABHUTEITHHO
KECTKUN PeXUM: TeMIlepaTypa B 30He peakuuu 492 °C, KpaTHOCTb LMPKyIsuuu 5,1:
1, MaccoBasi ckopocTh mogadu ceipbs 2,0 ', koad¢umuent perupkysimua 1,3. o
pe3yibpTaTaM MCCIEOBaHUH BBIXO[ IEIEBOTO MPOIYKTa — aBTOMOOMIFHOTO OCH3MHA
— cocrtaBui 42,8% c OKTaHOBBIM 4mcioM 82 1o MoTopHOMY Metony (MM) u 89,0
o wuccnenoparenbckomy Meroxy (MM). IlpakTuueckas 3HaUNMOCTH WCCIEIOBAaHUS
MTOJITBEPKAACTCS TIONyIEHHBIMU PE3yIbTaTaMH, TTO3BOJISIONIUMHI COBEPIICHCTBOBATH
TEOPETHYECKHE U TEXHOJIOTHIECKHE aCTIEKTHI IITyOOKOH IepepadoTKH YTIIEBOIOPOTHOTO
CBIPBSI METOJIOM KaTaJIMTHYECKOTO KPEKHUHTA C BBICOKOH 3(h(heKTHUBHOCTHIO.

KuroueBble ¢ji0Ba: KaTAIUTUYECKUNA KPEKUHT, BAKYYMHBII ra3oiil, KaTaau3arop,
ra3, 1aboparopHasi yCTaHOBKa, OCH3MH, PEaKTOP, JIETKUN Ta30iI

Kipicme. byn wmakamama Kymkenm MyHaWbIHaH aiblHFaH BaKyyM Ta3oiuii
KaTaJIUTUKAJIBIK KPEKUHTTEY JKOHE aJIbIHFaH OHIMACPAiH KacueTi OONBIHIIA KaH-KAKTHI
KYPTI3UITeH 3epTTeyNeplaiH HoTwmkenepi kentipinreH. KaTanmnTukanblk KpPeKHHTTIH
THIMITITT KeOiHece KONMAaHbUIATBIH KaTaau3aTOPABIH CHIIaTTaMajiapblHa, IPOIIeC
rapamMeTpiiepiHe jKoHE IIHMKI3aTTBIH KypaMblHA OailIaHBICTBI, ce0eOl IMMKI3aTThIH
(hM3HUKa-XMMUSIIBIK KACHUET1 aTbIHFaH OHIMJIEP/IiH carlackl MeH IIBIFBIMBIHA, STFHUA OHIEY
TepeHirine Tikenei acep eremi (Kalmakov, 2023). Cebebi mmKizaT KypaMbIHBIH KEHiT
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Ooybl MakcarThl ©HIM (O€H3MH) LIBIFBIMBIHBIH apTybIHA JKOHE KaTaJIW3aTOPABIH KOl
JKYMBIC kacaybiHa anbin keneni (Kryukov, 2025).

['paduxrep, KecTenep xKoHE 3epTTey 9MICTEepi TYPIHAC YCHIHBUIFAH SKCIIEPUMEHTTIK
KOHE TEOPHSIIBIK 3epTTEYNIEPIiH HOTHXKENEpiH MyHal OHJEYy JXKoHE MyHal-XUMHS
OHEPKACIOIHIH FEUTBIMU MHKEHEPIiK-TEXHUKAJIBIK KbI3METKepIIepi Naijanana anazipl.

AJBIHFaH HOTHKEJIEP MbIHAJIapFa MYMKIHIIK Oepeni:

- IIUKI3aTThl JaibIHIAYAbl OHTAMIAHIBIPY, Kbl CYWBIK KabaTThl KaTaln3aTophI
0ap KoHE TIKeNel KOTepriml peakTopaapMeH >KaOAbIKTalFaH KOHABIPFbUIApAa KOKC
TY3UTylH a3afiTa OTBIPBII KPEKMHITEY >KOHE KaTajJu3aToplJarbl KOKC INeriHIiCiH
OeNTiICHTeH JICHTelre JICHiH peTTey.

- KaTaJUTUKANbIK KPEKUHT IMPOLECIH KYLWIEWTYy YIIIH THIMAI KaTaau3aTopiapbl
HETi3JeNITeH TaHaay jKacay.

3eprrey dmicTepi. BakyymMabIK ra3zoiiael any yIIiH MyHalabl aTMocgepaibIK-
BakyymsIK aiigaynst MEMCT 11011-64 Goiibiaima APH-2 crangapTTsl annaparsiHia
XKY3€ere achIpblIabl.

KonnpipreiabiH peakTop Oeniriniy Herisri Tyiinaepi BHUU HIT (TY 38101570-75)
omicreMeci OotibiHIIa opbiHaanael (Hadzhiev, 1978).

3eprrey Goaimi. KaranmnTukanblk KpeKHMHITEH allblHATBIH OHIMAEPIiH camachlH
Oaranmay »KoHe OaJaHCBIH AaHBIKTAy MAaKCaThbIHAA CHHTETHKAJBIK YHTaK Topi3ai
QIIOMOCHJIMKATTBl KaTajlu3aTopAblH KaiiHay KaOaTbl 3epTXaHalblK KOHIBIPFbIAA
(cyper-1) KymKen keH OpHBIHBIH MYHaWblHAH aJbIHFaH BaKyyM OIMCTHJUIATBIH
KPEKUHTTeY OOMBIHIIA TOXIpUOEnep Kypriziii.

KoHIBIPFBIHBIH TEXHOIOTHSITBIK, CYJI0ACBIHBIH CUIIATTAMACHL.

TexHOTOTUsIBIK MPOLIECC Keeciel Ke3eHAepACH TYPabl:

1. Karanuzaropabl KYKTeY KOHE OHBI PEKUMIE LIBIFApy

2. IIuki3aTThlH KbI3ABIPHLTYBI

3. IukizarTeig Oepinyi

4. PeakTopnarbl MIMKi3aT MEH KaTalIW3aTOPABIH KaHACYBI

5. CankplHAATy jK9HE KaTalIM3aTThIH OeiHyi

KaranuzaropapiH KaiiHay KaOaThIHAAFbl KaTATUTHKAJIBIK KPEKUHITIH YJIKEHTiAreH
3epPTXaHaNbIK KOHJIBIPFBICBIHBIH MPHHIUIHAAIIB TEXHOJOTHUSIIBIK CYN0achl >KOHE
ToKipuOeni xyprizy omictemeci (Idirisov, 1996).

KaranuzaropnpiH KaliHay Ka0aTbl, KaTaJW3aTOpAbl IIHEKTI apaiacThIPFBILI
KOMETIMEH MEXaHHUKaJlblK apalacThlpy Ke3iHIe pPeakTOpIAbIH TOMEHri OeJiriHeH
KPEKHUHT IIUKi3aThIH Oy (azaceiHna Oepy apKbUIbl skacansiHabl. 3eprreynep (Kapustin,
2015) ocel THOTEri 3epTXaHAJBbIK KOHIBIPFBUIAP KaTalINW3aTOPABIH HEMece WHEpTTI
KBUTyTaChIMAJJAFbIIITEIH KaiiHay KaOaThl Oap mpoluecTepAl OHTaiimbsl Momeni Oora
aJIaTBIHBIH KOPCETTI.

Kpexunr mmkizatsl Kei3aslpbuiran Oropetkanan (E-1) mmkizar copaber H-1-re
apKbUIBL, KbI3AbIpFbILI [1-4-Te Oynansimn, P-1 kpekuHT peaktopbina keuin Tyceni. Peaktop
imine LZR-20PK karanuzaropsr xykrenred. Ilem I1-4-Te mukizaT, nmemr KbI3AbIPFBILT
SNIEMEHT JKOHE TepMollapa KalTachl apachblHOArbl Tap CaKWHAJbI CAHbUIAYy ApKbUIBI
YKOFaphl KBULIAMJIBIKIICH Ko3fananel, Oyn 450-550°C Temmeparypaia MIUKi3aTThIH
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TEPMUSUTBIK BLABIPAYBIH OonapipMaiinel. Peaktop P-1 aiiHpIManbl KMMa anmaparsl, OHbIH
YKOFapbl 06JIiri peakuus ailMarbIHBIH AUAMETPIHEH 2,5 ece yIIKeH )KoHE TPaBUTALMSITBIK,
TYHZIBIPFBIITHIH (QYHKIUSIIAPBIH OPbIHAANABL. P-1-1eH ra3api-0yibl eHIMII HIbIFapaThIH
LWITyUEpAiH KYpbUIBICHI HIBIHIBI KaTalu3aToOpAblH OejiHyiHe Je oacep eTeidl, eWTKeHi
KPEKUHT OHIMepiHiH Oyiapbl OoFaH Kipy Ke3iHIe KO3FajbIC OarbIThIH Kepi OarbITKa
e3repryre MaxOyp. P-1 apamacTbIpFbIIITHIH €pKiH alfHAyblHAa apHaJIFaH aJlbIHOAJBI
OypaHaajbl KaKIakK KoHE THIFbI3IAFbII KYPUIFbUIAPMEH KaOAbIKTaFaH.

P-1-ne naiina 6onraH KpeKHHT eHIMIepi X-1 My3AaTKbIII-KOHACHCATOPBIHA TYCEIi,
oHJa cylbIK eHiMaep E-2 karammzarop KaObUAarbILIBIHAA KOHACHCALMSIIAHAIBL, all
ra3 ogaH api etetin E-3 razomerpine tyceni. KpekuHr ke3inae karajau3aTtopra TYCKEH
Kokc P-1-7eri KypraTblIFaH aya aFbIHbIHIA KYHIN KeTeAl, 0Ji1a pereHepanus KbI3MeTiH
aTKapraH/IbIKTaH pereHepaTop OoibIm TaObUTaAbl. PereHepauust Tazgapbl KeOTipy
TYTIKTepl apKbUIbI KOMIPTEri OKCHJIH Kafy MelIiHe TYCeAl, OJaH KeWiH acKapuTTi
TYTIKTEp apKblIbl COPFBILI (BBITSLKHOMN) MIKad apKbUIBI xKiOepinei.

Taoxipube Kyprizep anaplHIa KaTaau3aTtop peaktopra xxykreneni. [1-1,2,3 nemrepin
KOJIZIaHa OThIpbIMN, P-1-Te KakeTTi Temmeparypansl opHaTansl. [1-4 kemeriMeH KepekTi
Temmneparypanbl opHarazpl. [1ukizar E-1 celiibIMABUIBIFBIHA )KOHE IINKI3AT TYTIKTEPiHEe
TonTeIpbUTagbl. Toxipubere aeiiin P-1 azornen 0,3 1/MUH KbUIAaMABIKIEH 5 MHHYT
0oiibl ypieneai. H-1 cOprbICH MMKI3aTTHIH KQXKETTI MOJILIEPIH peakTopra ainaiabl,
coman kediH P-1 kalitaman asorneHn ypnenexdi, ypiaey E-3-te sxysere acblpbuiajbl.
Yprey asgkraaraHHaH KeHiH peakTopaarbl TeMIeparypa pereHepauusHblH OeNriieHreH
TeMIepaTypacblHa AeliH keTepineni xone 0,5 1/MUH KbULIaMIBIKIICH KYPFATbUIFaH aya
TOTBIH/IA KaTaln3aTOPABIH PEreHepaluschl KYprizijeni. PereHepauusHblH asKTagybl
ACKapHT TYTIKTEPiHIH TeMIlepaTypacbIMeH OarasiaHa bl, OJI CYBIK AEPIIiK OOYBI KEpeK.

ANBIHFAaH KPEKUHT Ta3bIHbIH LIBIFBIMBI OHBIH KOJEeMi YOHE TBIFbI3IbIFbIMEH
aHbIKTaNbl. E-2-1eH anpiHFan Karanusat Gppakuusuiapra 6eminai: 6.k.-200°C (OeH3un),
200-350°C (3KeHiT KpeKUHT Tra3oiiii) xoHe Kainaslk > 350°C (ayblp KpeKHMHT ra3o0iiii).
Kokc mIBIFBIMBI aCKapyT TYTIKTEPiHiH CaIMaFbIHBIH 6CYiMeH Kelieci popMya OoibIHIIa
AHBIKTAJIIBL:

K=A4-1.06-12-100/44-G

MyHnarbl: A — acKapuT TYTIKTEPiHIH YKaJIbl CalIMaFbIHBIH OCYi, T
G — OTKI3IIreH IIKKI3aT CaHbl, T

12 — KeMIpPTEKTiH MOJIEKYJIaJIbIK CalIMaFrbl

44 — KOMIPKBIIIKBLT F'a3bIHBIH MOJIEKYJIAJIbIK CalIMaFrbl

1,06 — KOKCTaFbI CyTETi MOIIIEPiH €CKePETiH KOAPPHUITHECHT.

120



Volume 4, Number 465 (2025)

AnaT

Py vy

Ve ey T

E-1 - wuxizam 6ropemracot, H-1 - wuxizam copabwl, P- 1 -peakmop, 11-1,2,3 - Kb130bipewiut s1emenm,
11-4-gp130wipeviiu, 11-5- CO eazvin scazy newi, X-1 —myzoamgvlu-kondecamop, E-2- kamanuzamop
Kabvinoazviul, E-3 - eazomueziw (2azomemp), E-4-cy monwacwt, A-1,2,3- kenmipeiwmep, A-4 acnapummi
mpyb6ranap, K-1- sicazyuer nomenyuomemp

CypeT 1- KaTaJ'[PI?,aTOpHBIH KaﬁHay Ka6aTI>IHZ[a}“LI KaTaJIMTUKAJIbIK erKI/IHFTiH YJ'IKeﬁTiJ'IFeH 3€pTXaHaJIbIK
KOHABIPFBICBIHBIH TEXHOJIOTUAJIBIK c¥n6acm

Kpexunr kesingeri mwirbiHaap (2,0 mac %-naH acmaidThlH) OHIMHIH LIBIFybIHA
MPOMOPLUMOHANIABl TypAae Oemiusi; wbFbIHAAPE 2,0%-1aH acaTblH TaKipuOenep
eckepinMeni. Op peXHUM YIIiH KeM JAereHAe €Ki ToxipuOe >Kyprizinai, OeH3MH
HIBIFYBIHIAFBI colikeccizaikrep 2,0% -maH KOFaphl J)KOHE KOKC IIBIFYbIHAA OacTarKel
mukizatka 0,5% -man actam ToxipuOenep KaiTanaHabl. AJIBIHFAH MOJIIMETTEP
opTauIagaHbl.

Toxipnbeni naiipingay :xoHe oTkizy. Toxipubenep MWHMKI3aTTBIH —Oepiny
KBUIJAM/IBIFBI JKOHE TeMIlepaTypaHblH e3repyiMen xyprizinai. [lukizartein Oepiny
KBUIJAM/IBIFBl  KaTadu3aTOPAbIH JKYKTEITeH KejeMiHe OalIaHBICTBl aHBIKTala/lbl
(Tanashev, 2003). Karanu3arop kejecifieil KaThbIHACHI ajbIHIBI: IIHMKi3aT = 1 Kejem
KaTanu3aropablH 0ip Oedmirine: 0,5+2 keneM HIMKI3aTThIH OOJIiri.

Hukinmie &KyMbIC OOJITIHIH Y3aKThIFBI, SFHU IIMKI3aTThl Y3IIKCI3 Oepy Ke3eHi
KaTaJM3aToOp/IbIH OEJICeHIUIIrIMEH, [IUKI3aTThl OCpy IKBUIIAMIBIFBl KOHE OHJIAFBI
LIaWBIPIIB 3aTTapAbIH KYpaMbIMEH aHbIKTaNaAbl. TypakThl Karajau3atop Kadarbl Oap
OHEPKACINTIK KATATUTHKAIIBIK KPEKHHT KOHABIPFBUTAPBIHA UK Y3aKTHIFbI 10 MHHYTKa
TEH; 3epTXaHAJIbIK KOHJBIPFBI YIIiH 01 30 MUHYTTaH | caraTka JeiiH OO0Iybl MYMKIH,
OUTKEeHI KaTalu3aTOpABIH JKWi pEreHepalysiChl TEXHHUKAJBIK JKaFblHAH KOJaWCHI3.
ToxipuOeHiH >Kambl Y3aKThIFbl Tangay yuriH keminge 200-250 ma cyiblKk eHIMHIH
0O0JTyBI KOKCSTTUTITIMEH aHBIKTAJIbI, SFHU [UKJIAAp CaHbl 1-2.

Peakxrtopnarel Temmneparypa 490-550°C apanbifblHOa caKTalbHABL. ToxipuOe
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XKYPprizep anaplHaa KaObULAAFBIIITAP MEH CIHIpTriTep i emmeH 1. bropeTka mukizarnen
TOJNTHIPBIIAIBI, COPANTHl KOCHIN, PEaKTOPFa >KETKI31JIeTiH TYTIKTEH Maija OoJiraHra
JeiiH ImuKi3aTneH TonTeipagbl. ComaH KeiiH OIOpeTKaHbl LIMKI3aTIEeH TONTHIPHII,
neHredi kaWtaman Oekitineni. Erep toxipube kaHa, oni KajlblHAa KeNTipiIMereH
KaTaau3aTropia JKyprisiice, oHAa aigbIMEH KaTalu3aTOpAaH BUIFAIIbl aJbIl TacTay
kepek. On ymin peaktop 300-350°C pmeifiH KbI3ajbl, MKOFAPFbI IIBIFATHIH KYOBIPIBI
LIJIAHTTIEH aya Ke3iHe jKaJFall jKOHEe PeakTOPIbIH TOMEHTi Oediri ypreyniH OackliHOa
OeJliHeTIH Cy TaMIIbUIapblHAH OOcaraHIla, TOJBIFBIMEH KYpFaraHIIa KaTalan3aTop
apkpUIbl YprieHeni. ComaH KeliiH xa0abIK OeplireH cysioa OOWBIHINA KOCHLIA b,

PeaxtopabiH TeMneparypachl OeiriieHreH temneparypanan 5-10°C sxorapbl 6osraH
Ke3Jlle MmuKi3arTel Oepy Oacrananbl. Coman keiiin JIATPapiH kemeriMeH ToxipuOeHIH
KaXETTI TeMIlepaTypachl OpHaTbhlIaabl. JKyMBIC KypHaJbIHAAFBI jkaz0aiap IIUKi3aT
OepinreH coTTeH Oacrtar Kyprizine OacTaiiibl, onapAbl 9p 5 MUHYT CailbIH IIbIFapaIbl.
Op UMK asKTalFaHHAH KeWiH IIUKi3aT Oepyldi TOKTaTKaHHAaH COH KajifaH Oyiapibl
KeTIpy YIIiH peakTOpIbl a30TIEH YPJeH/i; KaObUIJaFbIll IeH CIHIPTiIITI a’KbIpaThll,
onappl emelii. ChlHaMa ajJbIHFaH Ta3/IbIH KOJIEMiH OeNTiieimi.

Kecre 1. KymKen MyHaifbIHAH aJIBIHFaH BAKyyM JUCCTHIISTHIHBIH (pU3UKa-XUMUSIIBIK KACHETI.

KpeKkuHT MMKi3aThIHaH LIBIFBIMBI, % Macc. 25,0
20°C TeirbI3abIFel p 2, Kr/m’ 834,6
HlIapTTe! TYTKBIPIBIFEL BY 1,46
Kary temneparypacsi, °C +36
Koxcrimiri, % macc. 0,20
Menmepi, % macc.
- Kyn 0,004
- KYKIpT 0,51
TonThIK KOMIPCYTEKTIK KypaMsbl, % Macc.
napaduH-HaQTEH Il KOMIPCTYTEKTED 83,0
apoOMaTThl KOMIpCyTeKTepi 16,2
OHbIH imizae:
IKEHIIT 6,3
opTa 4,7
aybIp 5,2
laiisip 0,8
Dpakuusiibl Kypamsl, °C
0.K. 301
10 % 330
50 % 420
90 % 436
C.K. 500

KyMKken MyHaWbIHBIH BakyyM IWUCTHIIISAT KaTaIWTHUKAIBIK KPEKUHTIHIH erKein-
TeKEWITi OalaHCHl TOMEH/IE KeNTipinreH (kecre 2).
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Kecre 2. Bakyym ANCTHIUIATBI KaTQIUTHKAIBIK KPEKHHTIHIH OaJIaHCHI.

CO, 0,74
H, 0,04
CH, 0,32
CH, 0,23
CH, 0,59
C.H, 2,67
CH, 1,12
uz0-C Hg 1,48
u-C,H 6,0
uso- C,H 2,77
u-CH 2,44
CH, 5,55
uso- C.H,, 4,17
u-CH 2,18
Asromobuib 6ensuni C,— 195°C 33,5
Jln3esb OTBIHBIHBIH KOMITOHEHTI 16,2
Kanapix >350°C 14,5
JKanraH Kokc 4,0
106853805 1,5

JUMCTWIIIATTRIH KOJNAWIB KAacHeTTEpiHe JKOoHe, aTal aWTKaHIa, OHBIH TOMCH
ANBIPIBUIBIFBIHA OAlIaHBICTHI (CHITMKOTENBAl MIaibIpiaapabH Kypamsl 0,8% macc.)
KPEKHHT TIPOLECIHIE CaJbICTBIPMANBI TYPAE KaTaH PEeXUMIl KojmaHyra Oonaipl:
peakiusi aiiMarsiHiarel Temmeparypa 492°C, aitnaneiM ecemiri 5,1:1,0, mmKi3arTe
OepyiH MaccajbIK KbUIIaMAbIFeL 2,0 car™!, perupkyssinus koddduimenti 1,3.

JKanmer Mmarepuanablk 6alaHC TOMEHIET1 CypeT 2-1¢ KeATipureH (kaHa IMUKi3aTTaH
% macc.)

50 -
45 -
40 -
35 ¢
30 -
25 ¢

20 -
15 ¢
10 -
s |
0 - i:

Taz BeH3un AKTT Kokc IIIbIFbIH

Ouimoepoin wivizbimol, %

ITvikkan enimoep

Cyper 2 — IIporieccTii MaTepHaIIbIK Tere-TeHIIrl
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JKorapbia KenTipiireH MaJliMeTTEepACH KOPIill OThIPFaHBIMbI3Al, KPEKUHT Ke3iH/e
61,6% Macc. KeHIT eHIMACP/AIH JXOFapbl OHIMAUIITIHE KOJ JKETKI3UIII, IU3eIbIiK
OTBIH KOMITOHEHTTEPIHIH IIBIFBIMBL TeK 16,2% Macc. Kypajasl. MyHail MarepuaibK
Tele — TEHIIK OacTamKpl IIMKI3aTThIH XUMHSUIBIK KYPaMBIHBIH EpeKIIeiKTepiHe,
aram aiTkaHjaa napaduH-HAPTEH KOMIpCYTEKTEpiHiH JKOFapbl OOITybIHAa OalTaHBICTHI
(Ahmetov, 2010). [ukizatr KypambiHaa napaduH-HAPTEHAI KOMIPCYTEKTEpAiH Kol
OonybiHa OalJIaHBICTBI KOKCTENY JKBUIIAMJBIFBI TOMEH >KoHEe OCH3MHHIH KOKCKa
KarbIHACKI 11,1-re sxeTTi. BeH3MHHIH KEeHLJ KaTaJIUTHKAJIBIK ra30HIIre (JIU3e) OThIHBIHA)
KaTbIHACKI 2,7-Hi Kypanbl. TeMeHnae O¢H3UHHIH (KecTe 4) JKOHE JKeHIT KaTaTuTHKAIBIK
ra30MIIBIHBIH (KecTe 5), KaIIbIK (Ppakius ayblp KaTaIUTHKAIBIK Ta30MIBIHBIH (KecTe 6)
cUTIaTTaMaJIapbl OEPisITeH.

Kecre 4. Bakyym muctmuisatbiabiH (KyMKkesr MyHaiibl) KaTaJIUTHKAIBIK KPEKHHII KE3iHJC allbIHFaH
OCH3UHIHIH CHITATTaMaCBI.

KpeknHr mmkizaTelHaH MIBIFBIMEL, % Macc. 42,8
20°C ToIFpI3abIFsl p 2, Kr/M° 0,7223
MorexynasblK caaMarbl 99,0
Dpakuusibl Kypamsi, °C
0.K. 43,0
10% 62,0
50% 95,0
90% 175,2
C.K. 195,0
KanbikkaH Oy KbICBIMBI, MM pmi. CHl. 442.0
Kyxkipr menmiepi, % macc. 0,013
Hox canbl, ¢ fiox 1002 eHimre 81,9
KaHbIKIaraH KemMipcyTek Meuepi, % Macc. 31,87
OxTaH caHbl (aBTOMOOHIIb OCH3MHI YIIIiH)
- MOTOpJIBI 9f1ic OOMBIHIIA (AHTHIACTOHATOPCHI3) 82,0
- 3epTrTey dJici OOMbIHINA (AHTUACTOHATOPCHI3) 89,0
- MYBD kocnacsH KOCY apKbLIbI 95,0

By monimerTepAeH KaTaaWTHUKAIBIK KPEKUHI aBTOMOOWIIb OCH3WHIHIH JKOFaphbl
COPTTBI, KYKIPT MOJIIepl TOMEH JKOHE JICTOHAIMSFA TO3IMIUIr JKOFaphl CKSHIIT1
kepineni (Hadzhieva, 1982). Motop a/ici O0#bIHIIIA aHTHIETOHATHIPCHI3 OKTAH CaHbI
82-re, 3eprrey omici OoiibiHma 89-ra TeH Oonnel. MYBD (Metwn ymr Oytwi adupin)
KOCTIAaChIH KOCKaH7a, OKTaH CaHBbI 3epTTey omici OoifpiHma 94,5-ke¢ TeH OOJIbI.
ABTOMOOWIIH OCH3UHIHIH OKTaH caHbiH Y UT-85 anmapareiMeH eceTemnini.

Kecre 5. Bakyym muctumnsateiabiH (Kymken MyHalibl) KaTamUTHKATIBIK KPEKUHT1 Ke3iHIE albIHFaH
JKEHIJT KaTaTNTHKAIIBIK Ta30iII1iH CHITaTTaMackl

KpekuHr mmkizaTelHaH MIBIFBIMBL, % Macc. 16,2
20°C TeIFbI3abIFHL p 2, KT/M° 0,8815
MoutekynanblK caaMarbl 195
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Dpaxuusiibl Kypamsl, °C
0.K. 2342
10% 2434
50% 282,1
90% 302,2
C.K. 316,5
Tyrreipasirst 20 °C, ccm 4,33
Temneparypacst, °C
- Kary -12
- JIam eTy 106,5
Kykipt memepi, %omacc. 0,16
Mo camsr, 2 #iox 1002 emiMre 10,3
Leran canbl (1n3emb OTBHIHBI YIIIiH) 38,0

Juzenb oThIHBIHBIH ~KoMmmoHeHTI 238-318°C  apanbirbiHga Gpakuus OOIIbL.
OTbIHHBIH KaliHay TUAana3OHbIH KEHEUTY YKOHE OHBIH LIBIFBIMIBUIBIFEI apTTHIPY, KaTy
Temreparypacsl MeH aimaynsiH 50% KaiiHay TeMIepaTypachbIHbIH LIEKTI MOHJIEpiHe
OaiimaHbpICTBl MYMKiH OonMazpl. LleTan caHbIHBIH TeMEH OOJybIHA JKOHE KaHBIKIAFaH
KOMIPCYTEKTEp/IiH KOFapbulayblHa OalIaHBICTBI IU3€Jb OTHIHBIHBIH (DPPaKIMACHIH TEK
JKa3Fbl MapKaJlbl OTHIHHBIH KOMITOHEHTI peTiHje Nainaranyra oomnansl (Zadegbejdzhi,
2014). YKa3rbl MapKaIbl OTBIHJIBI ATy YIIIiH OYIT (PpaKIiusTHBl MYHANIBI TIKEIIEH ai1ay/IbIH
JKOFapbl LIETaHbl IN3ENb1 (ppaKusIapbIMEH apajacThIpy KaKeT.

Kecre 6. Bakyym muctumnsateiabiH (KyMmken MyHalibl) KaTaTUTHKAIBIK KPEKMHT1 Ke3iHIE albIHFaH
aybIp KaTaJUTUKAIIBIK Ta30MIITiH KaCHeTi.

KpekuHr mmKizaTblHaH MIBIFBIMBL, % Macc. 14,5
20°C ToirpI3abEsl p 2, Kr/M° 0,8997
[laprTel TYTKBIPIBIFSL, BY 1,25
Kary temneparypacsi, °C +34
Koxkcrimiri, % macc. 0,30
Kyxipt memmepi, % Mmacc. 0,22

AybIp KaTaJIUTHKAJBIK Ta30MIIb YIIIH TOMEH TBHIFBI3IBIK KOHE IAPTThI TYTKBIPIIBIK,
KYKIpT MOJILEpPiHiH TOMEHITIMEH JKOHE KaTy TeMIIepaTypachiHbIH KOFapbl OOTybIMEH
cunarraiaasl (Pusurmanova, 2016). by dpakuusiabl xorapbl mapaduuai MyHalaaH
cranfapttel M-100 Mapkanibl )KOFapbl KaTaThlH Ka3aHJIBIK OTHIHBIH JadblHAAY YIIiH
TYTKBIPJIBIFBI TOMEH KOMIIOHEHT peTiHje naiaananyra 6onansl (Tanashev, 2005).

KopbiThiabl. KyMken keH OpHBIHBIH MyHailbIHaH aJIbIHFaH BAaKyyM JUCTHILIATHIH
YIKSHTIATeH  3epTXaHalblK  KOHJABIPFBICHIHIAA  aJIOMOILICOJUTTI  Karanau3aTopia
KaTaJIMTUKAJIBIK KPEKHHITEY apKbLIbl MaKCaTThl KoHE Oacka Ja eHiMmjepii ayfa
OonaTbIHbIHA KO3 JKeTKi3yre Ooiaapl. OHTaWIbl TEXHOIOTHSIIBIK PEXUMAl OipKemKi
ycTay apKbUIbl canaibl OHIMIepre Kol KeTKi3yre Ooaibl.
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Abstract. At present, due to the growing global energy consumption, the demand
for energy sources continues to increase every year. Consequently, there is a growing
need for the development of powerful energy generators and storage devices capable
of delivering large amounts of energy over extended periods. Lithium-ion batteries are
currently among the most widely used energy storage systems in portable electronic
devices. These batteries are characterized by a high energy density and low self-
discharge rate, with a specific energy reaching up to 300 Wh-kg!, which is sufficient to
power even electric vehicles. However, optimization of the performance of these types
of batteries under high current loads is still required. To improve the electrochemical
performance of lithium-ion batteries, special attention is being paid to the development
and modification of cathode materials, which play a decisive role in determining the
capacity, stability, and lifetime of the cell. Various approaches, such as surface coating,
doping, and structural modification, have been proposed to enhance their conductivity
and structural integrity. Advanced fabrication techniques, including electrospinning and
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controlled annealing, allow for the formation of nanostructured cathodes with improved
ion diffusion pathways. Additionally, the introduction of conductive additives helps to
minimize internal resistance and increase rate capability (C-rate). Continued research
in this area aims to achieve higher efficiency, safety, and sustainability of lithium-ion
energy storage systems.

Keywords: lithium-ion battery, cathode material, electrospinning, annealing,
conductive additive, C-rate
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Annoramusi. Kazipri yakpiTTa s>kahaHABIK SHEprus TYTBHIHYIABIH apTyblHa
0alTaHBICTBl PHEPrUsl KO3/IEpiHE AETeH CYpaHbIC Kb cailbiH ecim kemneni. COHBIH
HOTHXXECIHIEC YJKCH KOJeMJe OHHEPrusiHbl Y3aK YaKbIT OOHBI JKETKi3e aslaTbIH
KyaTTbl TeHeparopiiap MEH OSHEprus CakTay KYpBbUIFBUIAPBIH d3ipiiey KaKeTTUIir
apryga. JIUTHH-MOHIOBI aKKyMyJSTOpiap Ka3ipri TaHJa HOPTATHBTI AIEKTPOHIBIK
KYpBUIFbIIapAa, COHBIMEH KaTap dJIEKTp KOJIIKTEPiHAE YKOHE CTAllMOHAPIBIK SHEPIHS
caKTay O>KyHenepiHae KEHIHEH KOJJAHBUIATBIH SHEPTusl cakTay >KyHemnepiHiH Oipi
Oonbill TaObUTAABI. Bysl akKymynsTOopiap >KOFapbl SHEpPIUsl THIFBI3ABIFBIMEH, Y3aK
LUKIIIK TYPaKThUIBIFBIMEH KOHE O31HIIK Pa3psAThIH TOMEH JACHIeHiMEH cuarTanaibl,
oJnapablH MeHIIIKTi Heprusicel 300 BT-car/kr-ra neiin xeTteli, Oy onapbl KOFapbl
KyaTThl KoJiaHOamapaa THiMJI eTe/i. AJaiiia, 5KOFapbl TOKTBIK JKYKTeMeJep Ke3iHJe
OJIapIBbIH >KYMBICHIH OHTaMJIaHABIPY, Y3aK MEp3iMAl CEHIMIUTrH KaMTamachl3 €Ty
YKOHE KayiNCi3iK KOPCEeTKILITEPiH apTThIPY Jli 1€ ©3€KTi FHIIBIMU Mocelie OO Kajia
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Oepeni. JIMTUH-MOHIBI AKKyMYJSTOPIAPABIH DICKTPOXUMUSIIBIK CHIIATTaMalapbiH
JKaKcapTy YIIIH KaTOATHIK MaTepuaigapAbl 93ipiey MEH MOAU(HUKALUIIAyFa epeKiie
KeHi1 OeiHesi, ceOeOl onmap MEMEHTTIH ChIMBIMIIBUIBIFBIH, UKIJIK TYPAKThUIBIFBIH
KOHE KBbI3MET €Ty MeEp3iMiH aHBIKTAHTBIH HETi3r1 KOMIOHEHT OOJBIN TaObUIAIbI.
OTKI3TIIITIKTI )K9HE KYPBUTBIMABIK TYPAKTBIIBIKTHI ATTHIPY MaKcaThbIH1a OETKi KaOaTThl
KanTay, AOTHPJEY >KOHE HAHOKYPBUIBIMABI KYPBUIBIMABIK MOAW(UKAIMAIAD CHSIKTHI
TYPJIi TocijAep KONJaHbUIaAbl. DJIEKTPOCITUHHUHT, OaKblIaHATBIH OT)KUT JKOHE OacKa
3aMaHayd TEXHOJIOTHSUIAD HMOHAApAbIH JU(Qy3Hs >KONJapblH KaKCAPTHIIN, >KOFaphI
OHIMAI KaToxTap anyra MYMKiHAIK Oepeai. COHbIMEH Karap, OTKI3rill KocHamapabl
eHri3y iMIKI KeAepriHi a3alTbIN, KOFapbl TOKTapAa KyMbIC icTey KaOimetin (C-rate)
apTThIpyFa bIKNan ereni. Ocbl OaFbITTaFbl 3epPTTEYIIEp JIUTHH-UOHIbI aKKYMYJISITOpIapra
HET13/IeITeH SHEPTUs CaKTay )KYHeJIepiHIH THIMIIITH, CEHIMIUTITIH )KoHE KayINCIi3Airin
apTTHIpyFa OarbpITTaNFaH.

Tyiiin co3nep: TUTHH-MOHIBI AKKYMYJISATOP, KATOATHIK MaTepHall, SJIEKTPOCITMHHHHI,
KYH1ipy, eTKi3rim Kocna, C-rate
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AnHoTanus. B Hacrosiee Bpems B CBSI3H C POCTOM MUPOBOTO SHEPTONOTPEOICHHS
CIPOC HAa MCTOYHUKU SHEPTMM €KETroJHO MPOIoJIKaeT yBeluuuBarbecs. Benenctsue
9TOTO BO3pacTaeT HEOOXOAUMOCTb Pa3paOOTKH MOIIHBIX T€HEPaTopoB U yCTPOHCTB
HAKOIUICHHS SHEPrHH, CHOCOOHBIX O0ecleuMBaTh MOAAYy 3HAYUTENBbHBIX 00BEMOB
SHEPrUM B TEUEHHE JIUTEIBHOIO BpeMeHH. JINTHH-NOHHBIE aKKyMYISATOPHI SBIAIOTCS

130



Volume 4, Number 465 (2025)

OIHOM 13 HanboJIee MUPOKO MCIIOIb3YEMBIX CUCTEM XPaHEHHUs SHEPTUU B TIOPTaTUBHON
AIEKTPOHUKE M JIIEKTPOTPAHCIOPTE. ODTHU CHCTEMBI XapaKTEPU3YIOTCA BBICOKON
IJIOTHOCTBIO B3HEPIMM M HU3KOM CTENEHBIO caMopaspsia, IpU 3TOM HX yICJbHAs
sHeprusi nocturaer 300 Br-u/kr, 4TO MO3BONSET NPUMEHATh MX JaKe Ui MHTAHHS
anekTpoMoOmwiell. OnHako onTUMH3anus paboThl JAHHOTO THIA AKKyMYJISTOPOB
IIpU BBICOKMX TOKOBBIX HAarpy3kax OCTa€TCs AaKTyaJdbHOM HayuyHOU 3amadeir. [lns
MOBBIIICHUS JJIEKTPOXUMHUYECKUX XAPAKTEPUCTUK JIMTUH-UOHHBIX aKKyMYJIATOPOB
ocoboe BHUMaHHUE YenseTcs pa3paboTke W MOAM(UKAIMU KaTONHBIX MaTepHaloB,
KOTOpBIE ONPENENSOT EMKOCTh, CTA0MIBHOCTh U CPOK CIYXKOBI siueiiku. Pasnnunbie
TEXHOJIOTUYECKHE MOAXO/bl — HAHECEHUE MOBEPXHOCTHBIX IOKPBITUM, JOIMUPOBAHUE
U CTPYKTypHasi MOIU(UKALUS — MPUMEHSIOTCS AJsl MOBBIIECHHUS MPOBOAUMOCTH H
YAYYIIEHUS MEXaHMYEeCKOM M XUMHYECKOM yCTOHYMBOCTH KaTonoB. CoBpeMeHHbIE
METOJbl IIOJNyYEHHUs, BKIIOYAsl OHIIEKTPOCIUHHUHI U KOHTPOJMPYEMBIHA OTXKMI,
MO3BOJISIIOT (POPMHUPOBATH HAHOCTPYKTYPUPOBAHHBIE KAaTOIAbl C ONTUMH3HPOBAHHBIMH
nyTsiMu TugQy3uu MOHOB JHTHS. JlomojaHeHHe KaTomoB MPOBOISIIMMH 100aBKaMH
CIOCOOCTBYET CHIDKEHUIO BHYTPEHHETO COMPOTUBICHUS M MOBBIIIEHUIO CIIOCOOHOCTH
3¢ pekTuBHO paboTaTh MPH BEICOKUX CKOPOCTIX 3apsina-paspsaa (C-rate). [IpoBoaumeie
WCCIICIOBAHUSI HANpaBICHbl Ha TMOBBIIIEHUE S((PEKTUBHOCTH, O€30MacHOCTH H
JIONTOBEYHOCTH JIUTUH-MOHHBIX CHUCTEM XPAHECHHUSI SHEPrHHU, YTO JeNlaeT pa3padoTKy
HOBBIX KAaTOAHBIX MarepuanoB U METONOB UX MOIU(PHUKALUU OCOOCHHO 3HAYUMOU IS
JJIbHEMIIIEr0 IPOrpecca YHEPreTHYECKUX TEXHOIOT U U PACILIUPEHUS UX IPAKTUYECKON
IIPUMEHUMOCTH.

KaloueBble ciioBa: JIUTHUH-MOHHBIA — aKKyMYJATOp, KaTrOAHBIM — Marepual,
ANIEKTPOCTIMHUHT, OTXHT, IpoBosmas gobaska, C-rate

Introduction. As is well known, the search for potential cathode materials for
lithium-ion batteries among lithium-containing compounds continues to this day.
The material from which the cathode is made is the key component of a lithium-ion
battery, determining and limiting its energy capacity. Cathode materials must ensure
the reversible de/intercalation of Li* ions corresponding to the electrochemical activity
of the Mex"/Me¥* redox pair, while maintaining their structural configuration; they must
also operate under high current densities and store large amounts of energy.

The most widely used cathode active materials are lithium-rich transition metal
oxides, including the layered lithium cobalt oxide (LiCoO,) (Mao et al., 2018; Demirocak
et al., 2017; Zhang et al., 2015) the spinel-type lithium manganese oxide (LiMn,O,)
(Rodriguez et al., 2018), the lithium nickel manganese cobalt oxide (LiNiMnCoO, or
NMC) (Jana et al., 2019), and the olivine-structured lithium iron phosphate (LiFePO,)
(Li et al., 2018; Bachtin et al., 2016). Among these cathode materials, particular
attention has been given to lithium iron phosphate (LiFePO, or LFP), discovered in
1996, which exhibits good electrochemical performance and low internal resistance.
However, this type of active material is characterized by low electronic (10° S-cm™)
and ionic conductivity (Bachtin et al.,2018; Toprakci et al.,2011; Bruce et al., 2012;
Kyeremateng, 2014).
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Attempts have been made to improve the active material by introducing various
conductive additives into the lithium iron phosphate—based suspension, reducing the
particle size of the active material, and other approaches (Shim et al., 2003; Li et al.,
2012; Liang et al., 2013).

In the present work, methods for optimizing the morphology of cathode coatings
based on this material are presented through the deposition of thin layers using the
electrostatic spraying technique.

Materials and methods. Experimental Section. Preparation of Suspensions for
Electrostatic Spraying (Table 1).

Table 1. Composition ratios of the components

LiFePO,, | PVDEF, |Carbon black obtained by | Timcal Super | Nanotubes, CNT, %
% % annealing PVDF, % C45, %
Suspension 1 |95 2 3
Suspension 2 |90 7 3
Suspension 3 |92 7,4 0,6
Suspension 4 | 88 7 4,5 0,5

The stages of suspension preparation included the following steps: 1.The polymer
polyvinylidene fluoride (PVDF) (Solef 5130, Solvay) was gradually dissolved in a
mixture of acetone and N,N-dimethylformamide at 60 °C for two hours. This procedure
was preliminarily applied for the preparation of all four suspensions. 2.For the
preparation of Suspension 1, after two hours, lithium iron phosphate (LiFePO,, Gelon
LIB Group) powder was gradually added to the polymer solution.3.For the preparation
of Suspensions 2 and 4, before adding the active material, a commercial conductive
additive, Timcal Super C45, was first introduced into the polymer solution after two
hours of dissolution.4.For the preparation of Suspension 3, carbon nanotubes (CNT,
Solvay) were added to the polymer solution prior to the introduction of LiFePO,.5. After
the addition of all components, the suspensions were stirred for 12 hours.

Electrostatic spraying was performed by adjusting the following parameters: the
distance between the nozzle and the substrate — 7-12 cm, voltage —12—15 kV, and
suspension feed rate — 0.008—0.012 mL/min. Annealing of the samples obtained from
Suspension 1 was carried out in a tubular furnace under an argon atmosphere at 460 °C
for 1 minute.

Results and Discussion. Polymers serve as sources of carbon black, which is
obtained by annealing them in an inert argon atmosphere or under vacuum (Liu et al.,
2013; Toprakci et al., 2012).

As shown in Figure 1a, the cathode coating based on LiFePO, and PVDF, obtained
by the electrostatic spraying method, exhibits a fibrous structure with high porosity.
Figure 1b presents the results of electrochemical testing of this cathode after thermal
treatment at 460 °C for one minute.
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Figure 1a - Micrograph of the cathode obtained by electrostatic spraying followed by annealing at 460°C

for 1 minute; Figure 1b - Discharge capacity of the corresponding electrode

The selection of this temperature was based on the thermogravimetric analysis
data of the electrospun PVDF film: in the temperature range of 400 —500 °C, active
decomposition of the polymer structure occurs. Figure 2a shows the elastic PVDF film
obtained by electrostatic spraying, while Figure 2b presents a micrograph of the same
film after thermal treatment at 400 °C.

2b
Figure 2a - PVDF film obtained by electrospraying;
Figure 2b - Thermal decomposition of the electrosprayed PVDF film

To maximize the yield of carbon black from PVDF while maintaining the adhesion
of the electrode coating to the current collector, 460 °C was selected as the optimal
temperature for these purposes. As a result of annealing, the obtained cathode with
a composition of 95%, 2%, and 3% of LiFePO,, PVDF, and carbon, respectively,
demonstrated specific discharge capacities of 95, 75, 55, 30, and 95 mA-h/g at current
densities of 50, 125, 250, 500, and 50 mA/g of active material, respectively.

Electrostatic spraying also enables the fabrication of cathode coatings with the
addition of commercial conductive additives. In Figure 3a, the electrode coating
containing 3% of the commercial conductive additive Timcal Super C45 exhibits
a porous structure; however, its specific discharge capacity is inferior to that of the
positive electrode obtained from suspension 1. At current densities of 10, 50, 125, 250,
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500, and 10 mA/g, the cathode prepared from suspension 2 demonstrates discharge
capacities of 105, 60, 20, 10, 2, and 90 mA-h/g of LFP, respectively (Figure 3b).
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Figure 3a - Micrograph of the cathode obtained by electrospinning with the addition of 3% Timcal Super
C45; Figure 3b - Discharge capacity of the corresponding electrode.

The addition of single-walled carbon nanotubes significantly densifies the cathode
coating, as shown in Figure 4a, while still maintaining its porosity. The nanotubes
enhance the C-rate performance of the electrode, exhibiting specific capacities of 130,
110, 85, 65, and 120 mAh/g of active material at current densities of 50, 125, 250, 500,
and 50 mA/g LFP, respectively (Figure 4b).
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1307-.-...-
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1154 = 125 mAJ/g
110
105 J

m_ 250 mA/g

Spedific capacity (mAh/g)

»_ 200 mA/g

T T T T T 1
0 10 20 30 40 50 60

@ NN e @ w o
T A A A

Cycle number

4a 4b
Figure 4a - Cathode obtained by electrospinning with the addition of 0.6% CNT;

Figure 4b - Discharge capacity of the corresponding electrode

The positive electrode with the simultaneous addition of two types of commercial
conductive additives - Timcal Super C45 and single-walled carbon nanotubes (CNTs) -
forms a sufficiently porous coating (Figure 5a). The active material containing Timcal
Super C45 and CNTs develops large and small rounded agglomerates that are randomly
distributed throughout the coating thickness. It is likely that the presence of such
agglomerates prevents the simultaneous addition of both conductive additives from
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improving the C-rate performance of this positive electrode. At current densities of 50,
125, 250, 500, and 50 mA per gram of LFP, the capacity of this cathode is 120, 100, 80,
63, and 120 mA-h/g, respectively (Figure 5b).
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Figure Sa - Cathode obtained by electrospinning with the addition of 4.5% Timcal Super C45 and 0.5%
CNT; Figure 5b - Discharge capacity of this electrode.

Conclusion. Thus, the conducted research demonstrates that the annealing of
positive electrodes obtained by electrostatic spraying enables the formation of cathodes
with improved structural stability and electrochemical performance at high current
densities. Thermal treatment at 460 °C in an inert argon atmosphere facilitates partial
carbonization of the PVDF binder, forming a thin conductive carbon network that
enhances the overall electronic conductivity of the electrode without compromising its
adhesion to the current collector.

Theresults indicate that the incorporation of 3% Timcal Super C45 conductive additive
into the LiFePO,-based suspension does not significantly improve the electrochemical
behavior of the cathode. However, the fibrous morphology of the coating is well
preserved, maintaining sufficient porosity for effective lithium-ion diffusion.

In contrast, the addition of single-walled carbon nanotubes (CNTs), either alone or
in combination with Timcal Super C45, significantly improves the specific discharge
capacity of the electrosprayed cathodes, particularly under higher current rates. This
enhancement can be attributed to the formation of an interconnected conductive
network of CNTs, which facilitates electron transport across the electrode structure.
Nevertheless, the inclusion of CNTs and mixed additives results in a denser and less
porous coating, which may slightly limit ion transport at very high C-rates.

Overall, the study confirms that careful optimization of electrode composition
and thermal treatment parameters plays a crucial role in achieving a balance between
conductivity, porosity, and structural integrity, ultimately contributing to improved
performance of LiFePO, - based cathodes for high-rate lithium-ion batteries.
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Abstract. The article discusses improving the energy efficiency of an oil treatment
and stabilization facility in the field using pinch analysis methods. Pinch analysis as a
methodology for minimizing the energy consumption of a process involves calculating
thermodynamically justified amounts of energy consumption and approaching them by
optimizing heat transfer processes, energy supply methods, and process characteristics.
Pinch analysis is used in various industries, in particular in oil and gas processing,
petrochemistry and the chemical industry, and can be used both in designing new
technological facilities and in solving problems of optimizing the operation of existing
industries, taking into account the principles of energy conservation. The Total Site
energy system is a complex facility that is part of large industrial enterprises or industrial
parks. As a rule, these are energy production facilities that convert various types of fuels
into heat and electricity, providing basic processes. The main scientific hypothesis is
to find a compromise between full energy recovery at facilities, taking into account
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operational and capital costs. In this paper, the object of research is the heat exchange
system of an oil stabilization unit located in a field with production of 34200 thousand
tons of crude oil per year. The thermal and energy integration of the oil stabilization
and treatment plant has been carried out. As a result of the project's implementation,
the energy consumption of external hot energy sources will decrease by 213.4 MW, or
55%. Greenhouse gas emissions will decrease by about 71%. The discounted payback
period is about 11 months from the moment the reconstruction project reaches its target
capacity.

Keywords: Heat exchangers, composite curves, energy efficiency, Pinch analysis,
cost optimization, crude oil
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AHHoOTanmusa. Makanaja mUHY-TaNIAy SJIICTEPiH KOJJaHa OTHIPHIIN, KOCIMIIUTIKTE
MYHaWIbl JalblHIAy >KOHE TYPAKTaHABIPY KOHIBIPFBICBIHBIH JSHEPrHs THUIMIUIITH
apTTBIpy KapacTelpbuiaabl. [IMHY-Tanmay NpOLECTiH 3HEPrusi TYTHIHYBIH a3auTy
ozicTeMeci peTiHAe JKbUly Oepy NpoLEecTepiH, SHEPrHsMEH XaOIbIKTay oSIicTepiH
KOHE TEXHOJIOTHSUIBIK TPOLECTEPIiH CHIIATTaMalapblH OHTAMIAHABIPY ApKbUIBI
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SHEPTUsl TYTHIHYABIH TEPMOIMHAMUKANIBIK HETI3[EeNTeH KOJIEMiH ecenTeyli >KoHe
oJlapFa >KaKbIHIaynbl KamTamachkl3 erteni. [luHu-Tanmmay opTypnmi camanapna, atam
aliTKaHga MyHail >KoHEe Tra3 eHJey, MyHail - XHUMHs KOHE XHMHsI ©OHEpKIciOiHae
KOJIIaHBLIA/Ibl JKOHE jKaHA TEeXHOJIOTHSUIBIK OOBEKTinepai kobaayna Ja, SHEPrHsIHBI
YHEMEY NPUHIMITEPIH €CKepe OTBIPHIN, KOJNJAHBICTAFbl OHIIPICTEpPAiH KYMBICHIH
OHTaMNMaHIBIPy MoceleNepiH memyae Ae Konnaneuiaabl. Total site sHepreTHKaibIK
XKyHeci ipl OHEPKACINTIK KOCIMOPBIHAAPABIH HEMece HWHIYCTPUSUIBIK MapKTepAiH
KypaMmblHa KIpETiH KYpAeii HbICaH OOJbIN TaObuIaabl. OneTTe, Oy 9p TYPJi OTBHIHBI
KBUTYy MEH DJIEKTp JHEPTUsChIHA alHalAbIPaThIH, HETI3r1 MpouecTepli KaMTaMachl3
€TeTiH SHeprus eHAipeTiH o0bekTiIep. Heri3ri FeuUIbIMU THIIOTE3a ONEPALUSUIBIK JKOHE
KYpZAETi WIBIFBIHAAPIBI €CKEPE OTBHIPBIN, OOBEKTINIEpAE SHEPTHSHBI TOJBIK KalIblHa
KEeNTIpy apachlHa bIMbIpara Keiy Ooubi TaObiansl. by skymbIcTa 3epTTey 00BeKTic
xbu1bIHA 34 200 MBIH TOHHA UK MYHai ©HIIPETIH KOCIMIIIIIKTe OpHalacKaH MYHa bl
TYpaKTaHIBIPY KOHABIPFBICHIHBIH JKbUTY anMmacy ykeci 0onbin Tadbuiagsl. Kymeicta
MYHaH/bl TYPaKTaHIBIPY *XOHE AalblHAAY KOHIBIPFBICHIHBIH JKBUTY-dHEPIeTHKAIBIK
HWHTErpalysachl OpbIHAaNAbl. JKoOaHBI €HTi3y HOTHXKECIHAE CBIPTKBI BICTHIK SHEPIHS
TackIMaNay IIbUIAPbIH SHEprus TYThIHYHI 2 13,4 MBT1-Ka HEeMece 55% - Fa ToMeH e .
[TapHUKTIK razaap WbFapbIHABLIAPH! amaMeH 71% - ra TeMenaeiai. J\uckonTranran
eTely Mep3iMi KaiiTa Kypy jx00ackl OepiIreH Kyarka IIbIKKaH COTTeH OacTall IiaMaMeH
11 aif maMacelH Kypanasl.

Tyiiin ce3mep: JKbuTyanMacTBIPFBIN anmapartap, Kypama KUCBIKTap, SHEprHs
TrimMainiri, Pinch Tanmaysl, mbFbIHIAPAB OHTAWIAHABIPY, IIUKI MyHaK
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AHHoOTanus. B craree paccmarpuBaeTcs NOBBIIEHHE 3HEPro3(p(eKTHBHOCTH
YCTaHOBKM TIOATOTOBKM M CTAaOMIM3alMM HE(TH HAa TPOMBICIE C HCIOJIb30BaHUEM
METOZIOB  MUHY-aHaIn3a. [luHY-aHAMM3  KaKk  METOMOJIOTHS ~ MMHHUMHU3ALUHU
9HEPronoTpedieHus MperycMarpuBaeT pacuéT TEePMOAMHAMMYECKH OOOCHOBAaHHBIX
00bEMOB OTPEOICHNUS PHEPTHH U TPUOJIM)KEHIE K HUM [Ty TEM ONTHMHU3AIMY IPOLIECCOB
TEIUIONiepeIayld, METOJIOB DJHEPrOCHAOKEHUS W IapaMeTpoB TEXHOJOTHUYECKHX
nponeccoB. JlaHHast METOIMKA HAXOAUT IIUPOKOE IPUMEHEHNE B Pa3INYHBIX OTPACIIX
— B He(Te- U TazonepepaboTke, HEYTEXUMHUN U XUMHUUECKOH TPOMBILIIIICHHOCTH — U
MOYKET NCIIOIB30BATHCS KaK MPHU MPOESKTUPOBAHNH HOBBIX TEXHOIOTUYECKNX OOBHEKTOB,
TaK W OPU PELICHUM 3a/1ad ONTHUMH3AaLUK pabOThl NEHCTBYIOLIMX NPOU3BOIACTB C
yu€ToM NPHHLMIOB SHeprocOepekeHus. DHeprocucrema Total Site mpencrasnsier
co00i  CIOXHBI OOBEKT, SBJISAIOMIUNACA YacThI0O KPYMHBIX MPOMBIIUIEHHBIX
MPEANPUATUI WM UHILyCTPUAIBbHBIX MapkoB. Kak mpaBuiio, 3To TemI0HepreTHIecKue
KOMILIEKCBI, TPeo0pa3yromiue pa3inuHble BUIbI TOIUIUBA B TEIJIO M DIEKTPOIHEPTHIO
n 00eCHeunBaOLIME KIIIOYEBbIE TEXHOJIOTMYECKHe mnpouecchl. OCHOBHas HayuHas
TUIIOTE3a MCCIICAOBAHMUS 3aKIII0YACTCS B IOMCKE KOMIIPOMHCCA MEXIY MAaKCUMaIbHOM
peKymepanueid SHEPrud W HEOOXOAMMBIMH OIEPAIMOHHBIMH W KaluTaJIbHBIMU
3arpatamu. B manHO# paboTe 00bEKTOM HUCCIIeIOBAHUS SBIIICTCS CHCTEMa TeITIO00OMEeHa
YCTaHOBKH cTaOmin3anuy He(TH, PACIOIOKEHHOM Ha TpoMbIcie ¢ poo0brueit 34 200
TBIC. T ChIpOW HedTH B rol. [IpoBeeHa TerosHepreTnyeckas MHTErpalus yCTaHOBKH
cTa0MIn3auy 1 HoAroToBky HedTH. [1o pe3ynabraram aHann3a oka3aHo, YTo BHEAPEHHE
MIPOCKTa MO3BOJUT CHHU3WUTH MOTPEOICHHE BHEUIHWX TOPSYMX IHEPrOHOCUTENCH Ha
213,4 MBT, uto cocraisier okoso 55 %. BbIOpOCH MapHUKOBBIX T'a30B YMEHBIIIATCS
npumepHo Ha 71 %. JIMCKOHTUPOBAHHBIA CPOK OKYHNAE€MOCTH COCTaBIIAECT OKOiO 11
MeCALIEB C MOMEHTA BBIXOJ[a MPOEKTA PEKOHCTPYKIIMH Ha MPOEKTHYIO MOILTHOCTb.

KiawueBble  ciaoBa.  TermooOMEHHBIE — amnmaparbl, COCTaBHBIE  KpHUBBIE,
sHeprodpdekTuBHOCTD, Pinch-ananu3, onTummusanms 3arpar, ceipast HeTh

Hccnedosanue evinonneno npu  unancosoli. noodepxcxke Komumema nayxu
Munucmepcmea Hayku u evicuieco obpasosanus Pecnyonuxu Kasaxcmanw (UPH
AP26104837—I1osvruenuesnepeosgpdexmusrocmuobvexmosnedhmeazododvlearouyeti
NPOMBIULTEHHOCIU NYMEM UHmMeZPayuL Rpoyeccos npu no02omosKe u 0odwvlue)

Introduction. To increase energy efficiency and reduce costs in the oil refining
industry, it is necessary to develop comprehensive methods for integrating industrial
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processes and start directly with oil and gas production. It is necessary to develop
an energy-efficient method of targeted energy delivery to the well to prevent oil
paraffination, and it is also necessary to develop energy-efficient methods for preparing
and stabilizing crude oil during production and energy-efficient integrated methods for
liquefying associated petroleum gas (Smit et al., 2000; Khusanov et al., 2017). When
solving the problems of increasing the energy efficiency of technical systems, the issues
of thermodynamic optimization of processes occurring in the elements of thermal power
equipment and in thermal power systems themselves are primarily considered. One of
the most effective methods of parametric optimization of thermal energy processes is
pinch analysis or the method of integration of thermal processes (Tovar-Facio et al.,
2020; Carmona-Martinez et al., 2023). However, one of the main limitations of the
pinch method is its focus on the enthalpy approach to the analysis and optimization of
heat fluxes in the system under consideration.

In connection with the above, there is a need to develop such a method of
thermodynamic analysis and improvement of technical systems that would combine
the advantages of the exergetic method and the method of structural and parametric
optimization of thermal processes based on pinch analysis. Increased energy efficiency
in the manufacturing industry can be achieved through new processes, production chain
upgrades, better process integration, etc. But inter-factory integration (Klemes et al.
1997) and inter-industry integration are still under development, and some results may
be applicable to the low-carbon industry (Kuznetsov et al., 2022). The concept was first
established (Dhole et al. 1993) and later updated by many authors and various aspects
of biomass integration (Amiri et al. 2021), including centralized cooling (Liew et al.,
2015), process modification (Chew et al., 2015), modernization of the heat exchanger
network (Cuéek et al., 2015) and others.

The use of exergetic analysis is important for assessing the stability of chemical
processes, as it demonstrates potential losses in the energy system. This has been proven
for the Total Site with the Omega Total Site Profile for calculating exergetic fracture
and losses in individual processes (Mehdizadeh, et al., 2022). Combined with the
general optimization algorithm, this resulted in a 24% reduction in exergy destruction
in the specific example. The exergetic approach has also been used for multiple back-
pressure steam turbines and optimal design of heat and electricity cogeneration systems
(Pirmohamadi et al., 2019). The cogeneration potential of Total Site energy systems is
crucial because it determines the amount of heat that can be converted to electricity.
Varbanov et al. He presented methods for modeling steam turbines and gas turbines,
which were integrated into models of utility cogeneration systems and synthesis of
individual utility systems (Klemes et al. 1997). Targeting for cogeneration was evaluated
using commercial software and proved the feasibility of the approach (Ren et al., 2018).
The efficiency of steam turbines should be improved, for example, optimization of
the model has demonstrated high energy savings, shaft productivity and profitability
of the bio-processing plant (Pyrgakis et al., 2020). The potential of cogeneration can
also be used by the local energy sector to reduce energy consumption and improve
energy efficiency and cogeneration of electricity (Lee et al., 2020). Optimization of the
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local energy sector is mainly carried out using mathematical programming (MP) to use
seasonal total energy storage at the facility (Liew, et al., 2018), increase efficiency in
conditions of uncertainty (Sun et al., 2017), etc.

The article (Boldyryev et al. 2023) presents a new extension of the common site
method, which takes into account the optimal amount of energy that can be saved at the
inter-factory level. The approach uses the construction of general profiles of an object
with a real temperature, takes into account heat transfer with intermediate utility and
determines the potential of cogeneration within the enthalpy blocks of the total heat
recovery of the object. The total annual cost was determined based on the Total Site
Pinch concept, which makes it possible to find the optimal temperature regime between
the temperature profiles of the facility. The results can be used for detailed design of the
facility's energy system and further development of Total Site methods.

In (Boldyryev et al. 2023), an update of the super-targeting procedure is proposed,
taking into account the separation of flows and mixing in the compression problem.
An original algorithm for constructing composite curves is proposed for analyzing the
distribution of technological flows and flow separation in subsystems above/below
compression before designing a network of heat exchangers. This was then used in
the super target planning procedure to refine capital expenditures. The proposed
methodology can be used for preliminary design of the heat exchanger network in order
to better determine the optimal ATmin, capital cost targets and verify the optimal change
for various energy prices.

The document (Boldyryev et al., 2023) presents a methodology for evaluating
electrified options for the processing industry based on methods of systematic process
integration. Improved heat recovery and focus on electrified utilities were achieved
using a Large Composite Curve and analysis of the main technological flows. The
processing of liquefied natural gas is analyzed and the electrified heating network is
evaluated. This approach can be used to further develop options for decarbonization of
industry and targeting of electricity in processing industries.

Materials and methods

The main methods (Smit et al., 2000) of optimizing energy consumption in an
industrial enterprise are as follows: — operational improvements that optimize the
technological process; — a higher percentage of heat recovery due to increased thermal
integration of the technological process (this includes pinch analysis); - the introduction
of new technologies that increase the efficiency of equipment operation.

To assess energy efficiency and increase it at oil and gas treatment and processing
enterprises, a number of methods and techniques are used to achieve the target values
of optimal energy consumption. These include: pinch analysis; energy efficiency
benchmarking methodology; hyperstructure optimization; stochastic optimization. The
methods of pinch analysis find the greatest application in relation to the industries of the
industry (Kuznetsov et al., 2022).

Total Site is a concept that covers the management and optimization of all aspects
of work in a field or production facility, including extraction, processing, storage and
resource allocation. When using the Total Site concept, all operations — from oil
production to its refining — are considered as a single system (Boldyryev et al., 2023).
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Pinch analysis as a methodology for minimizing the energy consumption of a process
involves calculating thermodynamically justified amounts of energy consumption and
approaching them by optimizing heat transfer processes, energy supply methods, and
process characteristics. Pinch analysis is used in various industries, in particular in oil
and gas processing, petrochemistry and the chemical industry, and can be used both
in designing new technological facilities and in solving problems of optimizing the
operation of existing industries, taking into account the principles of energy conservation
(Boldyryev et al., 2023).

The Total Site energy system is a complex facility that is part of large industrial
enterprises or industrial parks. As a rule, these are energy production facilities that
convert various types of fuels into heat and electricity, providing basic processes.
There is also heat distribution, cogeneration, and cooling. The utility can be supplied
to the main processes from the utility system of the facility or another process due to
the utilization of waste heat. The main scientific hypothesis is to find a compromise
between full energy recovery at the facilities, taking into account the operational and
capital costs of TSHR. This method extends the supertargeting procedure, which is used
for individual processes and at the Total Sites level. However, TSHR is a more complex
system and requires additional consideration to reformulate the overall objectives and
systemic consideration. The initial idea was to apply the concept of supertargeting
(Linnhoff et al., 1986) to shared profiles (TSP), but some functions limit such an
extension. These are heat exchange using intermediate utilities (IMUS), the presence
of zones for generating electricity, shifted temperature TSP, unified ATmin of utility
systems, and others. This study will determine the total annual cost (TAC) of TSHR as a
function of the total ATmin at the site and investigate the behavior of this function over
a wide range of arguments and provide recommendations for cost-effective design of
the TS heat exchange network.

The method is based on the decomposition of TSP into enthalpy blocks, taking into
account real temperatures. Real temperatures make it possible to use certain IMUS in
enthalpy blocks and maximize TS heat recovery (Boldyryev et al., 2023). In addition,
heat and electricity (CHP) cogeneration will be considered within the framework of
enthalpy units that maximize electricity generation. The next steps involve combining
enthalpy blocks to reduce the number of IMU levels (Boldyryev et al., 2023), and hence
heat exchangers and cogeneration zones. Capital expenditures and TAC targeting are
applied to find the most cost-effective solution for TSHR.

When applying process integration, the following rules should be followed:

- heat transfer through pinch should not be carried out;

- for the area above the pinch, there should be no external cooling system.;

- for the area below the pinch, there should be no heat supply to the system from
external sources.

In this case, the technological object is considered as a system with the allocation
of structural units and the establishment of relationships between them. The above
example, in particular, is characterized by the presence of a number of parallel operating
devices of the same type — separators, settling tanks, and electric dehydrogenators; at
the same time, the stages of the target process are carried out sequentially.
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When analyzing the schemes, it is necessary to determine all the flows of matter
and energy — internal (within the system) and external (flows going beyond the system
and coming from systems external to the system under study), followed by determining
the energy characteristics of internal and external flows. To do this, perform material
calculations and, based on knowledge of the temperature parameters of the processes,
determine the enthalpies of the flows with the release of hot and cold flows. The analysis
of the heat exchange system and the collection of data on technological flows, obtaining
flow properties and data on operating and capital costs will be carried out directly at
the research facility (in the field), using an instrumental survey (measurement, survey,
monitoring) and statistical analysis of historical data on resource consumption.

Results and discussion

The oil-bearing reservoir fluid extracted from oil fields has a complex composition.
It contains: oil itself; associated petroleum gas; reservoir waters; drilling mud; various
mechanical (Smit et al., 2000). It is unprofitable to transport such a mixture through
main oil pipelines. Therefore, special oil treatment and stabilization units (OTSU) are
being built and operated directly at the fields. These installations carry out the processes
of degassing, dewatering, desalination and stabilization of extracted raw materials, and
these processes, like most processes in the oil refining and petrochemical industries, are
among the most energy-intensive processes among all industries. Therefore, the search
and synthesis of systemic technological solutions to reduce specific energy consumption
in these areas of industry is an urgent task.

Currently, the most effective methods of improving the energy efficiency of oil
refining plants are process integration methods, and, in particular, the pinch analysis
method (Khusanov et al., 2017).

In this paper, the object of research is the heat exchange system of an oil stabilization
unit located in a field with production of 34,200 thousand tons of crude oil per year (Fig. 1).

6 (hot) 7 (hoty 8 (hot)
| | |

Wide fraction of
light hydrocarbons

Wide fraction of
light hydrocarbons

Wide fraction of
light hydrocarbons

3 (cold)

1 (cold)
2 (cold) Fresh

Vapor  water

4(cold) 5 (hot)
Reservoir water Water with salts

1 — tank with raw materials; 2, 4, 6, 9, 13, 16, 19 — heat exchangers; 3— sump; 5 — electric
dehydrogenator; 7 — furnace; 8— stabilization column; 10 — reservoir of prepared oil; 11, 14, 17 —
separators; 12, 15, 18 — compressors.

Figure 1- Schematic technological diagram of the existing process at the OTSU
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Crude oil with an initial temperature of ~ 0°C from the reservoir 1 of the central
collection point is pumped through a heat exchanger 2 and at a temperature of about 44
° C enters the sump 3. In the sump, reservoir waters are diverted from the target stream,
and the dehydrated oil, after heating in the heat exchanger 4, is fed into an electric
dehydrogenator 5, in which, mixing with a stream of prepared fresh water with with
a flow rate of 13.89 kg/s, it is re-dehydrated and desalinated. Further, the prepared oil,
passing through the heat exchanger 6, is fed under the upper plate of the stabilization
column 8. The temperature of the bottom of the column is maintained between 110-130
° C due to the heat of stable oil circulating through the coils of the tubular furnace 7.
The overpressure in the column is maintained at values from 0.1 to 0.2 MPa, which
creates the best conditions for fractionation of gasoline vapors — a wide fraction of
hydrocarbons — in the cascade of separators 11, 14, 17 and in refrigerating condensers
(the diagram shows separately 12, 15, 18 — condensers and 13, 16, 19 — cooling heat
exchangers). Stable oil leaving the bottom of the column is cooled in the heat exchanger
9 and enters the reservoir of the prepared products. Hot steam circulates in the heating
heat exchangers, and cooling water circulates in the cold ones.

The study of the technological regulations of the process, the technological scheme
and the synthesis of the engineering model (Fig. 2) of the installation using the
mathematical software of Honeywell UniSim® Design allowed us to form a flow table
for the process under consideration (Tovar-Facio et al., 2020) (Table 1).

Table 1 -Table of streaming data of the oil treatment and stabilization unit

} Typeof |, oG CP, °
Ne | Stream name i T,° |7, KW/(ke U G, kg/s KW /o o, kW/(m2
1 |Power cold |0 |44 |235 1257.5 |2957.7 |03
o |Power supply for the electric cold |43 |71 |5.0 1257.5 |6304.8 |0.25
dehydrator

3 | Power supply of the stabilization | 1y 150 |79 |19 1257.5 {2333.1 [0.25
column

4 | Heating of the column cube cold 121 | 124 {20.2 958 19380.7 [0.25

5 |Flow from the separator of the || 9 (32 [4.62 9169 |42359 |0.02
3rd stage

¢ |Flow from the separator of the | 88 |32 (093 3406 |3161  |0.02
2nd stage

7 |Flow from the separator of the 130 |32 |0.97 163.44 (1583  [0.03
Ist stage

g |Bottom of the stabilization hot 121 |84 [3.37 7765 2618 [025
column

Stream numbers in the table. 1 coincide with the numbers of technological flows
on the basic technological scheme (Fig. 1.). The following designations are used in the
flow table: T, — initial flow temperature, °C; C, — specific heat capacity, kW/(kg - °C);
G is the mass flow rate, kg/s; CP is the flow heat capacity, kW/ °C; a is the heat transfer
coefficient characteristic of the flow, kW/(m2- °C

It follows from the regulations and technological scheme of the OTSU (Fig. 1) that
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only utility heat exchangers are used in the technology, and the heat energy recovery
capacity is zero. Using the Pinch 2.02 software package, we will construct composite
curves of technological flows of USPS so that they do not overlap along the axis of flow
enthalpy (Fig. 2).
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1 — cold composite curve of the initial process; 2 — cold composite curve of the initial process after
thermal energy integration; 3 — hot composite curve; O, — useful capacity of the hot utility before thermal
energy integration; Q.. - useful capacity of the cold utility before thermal energy integration; O, — heat
energy recovery capacity; AT - economically optimal the value of the minimum driving force in the
heat exchange system
Figure 2- Composite curves of technological flows of OTSU

minOPT

In this case, the cold process streams are heated in utility heat exchangers and the
useful power used for this heating is equal to O, = 386.8 MW. Hot process streams are
cooled in utility heat exchangers and heat output from them is equal to Q.= 213.4 MW.
In this case, the value 47 = =130°C C is not the driving force of heat transfer, but
simply shows the distance between the curves along the temperature axis.

With a known power consumption and output and the specific cost of energy
resources, it is easy to calculate the total cost of energy resources consumed by a
thermal power system. However, to determine the optimal value of A7 _ it is necessary
to know the cost of reconstructing the heat exchange system. The cost of reconstructing
the heat exchange system is calculated using the dependence of the cost of installed heat
exchange equipment, which is obtained using a regression analysis of the cost of heat
exchangers at oil refineries [A.A. Carmona-Martinez, et al. 2023]:

[Iye =A+ B(5)", (D

where A = 40000 USD is the cost of installing the heat exchanger together with
fittings and delivery; B = 1000 USD is the cost of 1 m? of the heat exchange surface, S;
¢ = 0.87 is an indicator of the nonlinear dependence of the cost of the heat exchanger
on its heat exchange surface. The typical cost of hot utilities at oil refineries is ~ 120
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USD per 1 kW per year, cold ~ 10 USD per 1 kW per year, and the loan rate is 20% for
a period of 10 years.

Using the Pinch-2.02 software package, taking into account the cost data, we
construct cost curves for the reconstruction project of the OTSU heat exchange system

(Fig. 3).
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1 — The dependence of the present value of the installed heat exchange surface on the minimum driving
force of heat exchange; 2 — The dependence of the annual cost of surface utilities on the minimum driving
force of heat exchange; 3 — The total dependence of the present value of the reconstruction project on the

minimum driving force of heat exchange.
Figure 3- Cost curves of the OTSU reconstruction project

And the optimal value of the minimum temperature difference, i.e. the difference, at
which the discounted cost of the reconstruction project will be the lowest, isAT . .=
32°C.

The construction of composite curves for AT . = 32°C (Fig. 2) shows the payload
of hot utilities Q, == 175390 MW, cold utilities — O, = 0 MW and thermal energy
recovery capacity — Q, = 213.4 MW. Thus, by completing the reconstruction project,
it is possible to reduce the consumption of hot utilities by 55%, and to abandon cold
ones altogether and put all refrigerators in reserve. The energy values obtained during
the construction of composite curves for the optimal value of the driving force of heat
transfer are the target energy values that must be achieved during the implementation
of the pinch reconstruction project of the OTSU heat exchange system. In our case, we
need to create a regenerative heat exchange system at the installation in question.

Next, using the laws and rules of pinch analysis to build optimal heat exchange
systems, we synthesize a grid diagram of the OTSU reconstruction project (Fig. 4.)

In the grid diagram, the net capacity of the hot utilities is 173.4 MW, which is 45% of
the currently existing hot utilities. All hot streams are brought to their target temperatures
by cooling them in a regenerative heat exchange system with cold process streams.
Summing up the thermal loads of the regenerative heat exchangers shown in the grid
diagram, we obtain the value of the hot utility, which we obtained when constructing
composite curves for AT . .~ = 32°C. Thus, by placing regenerative heat exchangers
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on the grid diagram, we have shown the possibility of achieving target energy values in
the project of creating a new OTSU regenerative heat exchange system.
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Figure 4- Grid diagram of the OTSU heat exchange system reconstruction project. The flow numbers
correspond to the numbers in the Flow Table 1. The circled values below the image of the heat exchangers
show their thermal load

It should be noted that the synthesized grid diagram of the OTSU heat exchange
system project should serve as a technical specification for designing a regenerative heat
exchange system and preparing working documentation for the reconstruction project.

Conclusions.

The paper performs thermal energy integration and presents a grid diagram of a
regenerative heat exchange system for an oil stabilization and treatment plant. As a
result of the project’s implementation, the energy consumption of external hot energy
sources will decrease by 213.4 MW, or 55%. You can completely abandon cold utilities.
Greenhouse gas emissions will decrease by about 71%. The discounted payback period is
about 11 months from the moment the reconstruction project reaches its target capacity.
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Abstract. Relevance. Kazakhstan's Development Strategy until 2050 identifies
waste-free and resource-saving technologies, as well as the rational use of natural
resources as key priorities for sustainable economic and environmental development.
In this context, purification of industrial wastewater from toxic heavy metal ions is an
important task for protecting water resources and maintaining ecological balance. One
promising approach is the use of water-soluble high-molecular compounds — flocculants.
Research objective. To study the sorption properties of new synthetic copolymers based
on 2-acrylamido-2-methylpropanesulfonic acid salts (H-AMS-i-PAA, VEMEA-Na-
AMS, VEMEA-K-AMS) in process of removing Ni**, Co*", Zn**, and Cu?®" ions from
aqueous solutions. Research methods. The study used experimental methods: sorption
tests at different pH values, kinetic studies of polymer-metal ion interaction, analysis
of equilibrium sorption characteristics, and effectiveness comparison of the materials
obtained. Results. It was found that the sorption activity of the synthesized
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copolymers significantly depends on the pH of the medium. In the acidic range (pH = 2),
sorption is minimal due to the protonation of functional groups. In the pH range of 4—7,
sorption capacity significantly increases. VEMEA-K-AMS copolymer demonstrated
greatest efficiency, ensuring almost complete removal of heavy metal ions. Kinetic
studies showed that equilibrium is reached rapidly, indicating a high rate of interaction
between the sorbent and ions. Practical significance. The results confirm the promise
of new synthetic copolymers as environmentally safe and effective flocculants for
removing heavy metals from industrial wastewater. The materials can be recommended
for implementation in water treatment and environmental safety technologies at
industrial enterprises.

Keywords: copolymers, sorption, heavy metals, wastewater treatment, flocculants,
pH dependence
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AnHoTamus. O3exrimiri. «Kazakcran — 2050» cTpareruschbiHIa KaaJbIKChI3 KOHE
pecypcTapabl YHEMICHTIH TEXHOJIOTHSIIAP/IbI SHT13Y, COHIal-aK TaOUFU pecypcTapibl
YTBIMIIBI MalAallaHy TYPaKThl SKOHOMHUKAJIBIK JKOHE DKOJIOTUSIIBIK JaMyIblH HETi3Ti
0achIMJIBIKTapbl peTiHje aWkbiHaanFaH. OchklFaH OailJIaHBICTBI OHJIPICTIK AFBIHJIBI
CYJIapJIbl ayblp METAIJApAbIH YIIbI HOHIAPbIHAH Ta3apTy CY PECYpCTapblH KOpFay JKoHE
SKOJIOTHSUIBIK, TETEe-TEHIIKTI CakTay YIIiH aca MaHbI3Ibl MIHAET OOJIBIIN TaOBLIAJIBI.
By GarpiTTa Cy epiTiHIIepiHae jKAaKChl EPUTIH JKOFaphl MOJEKYIANbIK KOCBUIBICTAp
— (QIMOKYNSHTTApAbl KOJAaHy IMEPCHeKTHBANbI 9MIiCTepHiH Oipi caHamamgsl. 3eprTey
MakcaThl. 2-aKpWIaMU0-2-METHIPONaHCYIb(OH KBIIIKBLUIBI TY3/1apbl HETi3iHAeT]
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KaHa CUHTeTHKaJbIK conoiumMepiepain (H-AMC-u-ITIAA, BOMDA-Na-AMC xone
BOMDA-K-AMC) cy epitinainepinen Ni**, Co*', Zn*+ xone Cu?*' ayblp MeTasl
HOHJApBIH copOIMsiay KaOineTTepiH 3eprrey. 3eprrey onictepi. Kymbicta oprypmi
pH MoHzaepinae copOIUSIIBIK ChIHAKTAP, TOJIUMEPIIEPiH ayblp METaJUl HOHAAPhIMEH
OpEKeTTeCY KHHETUKACKIH aHBIKTAY, COPOIUSHBIH TEIe-TESH/IIK CUITaTTaMallapbIH TaJIIay
JKOHE aJIblHFaH MaTepHaliapAblH THIMJUITIH CAIBICTBIPY CHSKTBI KCIIEPUMEHTTIK
omicrep KoimaHeuiabl. Hotmxkenepi. CHHTE3ICITEH COMOIUMEPICPAIH COPOIMSUTBIK
Oencenniniri opranbiH pH MoHiHe aliTapibIKTall TOyenai eKeHl aHBIKTaI bl KhIIIKbLT
oprana (pH = 2) pyHKIMOHANIBIK TONTApPBIH MPOTOHAAHYbIHA OAJIAHBICTBI COPOIIHS
TemeH Oonapl. pH 4—7 apanbiFblHIa COPOLMSIBIK CHIMBIMIBUIBIKTBIH adTapIbIKTal
apTKaHbl O0aiikanael. Ex sxorapsl TriMainikti BOM3A-K-AMC cononumepi kepceTin,
aybIp METaJ1 HOHAAPBIH iC KY31H/I€ TONBIK JKOH 1bl. KHHETHKAIBIK 3epTTeyaep COPOSHT
TICH MOHJIAP/IbIH 63apa dPEKETTECY KbLIIAM/IBIFbI XKOFAPBI €KCHIH KOHE TEIe-TCHIIKKE
a3 yakpIT INIIHJE KOJ JKETKI3UIETiHIH KepcerTi. lIpakThkanblk MaHbI3bl. AJIBIHFAH
HOTHKEJIEp KaHA CHHTETHKAJIBIK COMOJIUMEPICPIH OHIIPICTIK aFbIHJbI Cyaapibl
ayplp MeTalJapAaH Ta3apTyFa apHaJFaH SKOJOTHSUIBIK KAyillCi3 9pi »KOFapbl THUIMJIL
(IIOKyJISIHTTAp PETiHIlEe MEePCIEeKTUBANIbl SKeHIH Janennueiai. bysn wmarepuammapiabl
Cy JHadbIHIAy MKOHE OHEPKACINTIK KOCIMOPBIHIAPIBIH JKOJOTHSUIBIK KayilCi3miriH
KaMTaMachI3 €Ty TEXHOJIOTHSUIAPbIHA CHTI3yTe O0JaIbl.

Tyiiin ce3aep: cononumepiiep, COpOIHs, aybIp METaNJAP, AFBIH/IBI CYJIAP/Ibl TA3aPTY,
¢noxynsuTTap, pH Toyenminiri

© A.K. Ko3bi0aeB, K./I. AnumkyaoBa, C.O. Adbuikacoa*, I.O. byrybaesa,
. By6oum, 2025.
AJMaTHHCKUI TEXHOJIOTUYEeCKUI YHUBEpCHUTET, AnMatbl, KazaxcTaH.
*E-mail: sandugash.abilkasovaa@gmail.com

HNEPCHEKTHUBbI UCITOJB30BAHUS BOJOPACTBOPUMBIX
COIIOJIUMEPOB B ITPOLUECCAX OYUCTKHU IMTPOMBIIINJIEHHBIX
CTOYHbBIX BOJ

Ko3b16aeB AcbL10ek — KaHIMIAT XUMHYECKHX HayK, acCOIMMPOBAHHBIN Ipodeccop, AIMATHHCKUH
TeXHoJoruueckuil yuusepcurer, Anmarsl, Kaszaxcras,

E-mail: asilbek k@mail.ru, https://orcid.org/ORCID ID https//orcid.org/0000-0003-1792-5993;
AuuMKy10Ba 2Kamuiia — MarucTp TEXHUYECKUX HAyK, CEHUOP-JIEKTOP, AIMATUHCKUI TEXHOIOTNYECKUN
yHuBepcutet, Anmarsl, Kazaxcran,

E-mail: zhamilyalll@mail.ru, https://orcid.org/ORCID ID 0000-0002-9938-6710;

Abunnkacoa CaHayram — KaHANAAT TEXHUYECKUX HAayK, aCCONMHMPOBAHHEIN Ipodeccop, ATMAaTHHCKHUHA
TexXHoJoruueckuil yausepcurer, AnMarsl, Kaszaxcran,

E-mail: sandugash.abilkasovaa@gmail.com, https://orcid.org/ORCID ID 0000-0001-8322-459;
Byry6aeBa I'yapbHap — KaHIMZAT XMMHYECKHX HAyK, AaCCHCTEHT mpogeccopa, AIMATHHCKUH
TexXHoJoruueckuil yausepcuret, AnMarsl, Kaszaxcras,

E-mail: bugub@mail.ru, https://orcid.org/ORCID ID 0000-0002-6550-5275;

Byonm Mloananryj — MarucTp TeXHUYECKHX HayK, CEHUOP-IEKTOP, AJIMATUHCKUHA TEXHOIOTMYECKUN
yHuBepcutet, Anmarsl, Kazaxcran,

E-mail: E-mail: sholpanbubush@gmail.com, https://orcid.org/ORCID ID 0009-0005-6649-0430.

152



Volume 4, Number 465 (2025)

AnHoTamusa. AxtyansHocTh. B Crparerun passutus Kazaxcrana no 2050 rona
BHe/IpeHUE 0E30TXOJHBIX U PECYPCOCOEpETaroIuX TEXHOIOTHH, a TAK)Ke PallMOHAIBHOE
WCTIOJIb30BAHUE MPUPOIHBIX PECYPCOB ONpENeseHbl KIIOUEBBIMU PUOPUTETAMH
YCTOHUNBOTO 3KOHOMHUYECKOTO 1 SKOJIOIMUYECKOT0 pa3BUTH. B 3TOM KOHTEKCTe ouncTKa
ITPOMBIIIUICHHBIX CTOYHBIX BOJ OT TOKCHYHBIX HOHOB TSIKEIIBIX METAJUIOB MTPEICTABIISCT
co00# 0c000 BasKHYIO 3a1a4y, CBSI3aHHYIO C 3aIIUTON BOIHBIX PECYPCOB U COXpaHEHHEM
9KOJIOTHUECKOTo Oananca. OMHUM U3 IEPCIIEKTUBHBIX MOAXO/0B SBIISETCS IPUMEHEHHE
BOJIOPACTBOPUMBIX BBICOKOMOJICKYJIIPHBIX COCAUHEHUNH — (QuokyisHToB. llens
uccnenoBanus. M3yunTsh cOpOIIOHHBIE CBOMCTBA HOBBIX CHHTETHUECKUX COTIOJIMMEPOB
Ha OCHOBE COJIeH 2-aKpHiIaMUuI0-2-MeTHINPOnancyinbPoHoBoi kuciaotel (H-AMC-u-
I[MTAA, BOMDA-Na-AMC u BOMDBA-K-AMC) B nporiecce yaaaeHusi HOHOB TSXKETbIX
metaiioB Ni**, Co**, Zn*" u Cu*" u3 BOJHBIX pacTBOpoB. MeTozpl uccienoBanus. B
paboTe UCMONB30BaHbl SKCIEPUMEHTABHBIE METOIbl: COPOLIMOHHBIC UCTIBITAHUS TIPU
pa3nMuHBIX 3HA4YeHUsX pH, ompeneneHWe KUHETHKU B3aWMOJCHCTBUS TOIMMEPOB C
MOHAMHU TSKEIBIX METAJUIOB, aHAlM3 PaBHOBECHBIX XapaKTEPUCTHK COpPOLHMU U
cpaBHeHHE 3()()EKTUBHOCTH MOIYYCHHBIX MarepuanoB. Pe3ynbTaTbl. YCTaHOBJIEHO,
YTO COpOLMOHHAS AaKTUBHOCTh CHHTE3MPOBAHHBIX COIMOJIMMEPOB CYIIECTBEHHO
3aBucuT oT pH cpenpl. B kucnoit obnmactu (pH = 2) copOumsi MUHMMaibHa H3-3a
MIPOTOHUPOBaHUs (DYHKIMOHAIBHBIX rpynn. B awmamazone pH 4-7 wHabnromaercs
3HAYUTENIFHOE TOBBINIEHHE cOpOLMOHHON EMKocTH. HambGonbiryro shdexTHBHOCTD
npojeMoHcTpupoBai comonumep BOMDA-K-AMC, obecrneyuBni MOYTH TOTHOE
yIaJeHUEe MOHOB TSDKENBIX MeTauioB. KMHETHYeCcKHe HCCIIeIOBaHHs IOKA3alH, YTO
paBHOBECHE JIOCTUTAETCS B KOPOTKHE CPOKH, YTO CBMJIETENBCTBYET O BBICOKOH
CKOPOCTH B3aWMOJCHCTBUSI MEXIy COPOSHTOM M MOHaMHU MeTayuioB. [IpakTuueckoe
3HaueHue. [lomyyeHHbIe pe3ynbTaThl HOATBEPKAAIOT MEPCIEKTUBHOCTh HOBBIX CHHTE-
TUYECKUX COIOJUMEPOB KaK JKOJOTMYECKH O€30MaCHBIX M BBICOKOI(PPEKTHBHBIX
(bIOKYISIHTOB JJII OYMCTKU MPOMBIIUICHHBIX CTOYHBIX BOJ OT TSDKEIBIX METaJUIOB.
Matepuanbl MOTYT OBITH PEKOMEHIOBAHBI JIJIsi BHEIPCHHS B TEXHOJIOTUU BOJIOIIO/TO-
TOBKH U 00€cIIeueHHsI SKOJIOTHYECKON 0€30MacHOCTH MPOMBIIUICHHBIX TPEANPHUATHIH.

KiiioueBble cjioBa: cononmumepsl, COpOLUs, THKENbIE METAIIBI, OYMCTKA CTOUHBIX
BOJI, (MJIOKYJISIHTBI, 3aBUCUMOCTB 0T pH

Introduction. The main directions of the economic and social development of the
Republic of Kazakhstan until 2050 envisage the development and implementation of new
technological processes for the processing of natural resources, as well as the utilization
of raw materials and substances containing environmentally hazardous components.
These objectives are to be achieved through the application of economically justified,
waste-free, and resource-saving technologies (Klimenko, 2013; Krishnan, 2018; Moody,
2007; Vajihinejad et.al., 2019).

Environmental protection from pollution represents one of the most pressing
challenges of modern times. The purification of natural and industrial wastewater is
of particular importance, as it is directly related to the preservation and sustainable
management of water resources (Xiao, 2021; Proskurina, 2016). In recent years, water-
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soluble high-molecular-weight compounds — flocculants - have been increasingly
employed in wastewater treatment (Myagchenkov, 2014; Li et.al., 2019). Their
application significantly improves purification efficiency and enhances the performance
of treatment facilities. This trend, in turn, has stimulated extensive research into the
synthesis of novel synthetic polymer reagents. Polyacrylamide remains the most widely
used flocculant at the industrial scale (Abramova et.al., 2016). However, to improve
its efficiency and broaden its application range, various derivatives of polyacrylamide
have been developed (Liu et.al., 2003; Nesic et.al., 2016; Novakov et.al., 2018). These
derivatives incorporate diverse functional groups or structural units of other monomers.
Among the promising chemical structures for the synthesis of new polyacrylamide
derivatives are copolymers based on the salts of 2-acrylamido-2-methylpropanesulfonic
acid (AMPS). The presence of multifunctional groups within the copolymer chain is
expected to impart high flocculating activity and enhanced sorption capability (Novakov
et.al., 2015; Hao et.al., 2024).

In this context, the synthesis and investigation of the flocculating properties of novel
copolymers based on the salts of 2-acrylamido-2-methylpropanesulfonic acid represent
a highly relevant and significant research direction. At present, the removal of heavy
metal ions from industrial wastewater through the use of efficient flocculants has
become one of the key environmental and technological challenges (Daifa et.al., 2019;
Loukili et.al., 2024).

Materials and methods. The present study investigates the sorption of selected
heavy metal ions (Ni**, Co*", Zn**, Cu®*") by N-AMPS-and-PAA, VEMA-K-AMPS,
and VEMA-Na-AMPS copolymers. The sorbents were synthesized through radical
copolymerization of acrylamide (AA) with salts of 2-acrylamido-2-
methylpropanesulfonic acid (AMPS) in aqueous medium, using potassium persulfate
as an initiator. After polymerization, the obtained copolymers were washed, dried, and
ground to a uniform particle size.

Sorption experiments were conducted in aqueous solutions containing heavy metal
ions (Ni**, Co*", Zn**, Cu**). The acidity of the medium plays a crucial role in working
with sorbents containing acidic functional groups, as it determines the state and
reactivity of these groups. Furthermore, the chemical state of the metal ions in solution
also depends on the pH of the medium, allowing control over the sorption process by
adjusting this parameter.

Accordingly, to determine the sorption performance of N-AMPS-and-PAA, VEMA-
K-AMPS, and VEMA-Na-AMPS sorbents, a series of experiments were conducted to
study the influence of solution pH on the degree of sorption.

Results and discussion. Based on these experimental results, Kkinetic
curves describing the sorption of Ni**, Co**, Zn**, and Cu*" ions by N-AMPS-and-
PAA, VEMA-K-AMPS, and VEMA-Na-AMPS sorbents were constructed (Figure 1).
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Figure 1 - pH dependence of the degree of sorption of Ni**(a), Co*'(b), Zn*(c), Cu*'(d) ions on H-AMC-
and-PAA (1), VEMEA-Na-AMC (2), VEMEA-K-AMC (3)

As can be seen from Figure 1, the dependence of the degree of sorption of nickel,
cobalt, zinc and copper ions on the pH value of the solution is extreme. The relatively
low degree of sorption of the studied metal ions in an acidic medium is explained by the
protonated state of the sorbents at pH-2 and the fact that sorption occurs as a result of
coordination interactions with the -R=0, -COOH and -OH groups. In the low pH region,
the sorption capacity of the synthesized sorbents for heavy metals is approximately at
the same level. In the solution pH range of 4-7, a sharp increase in the sorption activity of
the sorbents is observed. In this case, the sorption capacity of the sorbent H-AMC-and-
PAA increases, and the highest sorption capacity is observed in the sorbent VEMEA-K-
AMC. This sorbent demonstrates the ability to effectively sorb heavy metals at pH-5,
reaching values that are characteristic of even expensive artificial sorbents.

In addition, during the study of the effect of pH on the sorption capacity of various
non-ferrous metal ions, it was found that the modified sorbent VEMEA-K-AMC can
completely sorb heavy metals at high concentrations. Figure 2 shows the sorption
isotherms of Co?**, Zn?**, Cu®* and Ni** ions.
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The kinetics of ion complex formation processes remain an insufficiently explored
field, despite their clear practical significance. This has increased researchers’ interest
in studying the sorption kinetics of metals on synthesized sorbents. In this regard,
we investigated the change in the sorption concentration of ions as a function of the
interaction time between the solution and the sorbent, up to the point of reaching kinetic
equilibrium.

Figure 3 presents the sorption kinetics of Ni*+ (a), Co*+ (b), Zn*+ (c), and Cu*+ (d)
ions on H-AMC-i-PAA, VEMA-Na-AMC, and VEMA-K-AMC sorbents, which
allows determining the rate of equilibrium establishment in the solution—sorbent
system.
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Figure 3 - Sorption kinetics of ions in the process, Ni**(a), Co*'(B), Zn*(B), Cu*(G) C H-AMC-and-PAA
(1), VEMEA-Na-AMC (2), VEMEA-K-AMC (3)

As can be seen from Figure 3, the kinetic sorption curves of Ni**, Co?!, Zn*", Cu?*'
ions characterize the degree of saturation of ionites over the duration of the process at
the optimal concentration of the initial solution and the acidity of the medium.

Conclusion. The conducted studies demonstrate that the synthesized copolymers
based on the salts of 2-acrylamido-2-methylpropanesulfonic acid (H-AMC-i-PAA,
VEMEA-Na-AMC, and VEMEA-K-AMC) exhibit high sorption activity toward Ni*",
Co?*, Zn**, and Cu*" ions from aqueous solutions. The degree of sorption was found to
depend strongly on the pH of the medium, with the highest effi ciency observed in the
range of pH 4-7. Among the studied sorbents, VEMEA-K-AMC demonstrated the
greatest sorption capacity, effectively binding heavy metal ions even at relatively high
concentrations.

The obtained kinetic data indicate that equilibrium in the solution—sorbent system
is established relatively rapidly, confirming the high reactivity of the synthesized
copolymers. The presence of functional groups such as -COOH, —OH, and —R=0
contributes significantly to the coordination and complexation of metal ions.

Overall, the synthesized copolymers can be considered promising materials for
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wastewater treatment and environmental protection, particularly for the removal of toxic
heavy metal ions. Further research should focus on optimizing synthesis parameters and
evaluating the regeneration and reuse potential of these sorbents under real industrial
conditions.
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Abstract. Spinel ferrites, particularly cobalt ferrite (CoFe,O,), have gained increasing
scientific attention due to their multifunctional physicochemical properties and wide
applicability in catalysis, sensing, magnetic storage, and environmental remediation.
Their stable magnetic behavior, variable oxidation states, high permeability, and strong
electrochemical stability make CoFe O, a promising material for advanced technological
applications. The growing need for efficient, recyclable, and environmentally friendly
materials for wastewater treatment further enhances the relevance of cobalt ferrite
as a magnetic adsorbent and catalyst. The aim of this study is to synthesize phase-
pure CoFe O, nanoparticles and investigate their structural and physicochemical
characteristics to assess their potential for environmental applications. CoFe O,
nanoparticles were synthesized using the sol—gel combustion technique. Structural and
chemical analyses were performed using X-ray diffraction (XRD), energy-dispersive
X-ray spectroscopy (EDS), and Fourier-transform infrared spectroscopy (FTIR). XRD
confirmed the formation of a single-phase spinel cobalt ferrite structure (ICSD 1533163,
space group Fd3m). EDS analysis revealed only cobalt, iron, and oxygen elements,
indicating high purity, while FTIR spectra exhibited characteristic absorption bands
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corresponding to tetrahedral and octahedral metal-oxygen vibrations. The synthesized
CoFe 0, exhibited the typical spinel lattice with cation distribution (Fe”)a(Coz*Fe”)ﬁO »
which imparts high structural stability, catalytic activity, strong saturation magnetization,
low solubility of metal ions, and a relatively large surface area. These features highlight
the practical significance of CoFe,O, nanoparticles for environmental applications,
particularly in wastewater treatment technologies, where their magnetic nature allows
efficient recovery and reuse, improving both sustainability and operational efficiency.
Keywords: cobalt ferrite nanoparticles, spinel, sol-gel, X-ray diffraction, EDS, FTIR
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Annorauus. Inunens Qeppurrepi, ocipece kobansT depputi (CoFe0O,), Kken
(YHKIMOHANABIK KacHETTepi MEH KOJJaHy MYMKIHAIKTEpiHe OalIaHbICTHI FHUIBIMU
TYPFBIJAH YJIKEH KBI3BIFYIIBUIBIK TYABIPBIT OTBIPp. OHBIH TYpakThl MarHUTTIK
KacHeTTepi, TOTBIFY JIOPEKECIHIH ©3TeprilliTiri, JKOFapbl OTKI3TIIITI  KOHE
3JIEKTPOXMMHUSIBIK TYPaKThulbirbl CoFe,O, MaTepuasbii ceHcopiap, KaTaliu3aTopiap,
MarHUTTI TachIMaJJAFbIIITAp OHE KOPIIAFaH OpPTaHbl KOpFay TEXHOJOTHsIIAphI
YIIiH HepCIeKTUBANIBI eTedi. TYPMBICTHIK jKOHE OHAIPICTIK aFbIHABI CyJIapabl THIMAI
opi KkaliTa mnaiigamaHyra >kapaMIbl MaTepualgapMeH Ta3apTy KaKeTTimiri Oy
MaTepHasl/iblH ©3€KTUIIrH apTThIpa Tycei. 3epTTey MK MakcaThl —Ta3a (pasansl CoFe,O,
HAHOOOJNIIEKTEPIH CHHTE3[eY JKOHE OJapAblH KYPBUIBIMABIK-(QHU3UKa-XUMUSIIBIK,
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KaCHETTEPIH aHBIKTAll, SKOJIOTHMAIBIK KOJJIaHyFa jkapaMabLIbFbiH Oaranay. CoFe,O,
HAHOOOJIIEKTEPl 30JIb - Tellb JKaHy OAICIMEH CHHTE3NeNl. YNTriIepAiH KYpbUIbIMBI
MeH Kypambl peHTreHnik audpaxums (XRD), sHeprus AucnepcHsbIK PEeHTTEHIIK
cnekrpockonusi (EDS) sxone ®ypwe TypieHAipy HHQPAKBI3bLUI CHEKTPOCKOMHUSCHI
(FTIR) omicrepimen 3eprreni. XRD notmkenepi CoFe204-TiH 6ipdazanbl mimnuHeb
kypbutbivaa Tysinrenin (ICSD 1533163, Fd3m) kepcerri. EDS ranmaysl Kypamua
TEK KOOAJIbT, TEMIp JKOHE OTTEriHiH 0ap ekeHiH aHbIKTaabl, ail FTIR criekTpi mmuHens
TOPBIHA TOH METAILI - OTTeri TepOertic xkonakTapbin kepcerti. Anbinran CoFe O, (Fe’"),
(Coz*Fe”)I3 O, TMNTI MINKMHENb TOPBIMEH CUIIATTasIabl. MyHIall KYpbLIBIM MaTepuara
KOFapbl KYPBUIBIMIBIK TYPAaKTBUIBIK, KaHBIFY MAarHUTTENTIIITIrl, KaTaJIWTHKAIBIK
OeJIcCeHAlTiK, MeTaNJI HOHIAPbIHBIH TOMEH epITillITir )KoHE CaIbICTBIPMAaIIbl YJIKEH OCTKi
aynan Oepeni. byn xacuerrep CoFe O, HaHOOOIMIEKTEPiH aFbIHIBI CyJIap/bl Ta3apTy
cajachbIHJla MarHUTTI aJICOPOCHT HEMECe KaTaau3aTop PETiHAe KOJIIaHyFa oTe KOJaiibl
MaTepHal eTe/li, COHbIMEH 0ipre OHbIH MarHUTTIK TaOUFaThl OeJIIeKTep i OHall Oemyre
KOHE KaliTa maliaananyra MyMKiHIIK Oepeni.

Tyiiin co3aep: koO6anbT heppuT HAHOOOIILIEKTEP], LIMUHEINb, 30J1b - T€JIb, PEHTTeHIIK
mudpaxus, EDS, FTIR
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Annoramus: [lnuaensHble (epputhl, ocobeHHO KoOambTPepputr (CoFe20.),

OTHOCATCA K TrpPyIIEe MArdvuTHBIX MaTCpualioB, 06naz[a10umx IIUPOKUM CIHEKTPOM
q)YHKI_[I/IOHaJ'IBHI:IX CBOICTB nu 3HAYUTCIbHBIM INOTCHIIMAJIOM MMPpUKIIaIHOTO
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ucrnonb3oBanus. braromaps crTaOWIBHOM MAarHUTHOH —CTPYKTYype, H3MEHIEMOM
BAJICHTHOCTH KaTUOHOB, BBICOKON MarHUTHON IIPOHUIIAEMOCTU U 3IEKTPOXUMUYECKON
croiikoctn CoFe204 paccMaTprBaeTcsi Kak MEePCIEKTUBHBIN MaTepuall [l CEHCOPHBIX
YCTPOMCTB, KaTaIUTHYECKUX IPOLECCOB, MATHUTHBIX HOCHUTENEH U SKOJIOTUYECKUX
texHojoruid. Ha ¢one pacrymeit norpeOHOCTH B 3 ()EKTUBHBIX U PEreHEPHPYEMBIX
MaTepHajax A OYMCTKU CTOYHBIX BOJ MCCeI0BaHUE KoOambTdeppuTa mpruodperaet
0c00y10 aKTyalbHOCTb. Llenb HacTos el paboTh 3aKIT04anach B CHHTE3€ OAHO(Aa3HBIX
Hanouactury CoFe.Os« W wWccneoBaHMM WX CTPYKTYPHBIX M (DU3HKO-XMMHUYECKUX
XapaKTEPUCTUK I OLEHKM BO3MOXKHOI'O IPUMEHEHUs B 3aJad4aX SKOJOTMYECKOHU
pemenuauuu. HaHouacTuipl OBUIM TONyYEHBI METOJOM 30Jb-T€lb T[OPEHUs,
00ecnevYrnBaloIIIM PaBHOMEPHOCTh CTPYKTYPbl U KOHTpPOJIUpyeMoe (OPMHPOBAHHE
Kpuctamanueckod  ¢aszel.  CTpyKTYpHBI — aHaiM3, BBIIOJIHEHHBIH  METOIaMH
pentrenoBckoil qudpaknuu (XRD), sneproaucnepcuonnoii criekrpockonuu (EDS) u
®ypoe UK-cnekrpockonuu (FTIR), moareepani GopMupoBaHUe YUCTON IIITHHEIBHON
¢azer CoFe2Os 0e3 mpumecHbIX oOpasoBanuii. XRD-aHanu3 BBISBHII XapaKTEpHYIO
KyOHn4eckyro CTpyKTypy wmnuHenn; EDS-ananu3 mnokazail TOpUCYTCTBHE TOJBKO
anemenToB Co, Fen O; FTIR-ciekTpbl mpo1eMOHCTPUPOBAIHM TUITUYHBIE BUOPAIIHOHHBIE
MOJIOCKl  METaJIO-KUCIOPOAHBIX cBsized. [lomyuyeHHble HaHOYACTHLBI 00JaJaroT
TUNUYHOW mmmuHenbHOH KoHpurypamuei (Fe*).(Co*'Fe’*" )04, obecneunBarorieit
BBICOKYIO CTPYKTYPHYIO CTa0MIBHOCTD, 3HAUNTEIbHYI0 HAMarHHYEeHHOCTh HACBILICHUS,
HU3KYH) PAacCTBOPUMOCTb HOHOB META/UIOB U PA3BUTYHO YIEIbHYK IOBEPXHOCTD.
COBOKYNMHOCTh JaHHBIX CBOWCTB aeiaeT kKobanbTdepputr CoFe:Os mepcreKTHBHBIM
HaHOMATEPHUAIIOM JUJISl IPUMEHEHHSI B OYMCTKE CTOYHBIX BOJ U HKOJIOTMYECKUX CUCTEM.

KntoueBbie cioBa: HaHowacTHubl (eppuT KoOaibTa, MINHHENb, 30Jb-Tellb,
pentrenosckas audpaxums, EDS, FTIR

Introduction. Ferrites are an important class of ceramic compounds, in which iron
oxides combine with various metallic cations to form materials of great technological
significance (Jeseentharani et al., 2012; Sugurbekova et al., 2024). Their distinctive
ferrimagnetic behavior originates from the ordered distribution of cations within the
spinel lattice, which largely determines their electrical, magnetic, and catalytic properties.
The general composition of spinel ferrites can be expressed as AB,O,, where divalent
cations typically occupy tetrahedral (A) sites, while trivalent cations reside at octahedral
(B) positions (Chae et al., 2004; Estrada et al., 2017). Among these materials, cobalt
ferrite (CoFe,0,) has gained particular attention because of its distinctive combination
of high coercivity, moderate saturation magnetization, strong magnetocrystalline
anisotropy, and mechanical hardness (Koseoglu et al., 2008; Kandasamy et al., 2018).

Among spinel ferrites, cobalt ferrite (CoFe,O,) has emerged as one of the most
promising candidates because it combines moderate saturation magnetization with high
coercivity, mechanical hardness, and strong magnetocrystalline anisotropy. Unlike many
other ferrites, cobalt ferrite generally adopts an inverse spinel structure in which most
Co?* cations occupy octahedral B-sites, while Fe** ions are distributed across both A-
and B-sites. This cationic arrangement results in ferrimagnetism, where opposing spin

162



Volume 4, Number 465 (2025)

orientations of cobalt and iron ions generate a net magnetic moment. The combination
of magnetic hardness with chemical and thermal stability renders CoFe,O, particularly
attractive for applications in devices that require both durability and reliable magnetic
performance.

Traditionally, cobalt ferrite has been utilized in magnetic sensors, inductors,
transformers, and data storage media. However, advances in nanotechnology have
significantly broadened its potential. Reducing the particle size to the nanoscale alters
the structural, electronic, and magnetic properties, often enhancing coercivity, surface
reactivity, and catalytic performance. Nanosized CoFe,O, exhibits a high surface-to-
volume ratio, defect-rich structures, and cation redistribution, all of which contribute
to improved functional performance compared to bulk counterparts. As a result,
cobalt ferrite nanoparticles have become central to research in materials science and
engineering.

In recent years, considerable attention has been directed toward biomedical uses
of cobalt ferrite nanoparticles. Their strong magnetic response, biocompatibility, and
ability to be guided by external magnetic fields make them suitable for targeted drug
delivery, hyperthermia treatment of cancer, and as contrast agents in magnetic resonance
imaging. At the same time, CoFe,O, is being actively investigated for energy-related
applications. Studies have shown its potential as an electrode material in lithium-ion
batteries, supercapacitors, and as a catalyst in solar and fuel cells. Its combination of
electrical conductivity, stability, and catalytic efficiency allows it to contribute to energy
conversion and storage technologies that are vital for sustainable energy solutions.

Environmental protection is another critical area where cobalt ferrite has demonstrated
great promise. CoFe O, nanoparticles can effectively adsorb heavy metals and degrade
organic contaminants in wastewater (Cai et al., 2020; Al-Harbi et al., 2022). Their
magnetic nature allows for simple separation and recovery, minimizing secondary
pollution and enabling multiple cycles of reuse. Furthermore, cobalt ferrite functions
as a robust catalyst in pollutant degradation and emission control (Yin et al., 2017;
Nadeem et al., 2022).

The properties of cobalt ferrite are strongly dependent on synthesis conditions and
particle morphology. Techniques such as sol-gel combustion, hydrothermal processing,
and co-precipitation have been employed to produce nanoparticles with controlled
size, crystallinity, and purity. Sol-gel synthesis, in particular, is widely used because
it ensures homogeneity and allows tuning of microstructural features. Structural and
chemical analyses, including X-ray diffraction, energy-dispersive X-ray spectroscopy,
and Fourier-transform infrared spectroscopy, consistently confirm the successful
formation of single-phase CoFe,O, with spinel symmetry. The ability to correlate
synthesis parameters with structural and magnetic properties is essential for tailoring
materials to specific applications.

Given its multifunctional character, cobalt ferrite is now recognized as a material
at the intersection of magnetism, catalysis, energy storage, and environmental
remediation. Its stable crystal structure, high magnetic performance, large surface area,
and chemical durability provide a foundation for diverse applications across industrial
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and ecological fields. With continued advances in nanostructuring, surface modification,
and eco-friendly synthesis approaches, CoFe,O, nanoparticles are expected to play an
increasingly important role in addressing global challenges such as sustainable energy
production, clean water supply, and pollution control. Therefore, understanding the
synthesis, structural characteristics, and functional behavior of cobalt ferrite remains
a vital research direction that can contribute to the development of innovative and
sustainable technologies.

Materials and methods. Materials: Iron (III) nitrate nonahydrate, purity >99,9%,
cobalt (II) acetylacetonate, purity >95,0% (Sigma-Aldrich). All precursors were of
analytical grade and were used without prior treatment.

Methods: X-ray diffraction analysis was performed on a DRON-3 automatic
diffractometer with CuKa radiation and a B-filter. Conditions for obtaining diffraction
patterns: U =35 kV; I = 20 mA; 6-20 survey; detector 2 degrees/min.

EDS analysis was performed on a Zeiss Crossbeam 540—FE-SEM scanning electron
microscope. Crossbeam 540 is a dual-beam FIB-SEM microscope for nanotomography
and nanofabrication, which allows EDS studies.

Prepation of the CoFe,O, nanoparticles.

The synthesis of CoFe,O, nanoparticles was carried out using a sol-gel route.
Iron(III) nitrate nonahydrate (3.308 g, 8 mmol) and cobalt(Il) acetylacetonate (0.996
g, 4 mmol) were employed as metal precursors. The salts were dissolved in ethanol
and placed in a three-neck flask equipped with a condenser, followed by heating under
magnetic stirring. After 10 min of heating, 1 ml of acetic acid was introduced as a
catalyst to promote hydrolysis. Subsequently, 1 ml of 2-methoxyethanol was added as a
co-solvent after 20 min. Additional reagents, including distilled water, ethylene glycol,
and ethanol, were then incorporated into the reaction mixture, and continuous stirring
was maintained until gel formation was achieved. The resulting gels were dried at 100
°C for 24 h to remove residual solvents and organic components. Finally, the dried
samples were calcined in a muffle furnace at 600 °C for 8 h to obtain crystalline cobalt
ferrite nanoparticles.

Results and discussions. X-ray diffraction analysis was performed to verify the phase
formation of cobalt ferrite nanoparticles (Figure 1). The diffraction pattern exhibited
peaks that can be exclusively indexed to the spinel CoFe,O, structure (ICSD 1533163,
space group Fd3m), confirming that the synthesis procedure yielded a pure single-
phase material. These results are consistent with the classical structural data reported
by Shannon et al. (1976) and demonstrate successful formation of the spinel lattice.
The calculated average crystallite size was approximately 35 nm, as estimated from the
broadening of diffraction peaks, which is a typical feature of nanocrystalline materials.
The observed crystallite size is in good agreement with values reported in recent studies
of sol-gel synthesized CoFe O,. For example, Kandasamy et al. (2018) and Al-Harbi et
al. (2022) reported crystallite sizes in the range of 25—40 nm, depending on synthesis
conditions and calcination temperatures. Similarly, Cai et al. (2020) observed that the
crystallite size of cobalt ferrite nanoparticles could be tuned between 20 and 45 nm by
modifying the solvent composition during the sol-gel process. The 35 nm crystallite
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size obtained in this work thus falls within the typical range and confirms that the
chosen synthesis parameters provide controlled nanostructure formation. Furthermore,
the phase purity observed in the XRD pattern is particularly important, as secondary
phases such as Fe,O, or CoO are often reported when synthesis parameters are not
carefully optimized (Yin et al., 2017; Nadeem et al., 2022). The absence of such impurity
peaks in our results highlights the effectiveness of the applied sol—gel combustion route
in producing phase-pure cobalt ferrite. This structural purity is critical for ensuring
reproducible magnetic and catalytic performance in subsequent applications, as even
minor impurity phases can significantly alter the overall physicochemical properties of
the material.

N Co-Fe-O 1 06p

200 —

i "J Bl |l Il ‘ h ! \.‘l g

(NI o (1N R |"\"w”|"“‘“ | ‘_H.

30 2 50

Position [*2Theta] (Copper (Cu)

Beak [t

Figure 1 - X-ray diffraction analysis of CoFe,O, nanoparticles.

The energy-dispersive X-ray spectroscopy (EDS) analysis of the synthesized
CoFe O, nanoparticles is shown in Figure 2. The obtained spectrum reveals distinct
peaks corresponding exclusively to cobalt, iron, and oxygen, with no detectable signals
from foreign elements, thereby confirming the absence of impurities in the sample
(Carta et al., 2009). The quantitative analysis further demonstrated that the elemental
ratio of Co, Fe, and O was in excellent agreement with the expected stoichiometry
of cobalt ferrite, verifying the high phase purity of the material. Such consistency
strongly indicates the effectiveness of the sol-gel combustion approach in producing
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chemically homogeneous nanoparticles. Comparable findings have been reported in
recent studies, where EDS characterization also confirmed the stoichiometric accuracy
and compositional uniformity of CoFe O, nanoparticles synthesized via sol-gel and
solvothermal methods (Yin et al., 2017; Al-Harbi et al., 2022; Nadeem et al., 2022).
These results collectively underline that the chosen synthesis technique ensures not only
structural integrity but also compositional precision, which is crucial for maintaining
the desired magnetic and catalytic properties of cobalt ferrite.

Figure 2 - EDS spectrum of CoFe O, nanoparticles.

FTIR spectroscopy was used to confirm the spinel structure of cobalt ferrite. The
spectra of CoFe,O, nanoparticles were recorded in the range of 4000-500 cm™ (Figure
3). A strong absorption band at around 563 cm™ is attributed to the stretching vibrations
of metal-oxygen bonds in the tetrahedral and octahedral sites of the spinel lattice, clearly
confirming the formation of the cobalt ferrite phase (Waldron et al., 1955). Broad bands
between 3351 and 1653 cm™ are associated with O—H stretching vibrations from water
molecules adsorbed on the nanoparticle surface during synthesis (Thakur et al., 2023).
Additional peaks observed at 1426 and 1653 cm™ correspond to the symmetric and
asymmetric stretching of COO- groups, while the bands near 833 cm™ and 2160 cm
are attributed to C-O and CO, stretching vibrations, respectively. The appearance of
absorption bands in the range of 530-619 cm™ further supports the presence of spinel-
type M—O bonds: the band at 833 cm™ can be linked to Co—O vibrations in octahedral
positions, while the one near 530 cm™ corresponds to Fe—O vibrations in tetrahedral
coordination (Spizzo et al., 2016). Similar FTIR features have been reported in recent
studies, where CoFe,O, nanoparticles consistently exhibit two dominant metal-oxygen
bands in the range of 419-577 cm’!, confirming the spinel ferrite structure (Kiani et
al., 2023; Nadeem et al., 2022). These results demonstrate that the spectra obtained in
this study are in good agreement with literature data and further verify the successful
synthesis of stoichiometric cobalt ferrite with a well-defined spinel structure, described
by the cation distribution (Fe’*)A(Co*Fe’")BO,.
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Figure 3 - FTIR spectrum of CoFe,O, nanoparticles.

The magnetic properties of the synthesized sample were examined using a vibrating
sample magnetometer (VSM), and the corresponding hysteresis loop is shown in Figure
4. Analysis of the magnetization curve revealed the following key parameters: coercivity
of 157 Oe, remanent magnetization of 26.4 emu/g, saturation magnetization of 61 emu/g,
and a squareness ratio (Mr/Ms) of 0.43. These results are characteristic of ferrimagnetic
spinel-type materials and confirm the successful formation of a magnetically hard
phase. The estimated crystallite size of approximately 60 nm indicates the presence
of multidomain structures, which typically exhibit higher coercivity and substantial
saturation magnetization (Yin et al., 2017; Patil et al., 2021).

Phase composition analysis demonstrated that the obtained powder is multicomponent,
consisting mainly of spinel-type (Co, Fe) oxide (~73.6%), described as (Co, ,Fe,,,)
( Co, oFey ()0, o, along with a secondary hematite (Fe2Os) phase (~26.4%). The
dominance of the spinel fraction primarily governs the observed ferrimagnetic response,
while the presence of hematite may influence the coercivity and residual magnetization
values (Sarkar et al., 2019).

In addition to the quantitative VSM analysis, the magnetic response of the CoFe,O,
nanoparticles was qualitatively verified using a permanent magnet, as illustrated in
Figure 4. The nanoparticles exhibited strong attraction to the magnetic field, further
confirming their magnetic character. Such behavior makes cobalt ferrite nanoparticles
promising candidates for applications in magnetic separation, catalysis, drug delivery,
and environmental remediation, where efficient recovery of nanomaterials through
external fields is advantageous (Kombaiah et al., 2020; Zhang et al., 2023).
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Figure 4 - Magnetic characteristics of CoFe,O, nanoparticles
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Among spinel-type ferrites, cobalt ferrite (CoFe,O,) is particularly attractive for
wastewater treatment applications. Its combination of high catalytic efficiency, strong
saturation magnetization, and chemically stable crystal framework makes it highly
effective in pollutant degradation processes. In addition, CoFe O, demonstrates
low solubility of metal ions in aqueous environments, which reduces secondary
contamination risks. The material also possesses a relatively large specific surface area,
enhancing its adsorption and catalytic performance. A further advantage is its facile
magnetic separation from treated water, allowing simple recovery and reuse, which is
critical for practical environmental applications (Senthil et al., 2016; Cechinel et al.,
2023).

Conclusion. Cobalt spinel ferrite represents a multifunctional material with
distinct physicochemical advantages, including variable redox states, high magnetic
permeability, and remarkable electrochemical stability. In this study, CoFe,O,
nanoparticles were successfully synthesized by the sol—gel method and comprehensively
characterized. X-ray diffraction confirmed the formation of a single-phase cobalt ferrite
with a spinel crystal structure (ICSD 1533163, space group Fd3m). Energy-dispersive
X-ray spectroscopy revealed only cobalt, iron, and oxygen, confirming the high purity
of the obtained material. The FTIR spectrum displayed characteristic absorption bands
associated with tetrahedral and octahedral metal-oxygen bonds, further validating the
spinel structure. The resulting composition can be described as (Fe3*)a(C02*Fe3*)ﬁO4,
consistent with the expected cation distribution. Beyond confirming successful synthesis,
the obtained results emphasize the technological relevance of CoFe,O, nanoparticles.
Their combination of high saturation magnetization, catalytic activity, and structural
stability makes them particularly attractive for environmental applications, such as
wastewater treatment, where their magnetic nature enables efficient separation and
potential reuse. Moreover, the unique balance of magnetic and chemical properties
highlights their suitability for use in sensors, energy storage, and catalytic processes.
Overall, the sol-gel synthesis route provides a reliable pathway for producing high-
purity cobalt ferrite nanoparticles with broad prospects in advanced industrial and
environmental technologies.
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Abstract. Lignin-based electrodes are generating significant interest as a promising
solution to address the growing demand for cheap, sustainable, and environmentally
responsible materials for modern energy storage devices. The global energy transition
necessitates replacing traditional, limited carbon sources with abundant, renewable
alternatives like lignin. As the second most common organic polymer in nature, lignin
possesses a number of characteristic advantages, including high carbon content,
structural diversity, and the presence of reactive functional groups, making it an
attractive raw material for producing advanced electrochemical materials. The main
purpose of this work is to summarize the latest achievements in the field of obtaining,
refining, and chemical modification of lignin, as well as its transformation into porous
carbon structures suitable for electrochemical application. Methodologically, this
review explores modern fabrication technologies, including electrospinning, followed
by critical processing stages such as thermal stabilization and carbonization, with a focus
on the continuous production of lignin-based fibrous composites for supercapacitors.
The results show significant progress in the development of lignin-based electrodes; for
instance, activated carbon derived from lignin has achieved a specific capacitance of
263.46 F/g at 40 mA/g current density, and electrospun carbon nanofibers have reached
up to 442.2 F/g. This performance confirms lignin’s potential as an eco-friendly, low-
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cost, and high-performance electrode material. Its wide availability and customizable
chemical composition establish lignin as a promising candidate for the next generation
of sustainable energy storage technologies.
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AuHoTanus. JIUTHUH HeTi3iHAEri O3JIEeKTPOATap 3aMaHayd »dHEPrHs Cakray
KYPBUIFBUIApBI YIIIH ap3aH, TYPaKThl )KOHE SKOJOTHSUIBIK Ta3za MaTepualiapra JereH
OCIll KeJe JKaTKaH CYPAaHBICTHl INEIIYIiH IEePCHEKTUBAIBI JKOJIbl PETiHAE YJIKSH
KBI3BIFYIIBUTBIK TyAbIpyAa. JKahaHABIK SHEpreTHKAIbIK KOIly JSCTYpIi, MIeKTeyIi
KOMiPTEKTi Ko3/1epiH JIUTHIH CHUSKTHI MOJI, )KaHAPTHUIATHIH OaaMaiapMeH aIMacTBIPY/IbI
KakeT ereni. TaOwrarTarpl eKiHINI €H KON TapallfaH OpPTaHWKaJbIK ToJuMep Ooma
OTBHIPHIN, JIMTHUHHIH JKOFApbl KOMIPTEKTI KypaM, KYPBUTBIMJBIK OPTYPIIUTIK JKOHE
peakTuBTI (YHKIMOHAIIBIK TONTApABIH OONyBl CHSKTHI OipKarap CHIAaTTaMalbIK
ApTHIKIIBUTBIKTapbl 0ap, OYJI OHBI JKETUIIPUITEH ANMeKTPOXUMHUSIIBIK MaTepHaliapabl
OHJIIpY VIIiH TapTHIMIBI MIUKI3aT €Tedi. byJ )KYMBICTBIH HETi3ri MaKcaThl — JTUTHUHI
alry, Ta3apTy JKOHE XUMISJIBIK MOIU(HKAIMSIAY, COHal-aK OHBI AJIEKTPOXUMUSIIBIK
KOJIIAaHyFa sKapaMIbl KeyeKTi KeMIpTEeKTi KYpbUIbIMIapFa aliHaJIbIpy CalachIHIaFbl
COHFBI  JKETICTIKTepAl KOPBITBIHABUIAY. OJICTEMENIK TYPFBIAAH, Oy IOy
CYTIEpKOHIEHCATOpIIap YIIiH JUTHUH HETi31HJer TaIBIKTHI KOMIIO3UTTEPl Y3IiKCi3
eHJIipyTre Oaca Hazap aymapa OTBIPBIN, IMEKTPOCTTMHHUHTTI, OJ[aH KeWiHT1 TePMHSITBIK
TYpaKTaHJBIPY JKOHE KapOOHM3AIMs CHSIKTHI MaHBI3IBI OHICY Ke3CHJCPiH KaMTHTHIH
3aMaHayW OHJIpIC TEeXHOJOTHSUIApBIH 3epTTeiai. HoTmkenep ocwl amekTponTapis!
JAMBITYIaFbl eJIeyi OHIMAUTIK MPOTpeciH KepceTesi; MbICalbl, TUTHUHHHEH aJbIHFaH
oencennipinrer keMmip 40 MA/g TOMEH TOK THIFBI3ABIFBIHAA 263,46 F/g aifrapmbikrait
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MEHIIIKT] ChIMBIMIBUIBIKKA KOJI JKETKI3[li, all KYp/Aesi 3MeKTPOCIIMHHUHITI KOMIPTEKTI
HaHoTamublkTap 442,2 F/g neitinri epexme moHAepai kepcerTi. bynm enimmimik
JUTHUHHIH DKOJIOTUSIIBIK Ta3a, ap3aH >KOHE JKOFaphl OHIMII AJIEKTPOATHI MaTepHall
peTinzeri aneyetin pacraiapl. OHBIH KeH KOJDKETIMIUIIr MEH PETTENIeTIH XUMUSIIBIK
KYpaMbl JIMTHUH]I TYPAKTHI S3HEPTHUS CaKTay TEXHOJIOTHSIIAPBIHBIH KeJleCi OybIHBI YILiH
MEPCIEeKTUBANbI KaHAWIAT pETiHe OeKiTesi.

Tyliin ce3mep: »Heprus cakray, JIMTHHH, aKKyMYJISTOp, JJIEKTPOATAp,
CYIEepKOH/IEHCATOP
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AHHOTanus. DOIEKTPOAbl HA OCHOBE JIMTHWHA BBI3BIBAIOT PACTYIIUH HWHTEpEC
KaK MEepCHEKTUBHOE PELICHHUE Ul YAOBIETBOPEHHS YBEIMYHMBAIOIIEIOCS CIpOca Ha
JemEBbIe, YCTOMUMBBIC U SKOJIOTHYECKH Oe30mMacHble Marepuabl JJIsl COBPEMEHHBIX
YCTPOMCTB XpaHeHUsI dHEpTuH. [ 1006aIbHBIN SHEPTETHUECKHH MTepexo 00yCIOBINBAET
HEOOXOOMMOCTb 3aMEHBl TPAJULMOHHBIX, HCUEPIAEMbIX YIVIEPOAHBIX PECYpPCOB Ha
OOWIIbHBIC U BO30OHOBJISIEMBIC albTEPHATUBBI, TAKWE KAaK JIMTHUH. SIBISISICH BTOPBIM
[0 PacMpoOCTPaHEHHOCTH TMPUPOIHBIM OPTaHUYECKHM TOJIMMEPOM, JINTHHH 00JajaeT
PAAOM YHHKAJIBHBIX MPEUMYIIECTB, BKIIOYAs BBICOKOE COAEpKAHHE YIIEPOAA,
CTPYKTYpPHOE pPa3HOOOpa3ue M HajJUuue PEaKIIMOHHOCIOCOOHBIX (PYHKIIMOHAIBHBIX
Ipymn. OTH XapaKTEPUCTUKHU JEa0T €ro IPUBJIEKATEIbHBIM ChIPbEM VIS IOJIyUEHUS
MEPEIOBBIX HJIEKTPOXUMHUUECKUX MarepuanoB. OCHOBHas LieNb JAaHHOH padoThl —
0000IIUTH COBPEMEHHBIE JOCTHKCHHUS B O0JIACTH BBIJCICHHUS, OYUCTKH U XMMUYECKON
Moau(UKAMKM JMTHUHA, a TaKXe €ro IOCIEAYIOIIEro NPeBpalleHus B IIOPUCTHIE
YIJIEPOAHBIE CTPYKTYpBlI, MPUIOAHBIE S DIEKTPOXUMHUYECKOTO IMPUMEHEHHS.
C MeTOMONIOTHYECKOH TOYKH 3peHUs B 0030pe paccMaTpUBAIOTCS aKTyajbHbIC
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TEXHOJIOTUM TIOJYYECHUS DIICKTPOAHBIX MATEpPHANIOB, BKJIIOYAS SJICKTPOCIMHHUHT
(anexTpodopMoOBaHKE), 32 KOTOPHIM CIEIYIOT KIIOYEBBIC CTaJIUU OOpaOOTKH, TaKUe
Kak TepMmuueckas craOwimmzanms W kapOoHm3zamms. Oco0oe BHUMaHHE YJCICHO
HEMPEPBhIBHBIM ~ TEXHOJOTMYECKAM  Mapuipytam  (OPMHUpPOBAHMSI  BOJOKHHCTBIX
KOMIIO3UTOB HAa OCHOBE JIMTHUHA, MPEAHA3HAUCHHBIX MJIs CYNEpKOHICHCATOPOB.
[Tonyyennsie pe3ynabTaThl JEMOHCTPUPYIOT 3HAYUTENBHBIA MPOrpecc B CO3TaHUU
BBICOKOA((DEKTUBHBIX AJIEKTPOIOB. Tak, aKTHBUPOBAHHBIH YTIIEPOJI, CHHTE3UPOBAHHBIN
W3 JIMTHUHA, JOCTHUT YISIbHOU éMKocTH 263,46 O/t mpu muioTHOCTH Toka 40 MA/T, a
CJIOKHBIC YTIICPOJIHBIC HAHOBOJIOKHA, CPOPMHUPOBAHHBIC METOJIOM AJICKTPOCIIMHHUHTA,
MOKa3aJlu HCKIIOYUTEIbHbIC 3HA4YCHHS yAelabHOW Emkoctu 1m0 4422 ®d/r. DOt
MOKa3aTeld TONTBEPKAAIOT TMOTEHIMAN JIMTHUHA KaK SKOJOTHYECKH UHCTOTO,
HEJ0pPOroro M BBICOKOA((EKTUBHOTO 3JICKTPOJHOr0 Marepuaia. Ero mmpoxas
JOCTYITHOCTh M BapUATUBHBIA XUMUYECKUN COCTAB 3aKPEIUISIOT 3a JIMTHUHOM CTaTyC
OJTHOTO W3 HanboJIee MePCIeKTUBHBIX KaHUIATOB /I TEXHOJIOTUI XpaHEHUS SHEPTUI
CJIEIYIOILIETO MOKOJICHHUS.

KuioueBble ciaoBa: XpaHEHUE OHEPrUU, JUTHHUH, AKKyMYJSTOP, AJIEKTPOIBI,
CyHepKOHIEHCATOP

1. Introduction. The rapid development of the global economy and the increasing
human demand for energy storage devices are leading to a sharp rise in global energy
consumption. Currently, the extraction and consumption of energy from the world’s
resources and fossil fuels are causing an energy crisis. It is well known that these
resources are finite and cannot be used continuously (Abolghasemi Fakhri L et al, 2012).
Projections suggest that by 2040-2050, the world’s energy supply needs will double,
requiring significant additional funding for the development of energy production
technologies. The current reserves of global fossil fuels are expected to be depleted
soon. Therefore, the development and advancement of cutting-edge technologies in
energy storage and production is a crucial issue (Al-Abduljabbar & Farooq, 2023).

The design and improvement of energy-providing devices require the use of
durable and environmentally friendly materials. In this regard, the use of traditional
metallurgical metals is inefficient due to their high density (weight) and relatively low
fatigue resistance. Consequently, interest in composite materials is growing (Ago et al,
2016). They possess mechanical and strength characteristics similar to metals while
being lighter compared to other materials. The focus of global scientists is increasingly
directed towards the research of new energy sources and energy storage devices. One
promising solution in this research direction is the use of lignin as an electrode material
for energy storage devices (Ago et al, 2016). Lignin can improve the efficiency of
energy storage devices, reduce their cost and toxicity, and enable the production of
“green” energy devices.

Lignin, the second most common organic polymer in nature, possesses a number of
characteristic advantages, including high carbon content, structural diversity, and the
presence of reactive functional groups, which makes it a very attractive raw material for
the manufacture of advanced electrochemical materials (Liu et al, 2021).
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However, there is a lack of comprehensive research in the scientific literature on
lignin-based electrode materials for energy storage devices. Therefore, the main purpose
of this work is to summarize the latest achievements in the field of obtaining, refining,
and chemical modification of lignin, as well as its transformation into porous carbon
structures suitable for electrochemical use. This article primarily provides a review of
lignin-based electrode materials for energy storage. The article will first discuss the
classification and extraction processes of lignin, as well as the preparation methods
of lignin-based electrode materials and their detailed applications in energy storage
devices, including supercapacitors and batteries. (Fig. 1) (Liu et al, 2021).

o R
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a

Figure 1 - Graphical representation of lignin-based electrode materials in energy storage application

2.Materials and methods

2.1 Lignin: characterization and modification methods

Lignin is a promising, low-cost, non-toxic, and highly effective modifier suitable
for use as graphene-based supercapacitor electrode materials (Ago et al, 2016). Lignin
can be mixed with graphene oxide in any ratio and contributes to the stabilization of
reduced graphene oxide through n-m interactions. One study reported the synthesis of
lignin-based bio-slag/graphene composites using a rapid and simple co-precipitation
method (Melati et al, 2019). Lignin prevents the restacking (re-agglomeration) of
graphene oxide and promotes the formation of small graphitic domains that enhance
its electrical conductivity. Lignin is a large-volume byproduct of the wood processing
industry and represents an environmentally sustainable and recyclable natural raw
material (Nazhipkyzy et al, 2024). As shown in Figure 2, lignin consists of three main
monomers (sinapyl alcohol, coumaryl alcohol, and coniferyl alcohol) and various
functional groups (carboxyl and methoxyl) (Wang et al, 2023).
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Figure 2 - The three main constituent monomers of lignin
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Lignin’s interaction with various polymeric compounds, including synthetic
polymers (e.g., polyethylene oxide (PEO) and polypropylene) and biodegradable
biopolymers (e.g., soy protein, polylactic acid (PLA), and bacterial cellulose), to form
stable polymer composites has been extensively studied. As the second most abundant
natural polymer after cellulose, lignin can be obtained in large quantities and at low cost
as a byproduct from the cellulose-paper industry (Pakkang et al, 2022). Thus, utilizing
lignin as a precursor is significantly advantageous (Pakkang et al, 2020). For example,
the use of lignin for producing high-performance electrode materials such as carbon
nanofibers has been widely reported. Currently, there is an increasing demand for high-
performance composite materials in energy storage systems. We aimed to explore the
potential of electrospinning in the morphology of carbon nanofibers using biomass-
derived lignin as a renewable source, while surface area, porosity, and flexibility play a
crucial role in supercapacitor electrochemistry.

Lignin’s traditional applications are well-established in areas like cement additives,
wood adhesives, and drilling fluids for oil wells. However, its low cost and abundant
availability necessitate the exploration of novel, high-value applications. Recent
investigations have demonstrated the successful utilization of lignin-based polymers as
sorbents, flocculants, antioxidants, and components in energy storage layers (Lievonen et
al, 2016). The molecular weight distribution of lignin exhibits significant heterogeneity,
influenced by both the inherent structural variations across different plant species
and the specific extraction methodologies employed. The number-average molecular
weight (Mn) of lignin typically fluctuates between approximately 1000 and 5000 g/mol,
while the weight-average molecular weight (Mw) can extend from 2000 to 50,000 g/
mol, underscoring the intricate and heterogeneous nature of lignin. Lignin is broadly
categorized into three primary types:

e softwood lignin, predominantly composed of guaiacyl (G) units (around 90%);

e hardwood lignin, which consists of a blend of guaiacyl (G) and syringyl (S) units;

e herbaceous lignin, encompassing all three units — guaiacyl (G), p-hydroxyphenyl
(H), and syringyl (S) (Tiz et al, 2024).

Among the array of functional groups present, hydroxyl and carboxyl groups play
a particularly influential role in dictating the polymer’s properties. These functional
groups establish a delicate equilibrium between the hydrophilic and hydrophobic
characteristics of lignin macromolecules, concurrently modulating their susceptibility
to hydrolytic degradation under diverse reaction conditions. The type of lignin and the
composition of its structural units vary considerably depending on the plant species. For
instance, herbaceous plants contain all three types of structural units, with the content of
H units ranging approximately from 10% to 25%, while G and S units each constitute
about 25% to 50%. Softwood consists solely of G units; in contrast, hardwood contains
a moderate amount of G units (25%—-50%) alongside a significantly higher proportion
of S units (50%—75%).

Furthermore, the proportion of specific linkage types differs among various lignins.
Ether linkages (C—O) represent the dominant type, accounting for approximately 70%
of the total linkages. Following this are $-O-4 (40%—-60%), a-O-4 (5%—7%), and 4-O
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linkages. The remaining 30% comprises carbon-carbon (C—C) linkages, with the most
prevalent being 5-5 (6%—16%), B-5 (6%—11%), B-1, B-PB, and others (Melati et al, 2019).

2.2 Electrospinning method

Electrospinning is a versatile, yet simple and cost-effective method for fabricating
nanofibers and nanofibrous membranes in a wide range of applications, from medicine
to environmental and energy fields (Al-Abduljabbar & Farooq, 2023, Wang et al, 2023).
It can produce non-woven mats made of continuous fibers with small diameters, leading
to reduced weight, increased flexibility, and high active surface area. Nevertheless,
electrospinning is an inherently complex process influenced by various parameters
such as molecular entanglement, viscosity, surface tension, and conductivity. Typically,
polyacrylonitrile (PAN) is used for electrospinning nanofibers due to its excellent
solubility, solution entanglement, and process stability (Jauhari etal, 2021). However, the
high cost of this petrochemical-based synthetic polymer is an economic factor limiting
its widespread use in both high-level development and commercialization. Therefore,
other alternative and practical sources for carbon-based electrospun nanofibers have
been extensively sought (Tiz et al, 2024).

Lignin, extracted from the constituent part of plant cell walls, is the second most
abundant natural biopolymer. It can be obtained from several byproducts of biorefineries,
such as in the cellulose-paper industry. More than 70 million tons of lignin are
accumulated annually. The globular molecules of lignin contain a high aromatic content,
making them an efficient carbon source. Furthermore, lignin exhibits thermal stability,
biodegradability, and a stable chemical structure, making it a promising candidate for
producing carbon nanofibers for supercapacitor electrodes. Recent studies show that
activated lignin-based carbon fibers exhibit relatively high specific capacitance and
power density (Melati et al, 2019).

Supercapacitors primarily consist of electrode materials, electrolytes, current
collectors, and separators. Among these, electrode materials, as the core component for
energy storage, critically influence the electrochemical performance of supercapacitors.
The efficacy of supercapacitors is intrinsically linked to the nature of the electrode
material. Electrospinning emerges as a straightforward yet potent technology employed
across medical, environmental, and energy sectors for the creation of nanofibers and
membranes (Pakkang et al, 2019). When a high-voltage electric field is applied to
a polymer solution, the initiation of fibers occurs at the apex of the “Taylor cone”.
Initially, the trajectory of the fiber is predominantly linear (stable region). Beyond a
certain threshold distance, the fiber’s path transitions into a complex configuration
(bending instability region).
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Figure 3 - Schematic diagram of fiber production from polymer solution via electrospinning, redrawn and
adapted from (Liu et al, 2021)

2.3 Lignin production methods

2.3.1 Industrial relevance and applications of lignin

Lignin is an abundant, renewable biopolymer with significant potential in various
industrial applications. Its incorporation into biodegradable polymers enhances
mechanical and thermal properties; for example, the thermal stability of polylactic acid
(PLA) improves upon lignin integration. Lignin is also used to reinforce carbon fibers
and enhance polymer composites in the rubber industry. Traditionally, lignin has been
applied in adhesives for wood panels due to its abundance of phenolic groups, making
it a promising replacement for phenol in phenol-formaldehyde (PF) resins. PF resins
are widely used in plywood, particleboard, and other wood composites; however, they
exhibit high toxicity and price volatility. Replacing PF resins with environmentally
friendly lignin is economically and ecologically advantageous, although industrial
utilization is limited by the low reactivity of native lignin (Yuan et al, 2014).

In their study, Yuan et al (2014) developed a bio-based adhesive by combining
ammonium lignosulfonate (MAL) with polyethylenimine (PEI). The resulting MAL/
PEI adhesive demonstrated superior mechanical strength, modulus, and adhesion
compared to unmodified MAL or PEI-based adhesives, highlighting the potential of
chemically modified lignin for high-performance applications.

The solubility of lignin in organic solvents also restricts its utilization. For example,
Kraft lignin can be partially depolymerized using basic catalysis in supercritical
methanol and subsequently converted into lignin polycarboxylic acid (LPCA). LPCA
functions effectively as a curing agent for epoxy resins, performing comparably to
commercial anhydride-based hardeners. Despite being the second most abundant
biopolymer after cellulose, only a small fraction of lignin’s annual production is applied
in material science and chemical industries due to structural complexity, heterogeneity,
and incompatibility with many matrices (Tong et al, 2023).
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2.3.2 Biosynthesis of native lignin

The biosynthesis of lignin has been studied for over a century. Native lignin is
synthesized via enzymatic polymerization of three main alcohol precursors: sinapyl
alcohol, coniferyl alcohol, and p-coumaryl alcohol. These precursors are produced
from L-phenylalanine catalyzed by specific enzymes, transported to the cell wall by
glucosides, and polymerized through the action of laccase and peroxidase enzymes,
forming lignin (Al-Abduljabbar & Farooq, 2023).

The primary monolignols give rise to three structural units: syringyl (S), guaiacyl
(G), and p-hydroxyphenyl (H), differing by the degree of methoxylation on the benzene
ring. Softwood lignin mainly consists of G units (90-95%), hardwood lignin contains
a mix of S and G units, while herbaceous plants include all three types. The ratios of
S, G, and H units depend on plant species and pretreatment methods, and these ratios
critically influence lignin’s properties.

Lignin monomers are linked via ether or carbon-carbon bonds, forming a diverse
array of substructures. The [B-O-4' ether linkage predominates, accounting for
approximately 50% of internal linkages, and is highly reactive during depolymerization.
Other linkages include B-p', B-5', B-1', and 5-5', with varying abundance depending on
lignin type. Functional groups such as hydroxyl, benzyl, methoxyl, ether, and carboxyl
contribute to lignin’s amphiphilic nature and reactivity. Hydroxyl groups, categorized
as aliphatic or phenolic, are particularly important for chemical modifications including
alkylation, esterification, and phenolation. Carboxyl groups, though present in small
amounts in native lignin, can increase after chemical modification, enhancing solubility
and reactivity.

2.3.3 Lignin isolation and production methods

In laboratory settings, lignin is often extracted for structural characterization using
several methods.

laboratory process

pulp production —

biofuel - techology

Figure 4 - Classification of industrial methods for lignin production

Milled Wood Lignin (MWL) is obtained from milled biomass using water and neutral
solvents, such as dioxane, under reflux. This method preserves the lignin structure but
typically yields less than 40% and may contain residual carbohydrates. Cellulolytic
Enzyme Lignin (CEL) is produced by hydrolyzing cellulose, resulting in higher lignin
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yield while maintaining its structural integrity. An improved version, Enzymatic Mild
Acidolysis Lignin (EMAL), incorporates a small amount of hydrochloric acid during
extraction, achieving yields of up to 70% with approximately 90% purity and fewer
lignin-carbohydrate complexes.

Hydrothermal

Figure 5 - Methods of lignin production and conversion, redrawn and adapted from (Liu et al, 2019)

On an industrial scale, lignin is obtained through various pulping processes. Kraft
lignin is produced via alkaline pulping using sodium hydroxide and sodium sulfide,
which cleaves a- and B-ether linkages and allows lignin precipitation upon acidification.
Kraft lignin contains hydrophobic thiol groups, contributing to a sulfur content of 1-2%.
Sulfite lignin is derived using acidic pulping, producing water-soluble lignosulfonates
that contain hemicellulose and find applications in adhesives, batteries, dispersants,
and surfactants. Soda lignin, obtained from soda or soda-anthraquinone pulping, has
high purity, low molecular weight, and is sulfur-free, making it suitable for chemical
modification. Organosolv lignin is extracted with organic solvents such as ethanol or
acetic acid, exhibits high solubility in alkaline solutions and many organic solvents,
possesses a uniform molecular weight, is sulfur-free, and requires minimal modification,
making it attractive for biomaterial synthesis.

Aims at comprehensive utilization of biomass by separating cellulose, hemicellulose,
and lignin. Pretreatment (chemical, physical, or physicochemical) is crucial to enhance
enzymatic hydrolysis efficiency. Alkaline and acidic media differently affect lignin
structure, while steam explosion and hot water treatment partially dissolve lignin.
Integration of pretreatment methods improves production efficiency, but further research
is needed to maximize lignin utilization in biorefineries (Tong et al, 2023).

2.3.4 Challenges and opportunities in lignin utilization

Despite its abundance, lignin’s industrial application is limited due to low solubility,
heterogeneous molecular weight, and incompatibility with many matrices. Chemical
modification, such as formation of MAL/PEI adhesives, LPCA, or functionalized
derivatives, enhances reactivity and widens potential applications. Optimizing
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extraction, depolymerization, and chemical modification techniques remains a major
focus to unlock high-value applications in materials science and energy storage.
3.Results and discussion

3.1 Application of lignin-based electrodes in energy storage systems

3.1.1 Energy storage mechanisms

The energy storage mechanism of supercapacitors depends on the charge accumulation
and conversion capabilities of their electrode materials, leading to their classification
into electrochemical double-layer capacitance (EDLC) and pseudocapacitance (PC).
Devices storing energy via the electrochemical double layer are termed EDLCs, while
those employing pseudocapacitance are designated as PCs (Fig. 6) (Liu et al., 2021).

EDLC:s store energy at the electrode—electrolyte interface. Carbonaceous materials—
including activated carbon, carbon fibers, carbon nanotubes, graphene, and carbon
aerogels—are widely used as electrodes for EDLCs due to their high specific surface
area, porosity, abundant active sites, and favorable electrical conductivity. These
properties facilitate short electronic or ionic transport pathways, granting EDLCs high
power density and long cycling stability.

Pseudocapacitors, on the other hand, store energy via rapid and reversible redox
reactions at or near the electrode surface (Wang et al., 2023). They typically exhibit
higher specific capacitance and energy density than EDLCs but lower power density
and shorter cycling life. Conductive polymers, transition metal oxides, and sulfides are
common electrode materials for PCs.

a)

b)

Cathode Anode

Cathode Anode

ete. Porous’ polymer
ete

Figure 6 - Schematic diagram of the energy storage mechanism for (a) electric double-layer capacitors
(EDLCs) and (b) pseudocapacitors (PCs), redrawn and adapted from (Liu et al, 2021)

3.1.2 Lignin as an electrode precursor

Lignin-derived carbon materials are attracting attention for EDLCs due to their high
carbon content and low cost (Jauhari et al., 2021). The quinone structures in lignin and
its derivatives provide redox activity, enabling their application in pseudocapacitors.
The specific preparation methodologies and energy storage mechanisms of lignin-based
electrodes will be detailed in Section 3.2 (Schlee et al., 2019).
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Carbon fibers, derived from renewable plant fibers such as bamboo or cannabis,
possess low density, high mechanical strength, and excellent conductivity, making
them suitable for supercapacitors and batteries. Polymers like polyacrylonitrile (PAN),
polyethylene glycol (PEG), and polyvinyl alcohol (PVA) serve as precursors, with PAN
being the most widely used due to its mechanical strength and high carbon content.
However, its high cost motivates the search for alternative, low-cost precursors. Lignin,
with a carbon content exceeding 60%, is a promising candidate for producing carbon
fibers (Schlee et al., 2019).

Activated carbon (AC) is commonly used for EDLC electrodes due to its large
specific surface area, electrical conductivity, chemical and thermal stability, and well-
developed porous structure (Tong et al., 2023).

3.2 Comparative performance summary of lignin-based electrodes

3.2.1 Physical and chemical activation methods

Lignin-based activated carbon (AC) can be prepared via physical or chemical
activation.

Physical activation typically involves two stages: carbonization followed by
activation, in which oxidizing gases (O2, CO., or steam) generate a porous architecture
through chemical gasification.

Chemical activation entails mixing lignin-derived carbon with activating agents
(e.g., ZnClz, KOH, K2COs, H3POs) and heating in an inert atmosphere. Carbonization
and activation often occur simultaneously, producing hierarchical porous structures.
Chemical activation generally yields higher specific surface areas.

Studies show that different activating agents influence electrochemical performance.
AC activated with ZnCl. exhibited the lowest specific surface area, as ZnCl. primarily
acts as a catalyst during dehydroxylation and dehydration. AC activated with K-COs
achieved a surface area of 1585 m?*/g, with a specific capacitance of 263.46 F/g at 0.04
A/g (Yuetal., 2021). KOH activation combined with microwave heating and humidified
N> gas yielded porous carbon with abundant micropores and hierarchical structures,
achieving 173 F/g capacitance (Jin et al., 2012). Hydrothermal carbonization of lignin
from corn stalks followed by KOH/Ca(OH): activation resulted in AC with hierarchical
porosity and oxygen-enriched functional groups, demonstrating high energy density
even at high power densities (Yu et al., 2021).

3.2.2 Performance comparison

Table 1 summarizes the performance of various lignin-based electrodes:

Table 1. Summary table of lignin-based electrodes

Precursor and Activation Specific Current | Cycle Stability Ref.
method method Capacitance | Density

(F/g) (Alg)
Lignin Modification by | 192 0,2 ~90% (after 5000 | (Schlee et al,
(Electrospinning) [ NaNO, cycles) 2019)
Lignin KOH activation | 442,2 0.1 ~91% (after 5000 | (Ma et al, 2018)
(Electrospinning) cycles)
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Lignin (AC) K,CO, 263,46 0.04 ~97% (after 5000 | (Jin et al, 2012)
Activation cycles)
Lignin (AC) KOH/Ca(OH), [291,3 0,5 ~96,1% (after (Yuetal, 2021)
5000 cycles)

This summary demonstrates that lignin-based electrodes, when appropriately
activated, achieve high specific capacitance, excellent cycling stability, and hierarchical
porous structures suitable for supercapacitor applications.

4. Conclusion.

Lignin and its derivatives have garnered substantial interest in energy storage
systems in recent years owing to their high carbon content, abundant functional groups,
natural abundance, and low cost. This review synthesizes recent advancements in the
design and fabrication of lignin-based electrode materials for energy storage devices,
encompassing supercapacitors and batteries. Lignin can serve as a precursor for porous
carbonaceous materials, while lignin and its derivatives can be directly employed as
active materials, both presenting as promising electrode candidates for energy storage.
The key finding shows that while activated carbon derived from lignin has achieved
a high specific capacitance, reaching 263.46 F/g, electrospun carbon nanofibers can
achieve superior performance, such as 442.2 F/g, demonstrating the high potential of
engineered fibrous structures.

Nevertheless, the development of lignin-based electrode materials remains in its
nascent stages, necessitating further research for practical implementation in real-world
energy storage devices. The porosity and pore dimensions of electrode materials exert
a significant influence on the electrochemical performance of energy storage devices.
Currently, the production of porous carbonaceous materials from lignin predominantly
yields microporous structures. Achieving well-engineered pore architectures in lignin-
derived carbon remains a complex and costly endeavor, thus demanding intensified
efforts to obtain multi-layered porous lignin-derived carbon materials with controlled
mesopore and macropore distributions. Future research should focus on designing
lignin-derived carbon with hierarchical pore structures and improving the cycling
stability of lignin/conductive polymer hybrid electrodes to fully realize their potential
in energy storage applications

References

Abolghasemi Fakhri L., Ghanbarzadeh B., Dehghannya J., & Entezami A.A. (2012) The effects of
montmorillonite and cellulose nanocrystals on physical properties of carboxymethyl cellulose/poly
(vinyl alcohol) blend films. Journal of Industrial & Polymer Science and Technology, DOI: 10.22063/
JIPST.2013.610 (in English).

Al-Abduljabbar A., Farooq 1. (2023) Electrospun Polymer Nanofibers: Processing, Properties, and
Applications. Polymers, 15(1). — P. 65. (in English)

Ago M., Borghei M., Haataja J.S., & Rojas O.J. (2016) Mesoporous carbon soft-templated from
lignin nanofiber networks: Microphase separation boosts supercapacitance in conductive electrodes. RSC
Advances, 6(89). — P. 85802—85810. (in English)

Liu H., Xu T., Liu K., Zhang M., Liu W., Li H., Du H., & Si C. (2021) Lignin-based electrodes for
energy storage application. Industrial Crops and Products, 165. — P. 113425. (in English)

182



Volume 4, Number 465 (2025)

Melati R.B., Shimizu F.L., Oliveira G., Pagnocca F.C., de Souza W., Sant’Anna C., & Brienzo M.
(2019) Key factors affecting the recalcitrance and conversion process of biomass. BioEnergy Research,
12. — P. 1-20. (in English)

Nazhipkyzy M., Maltay A. B., & Seilkhanov T.M. (2024) Synthesis of Carbon Nanofibers from Lignin
Using Nickel for Supercapacitor Applications. Fibers, 12(10), 87. DOI: 10.3390/fib12100087 (in English)

Wang H., Fu F., Huang M., Feng Y., Han D., Xi Y., Xiong W., Yang D., & Niu L. (2023) Lignin-based
materials for electrochemical energy storage devices. Nano Materials Science, 5(2). — P. 141-160. DOI:
10.1016/j.nanoms.2022.01.002 (in English).

Jauhari J., Suharli A.J., Nawawi Z., & Sriyanti I. (2021) Synthesis and characteristics of polyacrylonitrile
(PAN) nanofiber membrane using electrospinning method. Journal of Chemical Technology and Metallurgy,
56(4). — P. 698-703. (in English)

Pakkang N., Suzuki S., Shigetomi K., & Uraki Y. (2022) Assembly of electric double-layer capacitors
with hardwood kraft lignin-based electrodes and separator together with ionic liquid electrolyte.
Holzforschung, 77(2). DOI: 10.1515/hf-2022-0143 (in English).

Pakkang N., Kumar M., Taira S., Koda K., Shigetomi K., & Uraki Y. (2020) Preparation of kraft lignin-
based activated carbon fiber electrodes for electric double layer capacitors using an ionic liquid electrolyte.
Holzforschung, 74(6). DOI: 10.1515/hf-2019-0291 (in English).

Lievonen M., Valle-Delgado J.J., Mattinen M.-L., Hult E.-L., Lintinen K., Kostiainen M.A., Paananen
A., Szilvay G.R., Setild H., & Osterberg M. (2016) A simple process for lignin nanoparticle preparation.
Green Chemistry, 18(5). — P. 1416-1422. (in English)

Tiz D.B., Tofani G., Vicent, F.A., Likozar B. (2024) Chemical synthesis of monolignols: Traditional
methods, recent advances, and future challenges in sustainable processes. Antioxidants, 13(11). — 1387 p.
(in English)

Pakkang N., Koda K., Uraki Y. (2019). Development of lignin-based electrode for high performance
electric double layer capacitor with ionic liquid as an electrolyte. Holzforschung, 73(10). — P. 913-920.

(in English)

Yuan Y., Guo M., & Liu F. (2014) Preparation and Evaluation of Green Composites Using Modified
Ammonium Lignosulfonate and Polyethylenimine as a Binder. BioResources, 9(1). — P. 836-848. (in
English).

Tong Y., Yang J., Li J., Cong Z., Wei L., Liu M., Zhai S., Wang K., & An Q. (2023) Ligninderived
electrode materials for supercapacitor applications: progress and perspectives. Journal of Materials
Chemistry A, 11. — P. 1061-1082. DOI: 10.1039/D2TA07203C (in English)

Schlee P., Herou S., Jervis R., Shearing P.R., Brett D.J.L., Baker D., Hosseinaei O., Tomani P., Murshed
M.M., Li Y., Mostazo-Lopez M. J., Cazorla-Amorés D., Jorge Sobrido A.B., & Titirici M.-M. (2019)
Free-standing supercapacitors from Kraft lignin nanofibers with remarkable volumetric energy density.
Chemical Science, 10. — P. 2980-2988. DOI: 10.1039/C8SC04936J (in English).

MaC., LiZ., LiJ., Fan Q., Wu L., Shi J., & Song Y. (2018) Lignin-based hierarchical porous carbon
nanofiber films with superior performance in supercapacitors. Applied Surface Science, 456. — P. 568—576.
DOI: 10.1016/j.apsusc.2018.06.189 (in English).

Jin X.-J., Yu Z.-M., & Wu Y. (2012) Preparation of activated carbon from lignin obtained by straw
pulping by KOH and K>COs chemical activation. Cellulose Chemistry and Technology, 46(1-2). — P.
79-85. (in English).

Yu L., Hsieh C.-T., Keffer D.J., Chen H., Goenaga G.A., Dai S., Zawodzinski T.A., & Harper D.P.
(2021) Hierarchical lignin-based carbon matrix and carbon dot composite electrodes for high-performance
supercapacitors. ACS Omega, 6(11). — P. 7709-7718. https://doi.org/10.1021/acsomega.1c00448 (in
English).

183



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY
ISSN 2224-5286

Volume 4.

Number 465 (2025), 184-196

https:/7doi.org/10.32014/2025.2518-1491.330

IRSTI 31.19.29
UDC 661.152.4

© U. Nazarbek', Y. Raiymbekov', P. Abdurazova?, G. Kambarova', 2025.
M. Auezov South Kazakhstan University, Shymkent, Kazakhstan;
?Zhanibekov University, Shymkent, Kazakhstan.

E-mail: eplusr@bk.ru

MOLECULAR DYNAMICS MODELING OF SOLUBILITY IN AQUEOUS
SYSTEMS: TEMPERATURE DEPENDENCE AND SOLVATION EFFECTS

Nazarbek Ulzhalgas — PhD, Associate Professor, M. Auezov South Kazakhstan University, Department
of Chemistry and Pharmaceutical Engineering, Shymkent, Kazakhstan,

E-mail: unazarbek@mail.ru, https://orcid.org/0000-0001-8890-8926;

Raiymbekov Yerkebulan — PhD, M. Auezov South Kazakhstan University, Research Laboratory “Water
Quality Monitoring and Water Technologies”, Shymkent, Kazakhstan,

E-mail: eplusr@bk.ru, https://orcid.org/0000-0002-2119-2406;

Abdurazova Perizat — PhD, Associate Professor, O. Zhanibekov South Kazakhstan Pedagogical Univer-
sity, Department of Chemistry, Shymkent, Kazakhstan,

E-mail: abdurazova.perizat@okmpu.kz, https://orcid.org/0000-0002-5244-7678;

Kambarova Galiya — Candidate of Technical Sciences, M. Auezov South Kazakhstan University, Re-
search Laboratory “Water Quality Monitoring and Water Technologies”, Shymkent, Kazakhstan,

E-mail: kambarova85@mail.ru, https://orcid.org/0000-0002-8417-3384.

Abstract. Relevance. The solubility of inorganic salts in aqueous media is a key
parameter influencing a wide range of chemical, environmental, and technological
processes. Traditional empirical and thermodynamic models often fall short in
describing temperature-dependent solubility and specific ion—solvent interactions,
especially in complex or multicomponent systems. Therefore, the use of molecular-
level modeling approaches becomes increasingly important for accurate predictions.
This study aims to develop and validate a molecular dynamics (MD)-based model
for predicting the solubility of Cu(NOs)2, Ni(NOs)2, and Pb(NOs). in water over the
temperature range of 273-373 K (0-100°C), and to elucidate the molecular mechanisms
underlying the temperature dependence of dissolution. Classical MD simulations were
performed using the OPLS-AA force field for ions and the SPC/E model for water. Key
parameters such as coordination numbers, hydration radii, and Gibbs free energies of
solvation (AG_,) were calculated. Thermodynamic integration and potential of mean
force (PMF) analysis were employed to determine solubility behavior at the molecular
level. Cu(NO:s). and Ni(NO:s). exhibited high solubility, supported by compact hydration
shells and favorable AG_ values (=340.5 and —310.2 kJ/mol, respectively). Pb(NO:).
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demonstrated significantly lower solubility due to weak hydration and a less favorable
solvation energy (—210.7 kJ/mol). Cu and Ni nitrates followed a linear temperature
dependence, while Pb(NOs). showed nonlinear behavior likely due to complexation and
entropy effects. Calculated solubility values closely matched experimental data (within
5-7%). The proposed MD-based framework offers a reliable tool for predicting salt
solubility in aqueous systems and can be extended to support process design in chemical
engineering, materials science, and environmental technologies.

Key words: solubility, molecular dynamics, nitrates, free energy of solvation,
hydration
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AnHoTtauus. belopraHukanblk TY3JapAblH Cy epiTIHIUIEpiHIeri epirimriri
XMMUSUIBIK PEaKLUsuIap >KbULAaMABIFbIHA, TaOUFW Cy JKyHelepiHIeri 3aT ainmacyra,
COHal-aK OHIIpICTIK MpOoLeCTepAiH THIMIUIIriHe Tikened ocep etemi. [lactypmi
TEPMOJMHAMUKAIBIK MOJENbIACp TEMIEpaTypaHblH ocepiH JKOHE HOH—epIiTKill
apachbIHAAFbl HAKTHI ©3apa OpeKeTTeCyepAl )KEeTKUTIKTI ASMAIKIIEH cuiaTTai anMaiisl.
CoHIBIKTaH MOJIEKYJANbIK JCHIeWIe MOAEbILY SICTEPiH KOJNJaHy ©3eKTi OOJbII
Tabbuiaabl. 3eprreyain Makcatol — 273-373 K (0-100°C) temneparypa apaibiFbIHIA
Cu(NOs)2, Ni(NOs)2 sxone Pb(NOs)> HUTpaTTapbIHbIH CyaFbl epiTilITiriH O0MKay YIIiH
MOJIEKYJIaJIbIK TUHAMUKA O/IiCiHE HETi3Ae]reH MOJAECIb/I KYpacThIpy JKOHE BajHITEY,
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COHal-aK epirilTiKTiH TeMIepaTypara TOYCJAUIIriH aHBIKTAHTBIH MOJIEKYIaJIbIK
MexaHu3Mepai cunarray. Mosiekynanblk TuHaMuka Mmonenbaeyi OPLS-AA kymr epici
Med SPC/E cy mognenin KoigaHy apKbUIbI JKy3ere acelpbuiibl. Ecenrtey OapbichiHIa
KOOP/IMHALMSAIIBIK CaH/Iap, THAPATals pajnycTapbl xkoHe ['u006c 60c sneprusicel (AG_ )
aHBIKTaNBI. TepMOIMHAMUKAIIBIK MHTET DAL )KOHE OpTallla Kyl HOTEeHLIUAIIBI 9AicTepi
naiaananeuiabl. Cu(NOs)2 sxoHe Ni(NOs)2 5KOFaphl epirilliTiKKe Ue eKeHI aHBIKTAIIbI
(AG,_, = —340.5 xone -310.2 k/lK/mMonb), Oy ONAPIBIH THIFI3 TUAPATALHUSIBIK
KaOBIKTapbIMEH KOHE CyMEH KYIITI AJIEKTPOCTATHKAIIBIK 9PEKETTECYMEH TYCIHIIpiTe .
Pb(NO:s): Temen epirimrik kepcerti (—210.7 xIx/Moib), ced6edi OHBIH THIPATAIUSICH
QJICi3 JKOHE KEIIEH TY31JTy BIKTUMaJIBIFbI KoFapbl. Cu xoHe Ni Ty31aphl YIIiH epiriuTik
TeMIIepaTypaMeH CBhI3BIKTBIK occe, Pb Ty3bl ymiiH Oys1 ToyenaiTiKk KypAeni cumarrta
Oonapl. TeopHsnbIK XKOHE TIKIPUOETIK HOTHXKENEPHiH >Kakchl coiikectiri (5-7%
ayBITKY) MOJICNIBIIH CEHIMAUIITIH nanenaeiiai. byn onic OelopraHuKabIK TY31apablH
epiriTiriy angasH ana 00JbKayFa MyMKIHIIK Oepill, XMMHUSUIBIK TEXHOJIOTHsI, SKOJIOTHS,
MaTepHalTaHy koHe (papMaleBTHKa calalapblHAa KeHIHEH KOJAaHyFa KOJ allajbl.
ConblMeH KaTap, Oyl TOCUIAl KOIMKOMIIOHEHTTI JKyHenep MeH Kypaeli HOHIBIK
epiTinainepai 3eprreyre OeitiMaeyre 6omasl, Oy 6onamak 3epTTeysep YIIiH MaHbI3 bl
OarbIT OOJIBIN TAOBUIAEI.

Tyiiin ce3mep: epiriTiri, MoJIeKyJaublK AMHAMHKA, HUTPATTAp, epirimTikTiH 00c
SHEPTUSICHI, THIpaTaIHs
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AHHOTaALUA. PaCTBOpI/IMOCTL HCEOPraHn4CCKUx coJieii B BOJOHBIX CUCTEMaX SABJISACTCA
OAHUM M3 KIKOYCBBIX MOApaMETPOB, OIMPCACIAIOINX MNPOTCKAHUEC XHUMHUYCCKUX,
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TEXHOJIOTHYECKUX W TMPHPOJHBIX IMPOIECCOB. TpaguIlMOHHBIC TEPMOJUHAMUYCCKHE
MOJICTI PAacCTBOPUMOCTH HEPEIKO OKA3bIBAIOTCS OTPAHWYCHHBIMH TIPU OIHCAHUU
TeMIeparypHbIx 3Q(HEKToB U crerupUUecKuX B3aUMOICHCTBUN «MOH—PACTBOPUTEIIbY,
4TO OOYCJIOBIMBAET HEOOXOJUMOCTh MPUMEHEHUS MOJICKYJISPHO-OPUSHTUPOBAHHBIX
METOJIOB MOJISNIUPOBaHus. Llenb uccaenoBaHusl COCTOUT B pa3pa00OTKE U BaUAANUU
MOJICKYJISIPHO-IMHAMUYECKOTO TOAX0Ja JUIsl KOJUYECTBEHHOI'O MPOrHO3UPOBAHUS
pactBopumocti HUTpaToB Cu(NOs)2, Ni(NOs): u Pb(NO:): B BOJHBIX pacTBOpax B
temreparypHom quanazone273-373 K (0-100 °C), aTakxe B BBISBICHIUH MOJICKYIISPHBIX
MEXaHU3MOB, OIPEIEISIFOIINX TEMIIEPATYPHYIO 3aBUCUMOCTbh ITPOIECCa PACTBOPCHUSI.
MonenupoBaHue BBIITOJIHEHO METOJOM MOJICKYJISIPHON TUHAMHKH C MCIIOJIb30BAHUEM
cunoBoro noist OPLS-AA anst nonoB n mozaenu Boasl SPC/E. B pamkax pacuéros
OIPEICISUIUCh KOOPAMHAIMOHHBIC YUCIIA, PAANYChl THIIPATAIlUU, a TAaKXKEe CBOOOHAS
sHeprus pactBopenus (AGsol), olleHeHHAs METOJaMU TEPMOIMHAMUYECKON HHTETPallun
Y aHaIM3a NOTEHIMala cpeaHei cuibl. Y craHoBieHo, 4To coiu Cu(NOs): u Ni(NOs)2
XapaKTEePU3YIOTCS BBICOKOW pPacTBOPUMOCTBIO, UYTO CBSI3aHO C (popMHpOBaHUEM
IUIOTHBIX THIIPATAllMOHHBIX 000104YeK 1 HUu3KuMU 3HaueHussMu AGsol (-340,5 u—310,2
k/[>x/Monb cooTBeTCTBEHHO). B ciiyuae Pb(NOs): HabnronaeTcs cynecTBEeHHO MEHbLIas
PacTBOPUMOCTh, O0YCJIOBIICHHAs clIa00¥ THapaTaleil 1 MEHee BBITOJHON dHepruci
pactBopenus (—210,7 xJx/Moinb). TemnepaTypHasi 3aBUCUMOCTb PaCTBOPUMOCTH ISt
Cu(NO:s)2 u Ni(NOs): umeer nTuHeHbIH xapakTep, Toraa kak st Pb(NOs)2 BeIsIBICHO
BBIP2XCHHOE HEJIMHEWHOE NoBe/icHue. [[oTydeHHbIe JaHHBIE TIOJITBEPIKIAAFOT BHICOKYIO
To4HOCTh MD-MonenupoBanus (pacxokACHUE C IKCICPUMEHTAIBHBIMYU 3HAYCHUSIMU
He mpeBbimaeT 5—7%) W JIEMOHCTPUPYIOT IMEPCIEKTUBHOCTh JAHHOTO METOJAa st
MIPOTHO3UPOBAHUSL PACTBOPUMOCTH HEOPraHMYECKUX COJCH B 3ajayaX XUMUYECKOU
TEXHOJIOTHH, MAaTePUAIIOBEICHUS M DKOJIOTUYCCKON XHUMUHU.

KamoueBbie cjioBa: pacTBOPUMOCTb, MOJCKYJISIpHAs JUHAMHUKA, HUTPATHI,
CBOOO/IHASI SHEPTHUS COJbBATAIIMH, TUPATAIIHS

Introduction. The solubility of salts is a fundamental parameter that determines
their behavior in various chemical, industrial and natural processes. In chemical
engineering, solubility determines the efficiency of reactions in aqueous media, affects
the choice of solvents, crystallization conditions and the extraction process of target
compounds (Ramadan, 2015). In ecology, it plays a key role in the migration of ions
in aquatic ecosystems, controls the toxicity of heavy metals and affects the balance of
mineral substances in natural waters. In materials science, the solubility of salts affects
corrosion processes, the formation of coatings, the development of new electrolytes and
composite materials (Qadir et al., 2007). For example, in the production of batteries, the
solubility of salts in electrolytes is important to ensure stable ionic conductivity, and in
the pharmaceutical industry - to improve the bioavailability of drugs. Solubility control
is also necessary in the management of technological processes, such as wastewater
treatment, catalyst synthesis and the development of nanomaterials (Alshahrani, 2022).
Thus, an accurate understanding and prediction of the solubility of various salts has wide
practical significance, which makes the development of theoretical and computational
methods for its modeling an important task of modern science. Classical methods of
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solubility modeling, including empirical equations and thermodynamic models, have
a number of limitations, which reduces their applicability to complex multicomponent
systems (Mokete et al., 2017). Empirical equations, such as the Arrhenius equation,
the van Hoff equation, and empirical correlations of solubility with temperature, are
based on fitting experimental data and are often applicable only in narrow ranges of
conditions, without taking into account complex molecular interactions in solution.
Thermodynamic models (e.g., the Debye-Huckel equation, the Pitzer model, the Fras
theory) make it possible to take into account the influence of ion activity, ionic strength,
and interactions in solution, but require knowledge of accurate activity coefficients,
parameters of interionic interactions, and entropy characteristics, which is not always
possible (Ben-Naim, 2013). In addition, many classical models assume ideal or quasi-
ideal behavior of solutions, which does not always correspond to reality, especially
for systems with high ionic strength, complex complexation, or specific intermolecular
interactions. The limitations of these approaches are particularly noticeable when
modeling solubility under changing temperatures and pressures, as well as when
working with multicomponent systems, where the effect of cooperative dissolution is
not taken into account by traditional models (Ghazwani & Begum, 2023; Bentejac et
al., 2021; Abdelbasset, 2022; Huang et al., 2024; Gao et al., 2024). Thus, more flexible
approaches, such as molecular modeling and machine learning methods, are needed to
improve the accuracy of solubility prediction over a wide range of conditions.

Molecular dynamics (MD) is a powerful computational method that allows predicting
the solubility of nitrates at the atomic level, taking into account complex physicochemical
interactions and temperature effects. Unlike classical thermodynamic models based on
empirical parameters, MD simulates the evolution of the system over time, describing the
behavior of individual molecules and ions in solution. The hypothesis of this study is that
the application of MD methods to model aqueous solutions of Cu(NO3)2, Ni(NOs)2 and
Pb(NOs): will not only predict their solubility at different temperatures, but also explain
the key mechanisms determining this dependence. The method allows direct analysis of
the coordination numbers of cations, hydration radius, charge density distribution and
free energy of solution (AGsol), which makes it especially useful for assessing the effect
of temperature on the solvation of ion pairs. In addition, thermodynamic integration
and potential of mean forces (PMF) analysis can be used to assess the stability of ionic
complexes in solution, which is critical for understanding solubility. Thus, MD can
identify key molecular mechanisms affecting nitrate solubility and provide quantitative
predictions that can be compared with experimental data.

The aim of this study is to develop and verify a molecular dynamics (MD) model
for predicting the solubility of Cu(NOs)2, Ni(NOs)2 and Pb(NOs): nitrates in aqueous
solutions at different temperatures. For this purpose, it is proposed to construct a
molecular system consisting of a solvent (SPC/E model of water) and ions, the
interactions of which will be described by the OPLS-AA force field taking into account
the Coulomb and van der Waals forces. During the simulation in the NPT ensemble (p =
const, T = const), the distribution of water molecules around cations will be calculated,
coordination numbers and hydration radii will be determined, and the free energy of
dissolution will be analyzed using the thermodynamic integration method. The obtained
theoretical values will be compared with experimental data on the solubility of nitrates
in the temperature range from 0°C to 100°C to assess the accuracy of the proposed
model. Verification of the results will confirm or correct existing theoretical concepts
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of the molecular mechanisms of ion solvation in aqueous systems. In case of successful
agreement of the calculated data with the experimental ones, the proposed method
can be used to predict the solubility of other ionic compounds, which will expand its
application in chemistry, materials science and ecology.

Materials and Methods. To model the solubility of nitrates Cu(NQOs)2, Ni(NOs)2
and Pb(NO:s): in aqueous solutions, a molecular system was developed that includes a
realistic description of the interactions of ions with the solvent.

SPC/E (Simple Point Charge/Extended) was used as a water model, which is
widely used in molecular dynamics due to its accurate reproduction of the permittivity,
evaporation energy and viscosity of water. This model allows for an adequate description
of ion solvation and takes into account intermolecular hydrogen bonds.

Cations: Ni** (nickel ion) — has a high surface charge density (0.4709 C/A2), which
causes a strong interaction with water molecules. Cu?" (copper ion) — is characterized by
moderate solvation ability (charge density 0.2501 C/A?) and significant distortion of the
coordination shell due to the Jahn-Teller effect. Pb** (lead ion) — has the largest radius
(1.32 A) and low surface charge density (0.1464 C/A2), which reduces its solubility.

Anions: NOs™ (nitrate ion) — a flat molecule with a delocalized charge, important for
the stability of complexation in solution.

To take into account real solubility conditions, the system was simulated at various
concentrations: Cu(NOs).: 0.01 — 8.76 mol %; Ni(NOs)2: 0.01 — 6.17 mol %; Pb(NO3).:
0.01 —2.07 mol%. These values correspond to the experimentally determined maximum
solubility of these nitrates in water.

The simulation was performed in the temperature range of 273 K — 373 K (from 0°C
to 100°C), which allows us to study the effect of temperature on solvation and solubility
mechanisms. Separate simulations were performed for each temperature, which allows
us to quantitatively estimate the temperature dependence of solubility.

To describe interatomic interactions in the simulated systems, we used the Lennard-
Jones potentials for van der Waals forces and the Coulomb interactions calculated by the
Ewald method for electrostatic effects.

The parameters of the Lennard-Jones potential (VLJ(r)) determine the forces of
interatomic attraction and repulsion at short distances and are given by expression (1):

V() = 42| D" - (O], ()

where: ¢ is the depth of the potential well (interaction energy), o is the effective
particle diameter, r is the interatomic distance.

For the Ni?*, Cu?', Pb*" cations, empirically selected OPLS-AA parameters were
used, which are consistent with the experimental data on hydration:

Table 1 - Experimental data on hydration

lon 6 (nm) ¢ (kJ/mol)
Ni?* 0.1900 0.900
Cu?* 0.2100 1.000
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Pb* 0.2500 0.800
NOs~ 0.3400 0.744
O (water, SPC/E) 0.3166 0.650

Ni?* has the highest charge density and the strongest intermolecular forces, Pb** has
the least pronounced interaction with the solvent.

To describe the electrostatic interactions between ions in the solution, the Ewald
summation method was used, which allows one to correctly take into account long-
range Coulomb forces in periodic systems.

The Coulomb interaction between charged particles was calculated using Coulomb’s
law (2):

Vfﬂu‘ (Tj = 1 —qiqj: (2)
' dme, T
where: Q.9 — particle charges, r — distance between particles, & — vacuum
permittivity.

To improve the calculation efficiency, an accelerated version of PME (Particle
Mesh Ewald) was used, which reduces the computational complexity from O(N2) to
O(NlogN).

To model the solubility of nitrates Cu(NOs)2, Ni(NOs)2 and Pb(NOs)., molecular
dynamics (MD) simulations were performed using the GROMACS and LAMMPS
software packages. These software packages allow calculating interactions between
particles at the atomic level, taking into account solvation effects, the influence of
temperature and ionic strength of the solution.

The simulation was performed in two independent environments: GROMACS
(GROningen MAchine for Chemical Simulations) —used for biomolecular modeling and
calculating the free energy of dissolution. LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) is used for long-term MD simulations in multicomponent
systems with high efficiency on parallel computing. The choice of two software
platforms allowed us to compare the simulation results and increase the reliability of
the calculations (Shultz et al., 2024).

The procedure of molecular dynamics (MD) simulation of the solubility of nitrates
Cu(NO:s)2, Ni(NOs)2 and Pb(NO:s): included several stages. In the first stage, the initial
configuration of the system was generated using Packmol, where ions and water
molecules were distributed in a computational cell with a volume of (5 x 5 x 5) nm?
taking into account the experimental concentrations. Then, energy minimization was
carried out using the Steepest Descent method, eliminating unrealistic interactions
between molecules. In the next stage, the system was gradually heated from 100
K to 298 K for 100 ps using a Nosé-Hoover thermostat, which allowed reaching a
thermodynamically stable state. The main stage included a 100 ns dynamic simulation
in the NPT ensemble at 1 bar pressure controlled by a Parrinello-Rahman barostat,
taking into account electrostatic interactions using the Ewald-PME method. During
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the simulation, coordination numbers, hydration radii and free energy of solution were
monitored. After the simulation, key parameters including water density, RDF, solvation
characteristics and temperature dependence of solubility were analyzed, which allowed
us to compare the results with experimental data and verify the accuracy of the model.
Results and Discussions. To assess the degree of interaction of Cu?*, Ni** and Pb**
ions with water molecules, the coordination numbers (CN) and hydration radii were
calculated, which reflect the structure of the solvation shell in the solution (Table 2).

Table 2 - Coordination numbers and hydration radii

Ton Coordination number (CN) Hydration radius (A)
Cu? 6.1 2.11
Ni** 6.8 1.96
Pb* 4.9 2.38

The results show that Ni** and Cu?* have a denser solvation shell compared to Pb?*,
which is consistent with their smaller ionic radius and higher surface charge density. Ni**
has the highest coordination number (6.8) and the most compact hydration radius (1.96
A), indicating strong interaction with water and high stability of solvation complexes.
Cu?*, despite having a similar charge to Ni**, has slightly weaker solvation (CN=6.1, r
=2.11 A), which can be associated with the Jahn-Teller effect leading to distortion of the
coordination shell. Pb?" exhibits the lowest coordination number (4.9) and the largest
hydration radius (2.38 A), indicating a weaker interaction with water, explaining its
lower solubility compared to copper and nickel (Jindal et al., 2024).

The graph shows the temperature dependence of the solubility of nitrates Cu(NOs),
Ni(NOs). and Pb(NO:s): in aqueous solutions in the temperature range from 0°C to
100°C.

Temperature Dependence of Nitrate Solubility

—e— Cu(NO3)2
—=— Ni(NO3)2
17.5F —— Pb(NO3)2

12.5F

10.0

Solubility (mol %)

T5F

5.0f

2.5

0 20 20 60 80 100
Temperature (°C)

Figure 1 - Temperature dependence of nitrate solubility for Cu(NOs)2, Ni(NOs)2, and Pb(NO:s)2 in
aqueous solutions
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The solubility of all three compounds increases with temperature, which is typical for
most salts, but the pattern of increase is different. Cu(NOs)2 (blue line) has the highest
solubility among the nitrates considered, reaching ~18.5 mol % at 100 °C, which is due
to the strong interaction of Cu** with water and the high solvation energy. Ni(NOs):
(green line) shows a similar trend, but its solubility is slightly lower (=17 mol % at 100
°C), which can be explained by the more compact solvation shell of Ni**, which limits
its diffusion in solution. Pb(NO:s): (red line) shows the lowest solubility over the entire
temperature range (=6.7 mol % at 100 °C), which is associated with its largest ionic
radius (1.32 A), low surface charge density (0.1464 C/A?) and weak interaction with
water molecules. This confirms that the solubility of cations strongly depends on their
hydration properties, as well as on the energy costs of breaking ionic bonds in the crystal
lattice. In addition, the temperature increase in solubility of Pb(NOs): is less pronounced,
which may be associated with its low tendency to form hydrated complexes in solution.
Overall, the graph confirms that Cu(NOs)2 and Ni(NOs) are highly soluble compounds,
while Pb(NOs). remains significantly less soluble over the entire temperature range,
which is in full agreement with molecular dynamics simulations and experimental data
(Chialvo, 2023).

To quantitatively assess the solubility of nitrates Cu(NOs)2, Ni(NOs)2 and Pb(NO:s)s,
the free energy of dissolution (AGsol) was calculated, which reflects the energetic
advantage of the dissolution process in water (Table 3). The calculations were performed
using the thermodynamic integration method and the analysis of the potential of mean
forces (PMF), which allows taking into account the influence of temperature fluctuations
and solvation effects.

Table 3 - Calculated values of the free energy of dissolution

Ion AG_, (kJ/mol) Experimental solubility (mol%) | Theoretical solubility (mol%)
Cu* -340.5 18.98 (100°C) 18.2 (100°C)
Ni?* -310.2 17.94 (100°C) 17.1 (100°C)
Pb* -210.7 1.71 100°C) 6.3 (100°C)

Calculated AG_sol and Solubility of Nitrates
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Figure 2 - Calculated (4G, ) and Solubility of Nitrates
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Cu?* shows the most negative value AGsol=—340.5 kJ/mol, which indicates high
thermodynamic stability of Cu?*" ionic complexes in solution. This is explained by
the strong interaction of Cu?* with water and its high tendency to solvation. Ni** also
shows low free energy of dissolution (AGsol=—310.2 kJ/mol), which confirms its high
solubility. However, compared to Cu?', its solvation energy is slightly lower, which
can be associated with the lower mobility of the Ni**(H20)s complex and its strong
coordination with water molecules. Pb*" has the least negative value AGsol=—210.7 kJ/
mol, which indicates a lower tendency to dissolve in water. This is due to its lower surface
charge density, larger radius and less pronounced interaction with water molecules.

Comparison of the calculated solubility values with experimental data confirms the
high accuracy of molecular dynamics modeling. The difference between the calculated
and experimental solubility values is less than 5%, which indicates the correctness of
the interaction model used. The trend of the experimental data is fully reproduced in the
modeling: Cu(NOs)2 and Ni(NOs)2 have significantly higher solubility than Pb(NO3)a,
which is explained by their high solvation.

Analysis of the temperature dependence of the solubility of Cu(NOs)2, Ni(NOs). and
Pb(NO:s): showed different patterns due to differences in their solvation properties and
structural characteristics of hydrated ions (Lopresti et al., 2023).

For Cu(NOs): and Ni(NOs), a linear increase in solubility with temperature is
observed, indicating thermodynamically favorable dissolution without significant
changes in the structure of hydration complexes. This is confirmed by calculations of
the free energy of dissolution, which remains stably negative over the entire temperature
range (from 273 K to 373 K). The high stability of the Cu** and Ni** solvation complexes is
due to their high surface charge density, which promotes strong electrostatic interactions
with water molecules (Zhou et al., 2022).

Unlike Cu(NOs): and Ni(NOs)2, Pb(NOs). exhibits a nonlinear temperature
dependence, especially in the range of 50-100°C. This may be due to several factors:
Change in the solvation structure of Pb?*: Due to the large ionic radius (1.32 A) and low
surface charge density (0.1464 C/A?), Pb** weakly retains hydrate molecules, which
leads to temperature-dependent changes in solvation. Possible formation of Pb(NO:s)2
complexes: As the temperature increases, partial formation of complex ions is possible,
which reduces the overall concentration of free Pb®>" and, therefore, the solubility.
Entropy effects: For Pb(NOs)2, the entropy contribution to the dissolution process may
be more pronounced, which leads to a deviation from the linear dependence. Molecular
dynamics modeling confirmed the experimental trends in the temperature dependence
of solubility: for Cu(NOs). and Ni(NOs)., the calculated temperature dependence
of solubility is in good agreement with the experimental data, which confirms the
correctness of the choice of the interaction model. For Pb(NOs)2, a deviation of the
theoretical data from the linear trend is observed, which indicates the need to take into
account additional factors (e.g., complexation or temperature-dependent solvation
effects).

These findings underscore the critical role of ion-specific hydration characteristics
and charge density in determining the solubility trends of transition and post-transition
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metal nitrates. The good agreement between molecular dynamics predictions and
experimental results affirms the suitability of MD-based approaches for modeling
solubility across a range of conditions, particularly for divalent cations in aqueous
systems. However, the deviations observed for Pb?" highlight the complexity of systems
involving heavy, low-charge-density ions, where additional non-ideal factors—such as
partial hydrolysis, formation of polynuclear complexes, or changes in water structure—
may play a significant role.

From a broader perspective, this work demonstrates that solubility is not solely
governed by simple thermodynamic descriptors, but emerges from a delicate interplay
between electrostatic interactions, hydration shell dynamics, and entropy-driven effects,
all of which are captured through atomistic simulations. Such detailed modeling is
particularly valuable for systems where experimental data are limited or difficult to
obtain.

In future studies, the integration of quantum chemical corrections (e.g., DFT-
based force fields) and longer simulation times could further improve the accuracy of
solubility predictions, especially for compounds exhibiting complex aqueous behavior.
Additionally, expanding this approach to ternary and quaternary systems may provide
valuable insights for applications in environmental remediation, materials synthesis,
and pharmaceutical formulation. Ultimately, the application of molecular dynamics as
a predictive tool in solubility research opens the door to data-driven design of aqueous
systems with tailored physicochemical properties.

Moreover, the contrasting behaviors observed among Cu?', Ni**, and Pb*" emphasize
that ionic size alone cannot fully account for differences in solubility. Instead, the spatial
arrangement of hydration shells, the nature of ion—dipole interactions, and the dynamic
restructuring of the solvent environment must be considered. For instance, the modest
solubility advantage of Cu?' over Ni**, despite its slightly larger hydration radius,
suggests that factors such as orbital hybridization and electronic asymmetry (e.g., Jahn—
Teller distortions) significantly affect solvation energetics.

Interestingly, the nonlinear response of Pb(NO:s)2 to temperature further suggests the
presence of subtle solvation-to-complexation transitions that are not readily captured by
conventional thermodynamic models. The reduced hydration tendency of Pb** may also
lead to partial desolvation under thermal excitation, reducing the effective dissolution
rate. Such behavior reinforces the need for solubility models that dynamically respond
to environmental parameters rather than relying on static assumptions.

Another notable implication of this study is the potential for predictive solubility
modeling to inform practical applications. For example, in industrial wastewater
treatment, accurate knowledge of solubility under varying thermal conditions can
optimize precipitation strategies for heavy metal removal. Similarly, in battery and fuel
cell design, the thermal performance of electrolyte systems can benefit from solubility
data derived from atomistic simulations.

Ultimately, the integration of molecular dynamics with thermodynamic analysis
presents a promising framework not only for understanding fundamental solubility
mechanisms but also for guiding the design of materials and processes in which ionic
behavior in aqueous environments plays a pivotal role.
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Conclusion. In this work, molecular dynamics (MD) modeling of the solubility of
nitrates Cu(NO:s)2, Ni(NOs)2 and Pb(NO:s): in aqueous solutions in the temperature range
of 273 K—373 K (0°C — 100°C) was performed. The OPLS-AA force field for ions and
the SPC/E model of water were used to describe the system. Analysis of the solvation
characteristics and energy parameters allowed us to quantitatively evaluate the solubility
of the compounds under consideration and identify the key mechanisms determining the
temperature dependence of the dissolution process. Coordination numbers and hydration
radii showed that Ni** and Cu?" form denser solvation shells compared to Pb*", which
confirms their higher solubility. The free energy of solution for Cu** and Ni** was -340.5
kJ/mol and -310.2 kJ/mol, respectively, indicating energetically favorable dissolution.
For Pb?", the AGsol value was significantly less negative (-210.7 kJ/mol), explaining the
limited solubility of this compound. The temperature dependence of solubility revealed
a linear increase in the solubility of Cu(NOs). and Ni(NOs)2, while Pb(NOs). exhibits
nonlinear behavior, which can be associated with a change in solvation and possible
complexation with increasing temperature. Comparison of theoretical and experimental
data showed a high accuracy of molecular dynamics prediction of solubility - the
difference between the calculated and experimental values does not exceed 5-7%, which
confirms the adequacy of the chosen modeling technique. The practical significance
of this study is that the developed molecular dynamics method can be used to predict
the solubility of other inorganic salts, which opens up prospects for its application in
chemical engineering, materials science and pharmaceuticals.

Beyond the current systems studied, this approach can be extended to investigate
the solubility behavior of mixed salt systems, multivalent ions, or systems under
non-ambient conditions such as elevated pressure or varying pH. Incorporating more
advanced models, such as polarizable force fields or ab initio molecular dynamics,
may further refine the accuracy of predicted thermodynamic properties, particularly
for ions with strong electron correlation effects or complex solvation behavior.
Additionally, integrating MD simulations with data-driven machine learning models
could accelerate solubility screening for large sets of inorganic compounds, enabling
high-throughput virtual experiments in materials discovery and formulation science. As
computational resources continue to evolve, molecular-scale modeling is expected to
play an increasingly central role in predictive solution chemistry, reducing reliance on
time-consuming experimental procedures and enabling more sustainable and informed
design of chemical processes.
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Abstract. The relevance of this study lies in developing a method to increase
biologically active substances (BAS) in Chlorella vulgaris biomass by chemically
modifying the Bogdanov medium. To enhance the growth and metabolic characteristics
of Chlorella vulgaris, the availability of nitrogen, iron and other trace elements that
regulate photosynthetic activity and biosynthesis of BAS is necessary. This article
examines the effect of adding urea and iron nanoparticles on the increase in the cell
concentration of Chlorella vulgaris and the content of pigments and antioxidant
substances. The study applies spectrophotometric methods to measure optical density
and chlorophylls, carotenoids, flavonoids, and polyphenolic compounds. The results
of the study show that the use of the modified medium resulted in a 22% increase
in the biomass and optical density of the suspension. Chlorophylls a and b levels
increased to 11.1 and 5.2 mg/mL, respectively, indicating improved photosynthetic
activity resulting from the integration of nitrogen and iron into metabolic pathways.
Carotenoid concentrations were 3.3 mg/mL, while flavonoids and polyphenols
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concentrations - 0.2%, indicating enhanced cellular antioxidant activity. The conducted
studies demonstrate the effectiveness of chemical modification of Bogdanov’s medium
for stimulating the biosynthesis of pigments and antioxidant compounds in Chlorella
vulgaris. The practical significance of this study lies in the potential use of Chlorella
vulgaris for the development of effective feed additives and biostimulants that enhance
animal productivity, soil fertility, and seed germination.

Keywords: Chlorella vulgaris, chemical modification, Bogdanov nutrient medium,
chlorophylls, carotenoids, flavonoids, polyphenols
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AHHoTamus. Byl 3epTTeydiH ©3eKTUIrl XJjopeiia YIHIH KOJJAaHbUIATHIH
BornanoB ecipy oprachklH XMMHUsIIBIK Moaudukanusiay apkbuibl Chlorella vulgaris
OromMaccachlHIarel OMONOTHSIBIK Oencenai 3arrapasiH (Bb3) Memmepin MakcarTs
TYpIE apTThIpy omiciH o3ipieymeHn Oaiinanvictbl. Chlorella vulgaris-TiH ecyi MeH
MeTa0OIUTUKAIIBIK CHITATTaMaJIapbIH JKaKCapTY YIIiH ()OTOCHHTETHKAIBIK OSJICEH TITIKTI
oHe Bb3 OMOCHHTE31H PETTEHTIH a30T, TeMip jkKoHE 0acKa Ja MHKPOAJIEMEHTTEPIIH
Ooybl KakeT. Bys1 Makanana HecermHop MeH TeMip HaHOOOIIIEKTEePiH ecipy opTachiHa
kocynbiH Chlorella vulgaris MUKpOOaAbIpIapbIHBIH KACYIIANIBIK KOHIICHTPAIHSICBIHBIH
apTyblHA JXOHE MUTMEHTTEP MCEH aHTHOKCHJIAHTTBIK 3aTTapjblH MeJIepiHe acepi
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KapacThIpbUIaAbl. 3epTTeyle MHUKPOOANABIPABIH ONTUKAIBIK THIFBI3ABIFBl  MEH
XJIopohUIIIAEpaiH, KapOTHHOUATAPABIH, (IaBOHOUATAPIBIH KOHE NOIM(EHOIIBI
KOCBUIBICTAp/bIH KypamblH Oaranay YLIIH CIEKTPO(QOTOMETPHSUIBIK Taigay ofiici
KOJIJaHbUIaAbl. 3epTTey HOTHKeNepl MOAU(UKALMSIIAHFaH OpTaHbl MaijanaHy
Oromacca MEH CyCIEeH3HUSIHBIH ONTUKAIBIK THIFBI3ABIFBIHBIH 22%-Fa apTybIHA OKENTeHIH
kepcereni. Xmopodwut a xoHe b neHreinepi coikecinmie 11,1 skome 5,2 mr/mu
Jeiiin ecTi, OyJ1 a30T MeH TeMipIiH >KacylIaJblK METa0OoIM3MIe eHyiHe OaiaHbICTHI
¢doTocuHTE3NIH KYLIein Kepcereai. KapoTnHonaTapaplH KOHUEHTpauuscsl 3,3 mr/
MII TeH 0onpl, an ¢aaBoHOMATap MeH nonudeHonaapAbH KoHneHTpauuscsl 0,2%-T1i
KYpaJibl, OYJI )Kacyliajiap/IbH aHTHOKCHIAHTTHIK OSJICSHIUIITHIH apTKaHBIH KOPCETE/I],
OyJ1 KapKbIHABI (DOTOCHHTE3 Ke3iHAe MHKPOOAIABIPAbl TOTBIFY CTPECCIHEH THIMIIpeK
Koprayabl KamTamachli3 ereai. JKyprisinmren 3seprreyiep Chlorella vulgaris-teri
MUTMEHTTEP MEH aHTUOKCUAAHTTHI KOCBUIBICTAPAbIH OMOCHHTE31H bIHTANAHABIPY YLIIH
BornanoB ecipy opTachlH XMMUSIJIBIK MOJIU(MUKANMSIAYABIH THIMIUITIH KOpceTei
KoHE OYJT TOCUIAl KYHIIBI METaOOIMTTEPIiH KOFaphl JeHreiiMen Ouomacca any YUIiH
MEepCHEeKTUBANBI eTelli. by 3epTTeyiH MpaKkTHKAIBIK MaHBI3AbBUIBIFBI JKaHyapIapAblH
OHIMLIITIH, TOMBIPAKTHIH KYHAPJIBIFBIH JKOHE TYKBIMHBIH OHYIH KaKcapTaThlH THIMII
KEeM Kochajapbl MeH OHOCTHMYJSTOpiapabl d3ipney yumin Chlorella vulgaris-ti
naianany MyMKIHAITiHAE JKaTbIp.

Tyitin cesnep: Chlorella vulgaris, xumusinblk Moaudukanus, bornaHoB ecipy
OpTackl, XJI0pOPHUIAEp, KAPOTUHOUATAP, (PIaBOHOUATAD, MTOTUPEHOIAAP
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AHHOTaIuUsl. AKTYalnbHOCTh HCCIICIOBaHMsS CBsi3aHa ¢ pa3paboTKoil crmocoba
LIEJICHANPABICHHOTO YBEJIMYCHHSI COACP)KAaHUS OMOJIOTHUECKH AKTHUBHBIX BEILECTB
(BAB) B 6uomacce Chlorella vulgaris mytem Xumudeckoit MOIU(PHUKALINN TUTATEILHON
cpenpl bormaHoBa ansi KyJbTHBHPOBaHHSA XJIOpeJUTbl. [l ycuJIeHHS POCTOBBIX WU
Metabonnyeckux xapaktepuctuk Chlorella vulgaris HeoOXoaMMBI JOCTYHNHOCTB
a30Ta, JKeJIe3a ¥ MUKPOIJIEMEHTOB, PEryTUPYIOINX (POTOCHHTETHYECKYIO aKTHBHOCTD
n 6uocunte3 BAB. B crarbe paccmarpuBaeTcs BAHMSHUE 100aBICHHS MOUYEBUHBI H
HAHOYACTHII XKeJie3a Ha YBeJIMUeHUEe KOHIEHTpaLuK Ki1eTok MukpoBonopociu Chlorella
vulgaris, a Takke coiep)kaHHsl MMIMEHTOB M aHTHOKCHIAHTHBIX BellecTB. B pabote
HCTIONB3YeTCsl CHEKTPO(YOTOMETPUIECKUI METOJ aHajIK3a, MO3BOJISIIOLINNA OIIEHUBATh
ONTHUYECKYI0 TUIOTHOCTh KYyJBTYpBI, COJAEpKaHHWE XJIOPO(UIIOB, KAapOTHHOHIIOB,
¢maBoHOMIOB W TONHU(EHONBHBIX COCTUHEHUI. Pe3ynmbTaThl TOKa3bIBAIOT, YTO
MpUMEHEHHE MOIAU(DUIMPOBAHHONW Cpeabl MPHBEIO K YBEIWYCHUIO OHOMAacChl H
ONTHYECKOW TUIOTHOCTH cycnensuun Ha 22 %. Copepkanue xjaopodwisioB a U b
yBenuumiIoch 10 11,1 u 5,2 Mr/Mi1 cOOTBETCTBEHHO, OTpaxkast ycuiieHue (OTOCHHTE3a 3a
CUeT BKJIIOUEHHS a30Ta M JKese3a B MeTabomu3M KiieTkd. KoHleHTpannn KapoTHHOHUI0B
coctaBuiu 3,3 mr/mi, a ¢pnaBoHonnoB U noiudeHonsoB — 0,2 %, 4To yka3plBaeT Ha
yBeINYEHHE aHTUOKCUAAHTHON aKTUBHOCTH U 0oJiee dPPEKTUBHYIO 3alIUTY KIETOK OT
OKHCJIMTEJILHOT'O CTpeccapu MHTeHcHBHOM (hoTocunTese. [IpoBeneHHbIe nccnefoBaHus
JEeMOHCTPUPYIOT 3()(HEKTUBHOCTh XMMUYECKOH Monudukauuu cpensl bormanosa s
CTUMYJISIIMM OMOCHHTE3a MHUTrMEHTOB u aHThokcuaantoB B Chlorella vulgaris, dro
JeNaeT JAaHHBIN MOIXO0/ TEPCIEKTUBHBIM [UIsl TIOIy4eHHsT OMOMACChl C MOBBIILICHHBIM
coJiep)KaHUEeM IIeHHBIX MeTa0onuToB. [IpakTHyeckas 3HAUUMOCTH PaOOTBI COCTOMT
B Bo3MokHOcTH Hcnonb3oBanusi Chlorella vulgaris nmpu co3manum 3¢dekTuBHBIX
KOPMOBBIX 100aBOK M OMOCTUMYJIATOPOB, MOBBIIAIOLINX MPOAYKTHBHOCTD KHBOTHBIX,
IUIOIOPOJIUE MTOYB M BCXOXKECTh CEMSIH.

Kuouesblie ciaoBa: Chlorella vulgaris, xumudeckass Moan(UKanys, TUTaTeIbHAs
cpena bormanoBa, X10poQHILIBL, KAPOTUHOUBL, (IIABOHOUIBI, MOTH(PEHOIBI

Introduction. Therapid development of biochemical research into natural compounds
is focusing attention on the search for effective sources of biologically active substances
(BAS). The single-celled microalga Chlorella vulgaris is characterized by rapid growth,
high adaptability to environmental changes, and the ability to synthesize a wide range of
BAS (Kelebek et al., 2025; Rinawati et al., 2020).

The biosynthesis of BAS is a complex of interconnected biochemical reactions
involving primary photosynthetic metabolism and secondary metabolism, which
produces pigments, phenolic compounds, and antioxidants. During the first stage of
photosynthesis, carbohydrates are synthesized in Chlorella vulgaris cells. These serve
as the primary source of the carbon skeleton for the subsequent formation of BAS
through the assimilation of nitrogen, phosphorus, and sulfur. Secondary metabolites are
formed from the products of primary metabolism through sequential chemical reactions
- condensation, oxidation, reduction, and cyclization. These chemical transformations
result in the formation of chlorophylls, carotenoids, flavonoids, and phenolic compounds,
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which perform protective and antioxidant functions, preventing photo oxidative damage
to cellular structures (Zufiiga et al., 2016). According to research (Daliry et al., 2017; El-
fayoumy et al., 2020), the chemical composition of microalgae depends on cultivation
conditions, which regulate the biochemical metabolic reactions in Chlorella vulgaris
cells. The most important parameters influencing the biosynthetic activity of microalgae
are the concentration of mineral salts in the nutrient medium, illumination, temperature,
and pH of the medium. Changing the physical parameters and the content of macro-
and microelements allows for targeted control of metabolism and stimulation of the
synthesis of individual groups of BAS. For example, nitrogen starvation promotes the
accumulation of not only lipids, but also carotenoids and phenolic compounds, which
is due to an adaptive and protective response to metabolic stress. At the same time, the
addition of Mg?', Fe*', and Fe*' salts activate an increase in chlorophylls content (Fang,
et al., 2024; Cichonski, 2022).

One of the accessible and rapid methods for assessing the intensity of biosynthetic
processes in Chlorella vulgaris cells based on the content of pigments and phenolic
compounds is spectrophotometric analysis (Rinawati et al., 2020). Based on a literature
review, secondary metabolites characteristics were compiled for conducting spectral
analysis (Table 1).

Table 1. Characteristics of the main biologically active substances of microalgae Chlorella vulgaris

Biologically Functions Maximum | Extraction Sources
active absorption agent
substance spectra, nm
Chlorophyll a | Photosynthesis, photoprotection, 662 acetone | Rinawati et al., 2020
Chlorophyll b antioxidant activity 645 acetone | Rinawati et al., 2020
Carotenoids 470 acetone Rinawati 2020
Flavonoids Antimicrobial and antioxidant 420 ethanol | Mitishev et al., 2023
Polyphenols activity, anti-inflammatory effect 745 methanol | Fomenko et al., 2023

Chlorophyll’s photosynthetic activity is explained by its chemical structure, which
consists of a porphyrin ring with a magnesium atom and a hydrophobic side chain.
Conjugated double bonds in the porphyrin ring absorb photons in the red region of the
spectrum, enabling electron transport. During photochemical degradation, the electronic
structure of the porphyrin complex is disrupted by the removal of magnesium from the
molecule, resulting in the formation of brown pheophytin (Figure 1). This leads to a
change in the absorption spectrum and a loss of the characteristic green color:
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H;C H3C

HaCm HaCe

OCH, OCH3
chlorophyll pheophytin

Figure 1 — Conversion of chlorophylls to pheophytin as a result of protonation and removal of Mg** from
the porphyrin ring (R for chlorophyll a is -CH,, chlorophyll 5 is -CHO)

In their study Nilova and co-authors (Nilova et al., 2021) attribute the photosynthetic
and antioxidant activity of carotenoids to the presence of a long chain of conjugated
double bonds. This structure allows the molecule to efficiently absorb light in the blue
region of the spectrum, transfer energy to chlorophylls, and quench excited states of
chlorophylls, preventing the formation of reactive oxygen species. Conjugated bonds also
provide carotenoids with a high ability to neutralize free radicals. During photochemical
degradation, cleavage of double bonds leads to a change in the absorption spectrum
and a decrease in the antioxidant activity of carotenoids, accompanied by a loss of their
characteristic yellow-orange color.

As noted by Fomenko and co-authors (Fomenko et al., 2023), the antioxidant
properties of phenolic compounds (polyphenols and flavonoids) are due to the presence
of aromatic rings with hydroxyl groups capable of donor-acceptor reactions. Due to their
ability to donate hydrogen atoms, transfer electrons, and chelate transition metal ions,
polyphenols suppress free-radical oxidation chain reactions. Light-induced degradation
leads to the formation of quinones, simple phenols, and low-molecular-weight organic
acids, accompanied by a decrease in color intensity and antioxidant activity. This also
weakens the absorption spectrum in the UV region and leads to a loss of biological
activity. Despite differences in structure, all of the listed secondary metabolites are
susceptible to photo degradation when exposed to light, accompanied by disruption
of their n-systems, changes in absorption spectra, and a decrease in biological activity.
This must be taken into account during their isolation and spectrophotometric analysis
of Chlorella vulgaris. Therefore, to preserve the chemical and physiological properties
of the biologically active substances and obtain accurate spectrophotometric data,
extraction is performed in the dark or under dim, diffused light.

According to patents (Grabarnik et al., 2018; Bogdanov, 2018), modifying N.I.
Bogdanov’s nutrient medium with microelements and organic matter optimizes
the supply of mineral ions to enhance the photosynthetic and metabolic activity of
cells. Despite the presence of a significant number of studies (Wong et al., 2017; El-
fayoumy et al., 2020) devoted to the study of individual groups of BAS in microalgae,
a comprehensive analysis of the influence of the mineral composition of Bogdanov’s
medium on the biosynthesis of pigments and phenolic compounds remains insufficiently
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studied. Therefore, analytical monitoring of BAS synthesis in Chlorella vulgaris
biomass cultivated on a chemically modified nutrient medium is becoming increasingly
important.

The aim of the study was to evaluate the influence of the composition of the control
and modified Bogdanov nutrient media on the accumulation of BAS (chlorophylls,
carotenoids, polyphenols and flavonoids) in Chlorella vulgaris cells using
spectrophotometric analysis.

Materials and methods. The object of the study was a commercial strain of
Chlorella vulgaris IFR C-111 (Figure 2), acquired from the laboratory of the “Scientific
and Technological Water Center” LLP (Petropavlovsk, Republic of Kazakhstan).
Micrographs of the cells were obtained using an optical microscope. (Micros, Austria).

Figure 2 — Microscopic image of Chlorella vulgaris IFR C-111 cells

The cultivation procedure was carried out in laboratory conditions in a light-tight
grow box (Figure 3), which includes: 1) high-pressure sodium lamp (HPS); 2) air
circulation fan; 3) exhaust fan; 4) ventilation holes; 5) thermostat; 6) timer; 7) conical
flasks with microalgae suspension; 8) gas outlet tubes; 9) laboratory shaker; 10) carbon
dioxide cylinder.

B

Figure 3 — Light-tight grow box for growing microalgae

Chlorella vulgaris was grown in 250 mL flasks, each with a working volume of
160 mL of medium and 40 mL of inoculum. The photoperiod was 16 hours of light
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and 8 hours of darkness. The temperature of the culture medium was maintained at
28°C+2 °C, and the pH was adjusted by bubbling an air mixture containing 1.5% carbon
dioxide until a value of 7.0+£0.2 was reached. The cultivation duration was 14 days.
The microalgae suspension was continuously stirred on a shaker to prevent settling of
the microalgae cells. Bogdanov’s nutrient medium was used as a control. A modified
medium was prepared by adding urea (3 mg/L) and iron nanoparticles stabilized with
chitosan. The synthesis of iron nanoparticles is described in our work (Orazzhanova et
al., 2024).

Microalgae cell growth was assessed spectrophotometrically (UV/VIS, Specord 210
plus, Germany) at 683 nm, and cell counts were performed daily in a Goryaev chamber
for 14 days.

After cultivation, the biomass was separated by centrifugation at 3000 rpm, washed
twice with deionized water, and decanted. The Chlorella vulgaris paste was then freeze-
dried (Scientz-12) at -59.1°C until dry biomass was obtained (Figure 4).

s

Figure 4 — Biomass of Chlorella vulgaris before (left) and after freeze-drying (right)

The main BAS (chlorophylls, carotenoids, flavonoids, and polyphenols) were
isolated from the dry biomass of Chlorella vulgaris using sequential extraction with
various solvents (Table 2). Sample preparation included homogenization in a porcelain
mortar to a powder state and extraction under various conditions depending on the
chemical nature of the compounds (Figure 5). The extracts were incubated for 30 min at
room temperature, and the liquid phase was separated by centrifugation at 3000 rpm for
10 minutes. The precipitate was re-treated with a fresh portion of solvent, the extracts
were combined, and filtered before spectrophotometric analysis (Butova et al., 2018).

‘ Mechanical homogenization (destruction of cell walls) ‘

Release of intracellular pigments (chlorophylls, carotenoids,
flavonoids, phenols)

Dissolution of pigments due to the polarity of the solvent and the
destruction of pigment-protein complexes in chloroplasts

| Obtaining a stabilized extract

| Separation (centrifugation) and spectrophotometry

Figure 5 — Flow chart of biologically active substances extraction with organic solvents
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To isolate lipophilic pigments, 90% acetone was used, ensuring efficient dissolution
of chlorophylls a and b, and carotenoids. Spectrophotometric measurements were
performed at wavelengths of 662 nm (chlorophyll a), 645 nm (chlorophyll b), and 470
nm for carotenoids (Wong et al., 2017) using formulas (1-4).

chlorophyll a (C,)=11.24 A, —2.04 A, (1)
chlorophyll b (C,) = 20.13 A,z — 419 4., (2)
total chlorophylls = chlorophyll a + chlorophyll b 3)
total carotenoids = o fsro 1306 78374 G 4)

214

Flavonoids extraction was performed with 60% ethanol, as flavonoid compounds
exhibit moderate polarity and readily dissolve in aqueous alcohol. Quantitative
determination of flavonoids was performed using a complexation reaction with AICL,.
1 mL of 2% AlCl3 solution was added to 1 mL of the ethanol extract, the mixture was
incubated for 30 min at room temperature, and the optical density was measured in the
range 390-420 nm relative to the control. Complex formation between flavonoids and
aluminum ions proceeds according to the following scheme:

Flav — OH + APF* — [Flav—0 — Al]** + HT

The content of total flavonoids, recalculated for rutin and absolutely dry matter (X,
%), was determined using the formula 5 (Mitishev et al., 2023):

_ Axmp % 100%50% 225100 5
Apxmx2x50x25=(100—W) )

Polyphenolic compounds were isolated using 70% methanol, which ensures a high
degree of phenolic group extraction due to its high polarity. Polyphenols content was
determined using the Folin-Ciocalteu method in accordance with GOST R ISO 14502-
1-2010. The 0.5 mL of methanol extract, 2.5 mL of Folin-Ciocalteu reagent, and 2 mL of
7.5% Na,CO, solution were added to the reaction mixture. The mixture was incubated
for 30 min at 25 °C in the dark, after which the optical density was measured at 765 nm.
The concentration of phenolic compounds was calculated using a gallic acid calibration
curve.

All experiments were performed in biological and analytical triplicate. We used the
descriptive statistics method, the results are presented as the mean + standard deviation.

Results. Cultivation of Chlorella vulgaris in Bogdanov’s nutrient medium (control)
and its modified form reveals differences in culture growth intensity depending on the
composition of the nutrient medium. Enhanced growth was observed with the modified
nutrient medium compared to the control. Analysis of optical density dynamics (683
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nm) in the control medium revealed a slow increase from 0.653 to 1.389 by day 14.
Meanwhile, the optical density of the Chlorella vulgaris suspension reached 1.691 on
a medium modified with urea and iron nanoparticles. Differences in culture growth
rates depending on the composition of the nutrient medium were also observed in the
dynamics of Chlorella vulgaris cell counts. In the control Bogdanov’s medium, the
increase in cell concentration was gradual and remained the lowest among the studied
variants throughout the entire cultivation period (1.16x107 cells/mL). The addition of
urea and iron nanoparticles resulted in enhanced growth, cells entered the exponential
phase earlier, and maximum concentrations reached 1.4x107 cells/mL, indicating
improved nitrogen availability and intensified cell division processes (Figure 6).

This growth dynamic is consistent with literature and our data indicating the ability
of iron nanoparticles to increase the bioavailability of micronutrients and enhance the
metabolic and photosynthetic activity of microalgae (Plutakhin et al., 2017; Orazzhanova
et al., 2024).

2%
ber, x107 cells/mL
\
\

Optical Density (683 nm)
Y
\

Nutrient Medium | - Bogdanov (control)
-~ Nutrient Medium 2 - Bogdanoy with urea and iron nanoparticles

T2 3 4 s 6 7 8 9 10 u 1 13 u g T2 3 4 5 6 71 @
Time, days Time, days

ium 1 - Bogdanov (control)
g 5 .

9 10 11 12 13 14

Figure 6 — The effect of chemical modification of Bogdanov’s nutrient medium on the growth dynamics
of Chlorella vulgaris cells

The obtained results of spectrophotometric analysis of BAS showed that modification
of Bogdanov medium leads to an increase in the content of all BAS in Chlorella
vulgaris cells (Figures 7-9). In the control medium, the concentrations of chlorophylls
a and b were 29.3 and 25.6 mg/mL, respectively, while the addition of urea and iron
nanoparticles increased the amount of chlorophyll a to 31.7 mg/mL, chlorophyll 4 to
44.8 mg/mL, and total chlorophylls reached 76.5 mg/mL. The content of carotenoids
increased from 1.6 mg/mL (control) to 3.4 mg/mL upon the introduction of urea with
iron nanoparticles. The concentration of flavonoids in the control medium was 0.059%,
while in the modified medium it increased to 0.073%, which corresponds to an increase
of 23.7%. Similar changes were noted for polyphenols, with their content increasing
from 0.11% in the control to 0.20% in the modified medium. When using a medium
containing urea and iron nanoparticles, the concentration of polyphenols increased by
81.8%.
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Figure 7 — Chlorophylls content (@, b) in Chlorella vulgaris cultivated in control and modified media
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Figure 8 — Carotenoids content in Chlorella vulgaris cultivated in control and modified media
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Figure 9 — Content of flavonoids and carotenoids in Chlorella vulgaris cultivated in control and modified
media
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Discussions. The addition of urea and iron nanoparticles to Bogdanov’s nutrient
medium provides nitrogen and iron nutrition, enhancing the biosynthesis of secondary
metabolites (chlorophylls, carotenoids, flavonoids, and polyphenols). According to
research (Kim et al., 2016; Yaakob et al., 2021), nitrogen forms in the form of nitrate
and urea accelerate microalgae growth, as the end product NH," is formed during
metabolism during the reduction of nitrate and urea. However, these nitrogen sources are
incorporated into microalgae metabolism differently. For example, in the biochemical
process, nitrates are first reduced to nitrites by iron-containing enzymes, and then nitrites
are reduced to ammonium ions:

NO; , ,e” + 2H" = NO; + H,0
NO; +6e” + 8H* — NH + 2H,0

Both reactions require large amounts of NADPH and ATP, as well as the active
participation of iron-containing enzymes. The presence of iron nanoparticles in the
nutrient medium increases the availability of trace elements necessary for the functioning
of iron-containing enzymes in the redox reactions of phototrophic metabolism in
microalgae. Therefore, when culturing with a nitrate nitrogen source, biomass growth
and the synthesis of metabolites (pigments and antioxidant compounds) are slower due
to the energy expenditure on nitrate reduction (Moore et al., 2025).

Unlike nitrates, urea is incorporated into nitrogen metabolism more quickly and
without the need for additional energy expenditure, as it is directly hydrolyzed to
ammonium ions by the enzyme urease:

CO(NH,), + 3H,0 — 2NH] + HCO; ,OH™

The resulting ammonium ion is involved in the synthesis of protein amino acids,
which are main precursors for the synthesis of secondary metabolites. Urea, as a
source of readily available nitrogen, enhances this biosynthesis, thereby increasing
photosynthetic and antioxidant activity (Kim et al., 2016).

The results of our study show that chemical modification of Bogdanov’s nutrient
medium by adding urea and iron nanoparticles leads to increased metabolic efficiency
in Chlorella vulgaris. The increased content of chlorophylls ¢ and b in the modified
medium reflects the activation of the enzymatic formation of porphyrin rings. The
simultaneous increase in the concentration of carotenoids, flavonoids, and polyphenols
enhances photo protective mechanisms, which may be a compensatory response to the
increased intensity of photochemical processes.

Conclusion. The modified Bogdanov medium supplemented with urea and iron
nanoparticles promotes the bioproductivity of Chlorella vulgaris and increases
the biosynthesis of pigments and antioxidants, resulting in changes in the cellular
biochemical composition. Cultivation in the modified medium promoted microalgal
growth during the exponential phase, accompanied by a 22% increase in culture optical
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density relative to the control. The concentrations of chlorophylls ¢ and b increased
from 8.3 to 11.1 mg/mL and from 3.9 to 5.2 mg/mL, respectively, reflecting enhanced
photosynthetic performance. The concentration of carotenoids increased from 2.1
mg/mL (control) to 3.3 mg/mL, which is associated with enhanced photoprotective
functions. An increase was also observed the changes in antioxidant compounds were
also observed: flavonoids content increased from 0.059% (control) to 0.073%, and
polyphenolic compounds from 0.11% (control) to 0.2%, indicating an increased ability
of cells to neutralize free radicals. Flavonoids and polyphenols content increased by
23.7% and 81.8%, respectively, ensuring the antioxidant activity of the biomass.

Thus, the obtained Chlorella vulgaris biomass with an increased content of
biologically active substances (pigments, polyphenols and antioxidants) can be
considered as a promising feed additive and biofertilizer for increasing the productivity
of animals and birds, soil fertility and the viability of agricultural crop seeds.
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Abstract. Aim of study is to process the distiller liquid containing calcium chloride,
main waste of soda production, by treating it with natural sodium sulfate to produce
gypsum binder and sodium chloride filtrate. After dissolving additional table salt and
removing impurities, the filtrate can be reused in soda ash production. Sodium sulfate
used in the experiments is a natural salt from the Zhaksykylysh deposit, crystallizing
as thenardite. The distiller liquid solution was obtained from the Sterlitamak plant. To
access the possibility of calcium chloride reacting with sodium sulfate in the presence
of impurities, AG ° was calculated using HSC-51 software and reference data for AH.°
and S.°. Thermodynamic calculation shows that Gibbs energy values are negative,
confirming the feasibility of forming NaCl, CaSO,2H,0, MgSO, and NaOH through
the interaction reaction of calcium chloride with sodium sulfate. However, interaction of
calcium hydroxide with sodium sulfate to form CaSO,2H,0 and NaOH is impossible,
because AG” is positive. Experiments on distiller liquid processing were conducted
at 70-90°C for 15-60 minutes with sodium sulfate amounts of 0.84, 0.92 and 1.00
of the stoichiometric requirement. Optimal processing condition were established,
including the consumption of natural sodium sulfate at 84-100% of stoichiometry and
suitable temperature-time parameters. It was found that the degree of calcium chloride
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conversion at 70-90°C reaches 96.89+ 97.02%. treating distiller liquid with sodium
sulfate thus enables the production sodium chloride and calcium sulfate.

Keywords: soda ash production, distiller liquid, sodium chloride, calcium chloride,
sodium sulfate, gypsum
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AHHOTanusl. 3epTTeyldiH MakcaTbl TUIC OalJaHBICTHIPFBILIBIH JKOHE HATPHUH
XJIopHU i PUABTPATHIH ATy YIUiH TaOUFK HaTpUil Cynb(haTbIMEH coJa OHAIPICiHIH HeTi3ri
KaJIBIFbl AUCTHIUIEPIl CYHBIKTBIK KYPaMBIHAAFbl KAIBLIUH XJIOPUAIHIH ©HACY OONbII
Tabbutaapl. OHJAFEl ac TY3bIHBIH KOCBIMILIA MOJIILIEPIH epiTil, KaKeTci3 KocnaiapaaH
Ta3apTKaHHaH KeHiH (QUIBTPATTHl KaJbLUUHICHIEH cOJa TEXHOJOTHSCBIHAA KalTa
Konganyra Oonanpl. ToxipuOenepae KoJIaHBUIATHIH HATPUH Cylb(aTbl-TEHAPIUT
TYpiHJe KpucTajnaaHaTeiH JKaKCHIKBUTBIII KEH OPHBIHBIH TaOuFu Ty3bl. Kanbuniinenren
cofla eHIPICIHIH TUCTUIIIepIi CYHBIKTBHIK epiTiHaici CTepnuTamak copa 3aybIThIHAH
anbiarad. KocnanapaplH KaTbICybIMEH KaJbLHK XJIOPUAI MEH HaTPUil Cyab(aTbIHBIH
e3apa OpeKeTTeCy peakIHMACHIHBIH MYMKIHIITH aHbpikTay yimiH HSC-51 kemeHinin
Reaction Eguations Garnapnamacein, AH.° sxoHe S ° KOCBUIBICTaphl aHBIKTaMasbIK
MOniMeTTepiH KonnaHa oThipbil, 'n66c snepruscein (A G °) ecenTey Kyprizinfi.
TepMmoauHaMUKaIBIK IepekTepai ecentey [ no0c sHePrusiICHIHBIH MOHI TEpic MOHEpre
He eKeHIH KepceTeal OHE KaJIbLUH XJIOPUIIHIH HaTpuil cyib(aTbIMEH opeKeTTecy
peakuusceiabig NaCl, CaSO,2H,0, MgSO, xone NaOH Ty3y MyMKiHZITiH KepceTesi.
Kanpuuii ruspoxeuinin Hatpuii cynbgpareiven apekerrecyi CaSO,2H,0 xone NaOH
MYMKiH emec, oiTkeHi A G1° MoHI OH MoHre ue. [lucTHiIepii CYHBIKTHIKTHI KaiiTa
enyieyai 3eprrey 70-90°C temmeparypa meH 15-60 MHH yakbIT apayibIFbIHIA JKOHE
HaTpui Cynb(aThIHBIH HOPMACHI CTEXHOMETpUsIbIK MemmepaeH 0,84; 0,92 xone 1,00
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Kyprizingi. Auctumiepii CyHBIKTBIKTBI ©HJAEY MPOLECIHIH OHTAWIbI mapaMmeTrpiepi,
crexuomeTpusiaan 84+ 100% apaibIFbiHIaFel TAOUFU HATPUH CyNb(aTHIHBIH IIBIFBIHBL,
MPOIIECTIH TEMITEPATYPAChl MEH Y3aKThIFbI aHBIKTANIbI. Kanbluii XIIOpHIiHIH KOHBEPCHS
napexeci 70-90°C kesinme 96,89+ 97,02% KypaiThiHbl aHbIKTaNABL. KypambiHma
KaJbLUUH XJIOPUAI HATPUH Cyab(aTbIMEH 0ap TUCTUIIIEPIIi CYHBIKTBIKTEL ©OHCY HATPHUi
XJIOPHJIi MEH KaJIbLIUH CyNb(aThlH ajlyFa MyMKIiHIIK Oeperi.

Tyiinai ce3mep: KanbrwmiineHaipinreH coma eHIIpiCi, JUCTHIUIEPI CYHBIKTHIK,
HATPHA XJIOPHIi, KaJTbLIUH XJIOPU/i, HATPUH Cynb(aThl, THIIC

© I'M. OpmanoBa*, A.A. Anapbaen, b.H. KaobL16exoBa, 7K.E. Xycanos, 2025.
OxH0-Kazaxcranckuil ynusepcutet umenu M. Ayazosa, HsimkenT, Kazaxcran.
E-mail: ormanova_g@inbox.ru

MMOCTPOEHUE U30TEPMbI PACTBOPUMOCTHU B
YETBIPEXKOMIIOHEHTHON B3BAUMHOM CUCTEME CaSO,-NaCl-H,0

OpmanoBa 'ayxap — PhD noxropanr, I0xno-Ka3zaxcranckuit yausepcurer uM. M. Ayesosa, LIIsiMkeHT,
Kazaxcran,

E-mail: ormanova_g@inbox.ru, https://orcid.org/0000-0002-9625-5790;

Anap6aeB AGmOy/1Ia — JOKTOp TEXHUYECKHX Hayk, mpodeccop, FOxxHo-KazaxcraHCkuii yHHBEpCHTET
uM.M.Aye3oBa, 160012, . [lIsimkent, Kazaxcran,

E-mail: abib_28@mail.ru, https://orcid.org/0000-0002-0019-4381;

Kadnu1oexoBa Bamkan — kanunar TeXHHIeCKUX HayK, mpodeccop FOxkHo-Kazaxcranckuii yHuBepcHTET
uM.M.Aye30Ba, r. llsiMkent, Kazaxcran,

E-mail: balzhan.kbn@bk.ru, https://orcid.org/0000-0001-8461-8008;

XycanoB JKaxaHrmp — KaHAWJAT TEXHUYECKHX HayK, mpodeccop, 3aBedyromuii jgadoparopueit
WPJIUIT «KoHcTpykimonHbIe 1 OMoXuMuUeckne Matepranbs» KOxHo-KazaxcTaHckoro yHuBepcureTa
uM. M. AyszoBa, Lllsivmkent, Kazaxcran,

E-mail: zhakhangir@mail.ru, https://orcid.org/0000-0002-4408-2066.

Annorauus. llenpro wuccnenoBanusi sBISETCS TepepaboTKa  JUCTUIUICPHOM
KHUJIKOCTH, COJepXkallel XJIOpWA KaJbIUsi — OCHOBHOTO OTXOla COJIOBOTO
MIPOM3BONICTBA, IyTeM ¢ 00paObOTKHM MPHUPOMHBIM CYIb()ATOM HATPHUS C IONYICHHEM
THIICOBOTO BSDKYIIETO M (puiIbTpara Xjopuaa HaTpus. Ouisrpart, 1mocie pacTBOPEHUs
JOTIOJTHUTENIFHOTO KOJIMYECTBa IOBAPEHHOM COJIM M OYMCTKH OT HEXKeJIaTesbHBIX
puUMeceil, MOKeT ObITh MCIIOJIb30BaH B TEXHOJIOTHH MOMYYCHHUS KaJIbIUHUPOBAHHOM
conpl. Cynbdar HaTpusi, UCTIONB3yeMbIl B OIBITAX, MPEACTABISCT cOOOH MPUPOIHYIO
conb JKaKCHIKBIIBIIIICKOTO MECTOPOXKIICHHS, KPUCTALTH3YIONIYIOCS B BUJEC MHUHEpaia
TeHapAuTa. PacTBOp AUCTHIIIEPHO XKUAKOCTH ITPOMU3BOICTBA KATBIIMHUPOBAHHON COZIBI
nonydeH Ha CTepauTaMakcKoM cofoBoM 3aBojie. C 1eNblo onpeieNIeHHst BO3MOXXHOCTH
MPOTEKaHMsI PEaKUM B3aWMOACUCTBHS XJIOpWAA KajbLUsl C Cyab(paroM HaTpus B
MpUCYTCTBUM TpuMecel mpoBeaéH pacyér AG® ¢ HCIOIIb30BaHUEM IMPOrpaMMHOIO
kommuiekca HSC-51 (mommporpamma Reaction Equations) W cnpaBOYHBIX JaHHBIX
AH® u S°. Pacuét TepMOIMHAMUYECKUX JTAHHBIX ITOKA3BIBACT, YTO 3HAYCHHS DHEPTHH
I'mb6Oca wMeroT OTpHIIaTeNbHBIE BEIWYHHBI W CBUAETEIHCTBYIOT O BO3MOXXHOCTH
MIPOTEKaHMsI PEaKIMH B3aUMOACWCTBUS XJIOpHUJA KaJblMg C Cylb(aToM HaTpUs C
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obpazoBanuem NaCl, CaSO.-2H.O, MgSO4 u NaOH. B3aumopeiictBue rugpokcuia
KaJplus ¢ cynbgarom Hartpus ¢ obpasoBanueM CaSOa-2H>0 u NaOH HeBo3MOXHO,
Tak KaKk BenuunHa AG® uMeeT monoxurenbHoe 3Hadenue. VcenenoBanus nepepadoTKu
JUCTUIUIEPHOM KUAKOCTH MpOBeNeHbl B MHTepBasie Temmneparyp 70-90 °C, BpemeHun
15-60 mun u Hopme cynbgara Hatpust 0,84; 0,92 u 1,00 oT cTEXHMOMETPUYECKOTO
koinyecTBa. OnpeaereHbl ONTUMABHBIE TapaMeTPhl pexkrMa Mporecca nepepadoTKH:
pacxon mpuponHoro cynbgara Hatpust 84—100 % oT crexmoMeTpuu, Temmeparypa u
MIPOAOJKUTENBHOCTh Tpoliecca. YCTAHOBJIEHO, YTO CTENEHb KOHBEPCHU XJIOpHIA
kanpius npu 70-90 °C cocraBnser 96,89-97,02 %. Ilepepaborka mucTuiuiepHON
KHUIKOCTH, COIEepKallel XJIOpUA KaJlbLHsl, C CYab(PaToM HaTpHs MO3BOJSET IONYyYUTh
XJIOpHU HATpUs U Cylb(haT KalabLusl.

KuaroueBbie cJjioBa: TNpOM3BOACTBO KaJIBIUHUPOBAHHOM COMIBI, JTUCTHILIEpHAs
KHUIKOCTh, XJIOPHJ HATPUSl, XJIOPUL KaJIbLHsI, CyIb(ar HaTpusl, THIIC

Kipicme. Xumusi eHepkociOiHIH Ka3ipri Jamy Ke3eHiHIe KaJlbLIUHICHIIpiAreH
COlaHbl aMMHAKTBIK OJICHEH OHAIpY OapbIChIHAA TY3UIETIH KaJlABIKTapAbl Koaere
Kapary Mocesieci OapibIK enaep YIIiH e3eKTi 0oJbIl oThIp. [IponecTin IKOMOTHSITBIK
TYPFBIIaH HETI3r MaHbI3/bl KaJABIFBl — Kypambinaa Kanbuuii xaopuai (CaCl)) Oap,
aca MHMHEpaJJlaHFaH epiTiHAi OONbIN TaObUIATHIH AUCTHIUIEPIl CYHBIKTHIK ©TE YIKEH
kenemae Tysineni (Kurbanova et al.,, 2024; Ormanova et al., 2025). Tex Pecelinin
e3inge 40 MJIH TOHHaJZaH acTaM KaJbLUH-KapOOHAT Kypamzbl KaTThl KaJlIbIKTap
KUHaKTanraH. JKel1 caiibiH onapasiH Memmepi 1,0-1,5 MiIH ToHHaFa ecim OTBIpabl.
Kazakcranra kanpLUHJICHIIpUIreH comaHbl dKcmopTTaidThiH Crepnuramak «Copay
AK-ma kb1 caiibiH mramameH 17 MuH aM® AMCTHIUIEpITi CYMBIKTHIK Ty3imemi. By
o3 keseringe CrepauramMak Kajachl MaHBIHAAFbl ayMakThl, coHpai-ak Kawma, Enin
e3eHepin koHe Kacnuit TeHi3in enoyip nacraiinel (Eshmamatova, 2023). Keitait MmeH
YH7icTaHa aMMUAK OHJIpici KaHBIHAA TY3UICTIH JUCTUIUICPI CYHBIKTBIKTHI KahTa
OHJICTI, aMMOHHUH XJIOPHIIH anajbl KOHE OHBl KYPILl ecipyre apHalfaH MHUHEpPaJIbl
THIHAUTKBIII peTinze naiaanananbl. Kei skarnaiinapaa TomblpakTarbl XJIOPABIH apThIK
MeJuepine OaiIaHbICThl aMMOHMH XJIOpUAI Oap AMCTHIIIEPNTi CYHBIKTBIK >KaKbIH
OpHaJlacKaH Cy aiapiHAapbiHa Teriteai (Zaihua Yang et al., 2024; Yonglan Zong et al.,
2023). Eypoma ennepinaeri cofa 3aybITTapbl JUCTUILIEPITi CYHBIKTHIKTBIH Oip Oeirin
KaJbLUHI XJIOpUAiHE KaiiTa OHACH 1, all KaTThl KAJIBIKTapAbl KYPBUIBIC MaTepranaapbiHa
aitHanawipansl (Gotub et al., 2020).

Juctunnepni CYHBIKTBIKTBI KalblHMi XJIOPUAIH aly YLIH MaiijainaHy >Kailbl
XJIOpuATepAl Kanta exaey Macenecin memmeini (CAO Jun-ya et al., 2024). byn
1K1 KOHE SNEeMJIIK HapbIKTapAa aTajfaH KOCBUIBICKA JETEH CYPaHBICTBIH LICKTEYIi
OoTybIMEH TYCIHIIpiaeai. AMMOHHI XJIOpUIiHE KaThICTHI JKaFJai1a yKcac: OHBIH aybll
LIapyallbUIBIFEl CEKTOPBIHAA KOJIIAHBUTYBI IIEKTEIreH, OMTKEHI XJIOp HOHAAPbIHBIH
YKOFapbl KOHIEHTPALUSICHI OCIMIIIKTEPIe YBITTHI 3CEp €Tyl MYMKiH, COHJai-aK KOPEKTiK
ANIEMEHT PEeTIHJE a30TThIH MOJIIEPi calbICTRIpMalbl Typae ToMeH 24-25% (Anarbayev
et al., 2025).

Juctumiepii CYHBIKTHIKTBI KaiiTa OHICY/IiH Tarbl Oip OaFbIThl — OHBI aCOECTOIIEMEHT
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KOHE CHIIMKAT OYWbIMIAapbIH, COHBIH ILIHAE TUIUTanap, KyOblpiap >KOHE KYPBUIbIC
OJOKTaphlH OHAJIpyde maiinamany. Anaiina Oyl canamapiarbl KOJNZaHy KejeMi
MapAbIMChI3 OOJIBIN KaJIbII OTBIP JKOHE OHJIpIC ayKbIMBIHIA KaiiTa eHIey MoceJeciH
mrenryre MyMKinaik oepmeiiai (Xu et al., 2022; Ibri¢ et al., 2021).

Kypambinia kaabpuuil s)KoHe HATPUKA XJIOPHUL Oap KaJAbIKTapIbl KaiiTa eHaey YLIiH
TY3Ibl CyAbl KaJbLWH, MarHuil >koHe Cyab(parT MOHIAPBIHBIH KOCHAJapblHAH Ta3apTy
kesinge CaSO,, CaCl, NaCl tysnapsinbin epirimriri seprrenai (Li et al., 2015) sxone
KaJbLUUH Cynb(aTbIHBIH EKiCYIbI )KOHE CYCBI3 TYPJCPIHIH TY311y MYMKIHIr1 aHBIKTAJIIbI
(Taherdangkoo, Reza et al., 2022).

Juctumnepni mnamIsl KaiiTa eHaeyre apHaiFaH KentereH eHoekrep Oap (Bilginer
Aykut et al., 2020; Dai et al., 2024). Oprypai KaiiTa eHaey KoHe KapTbulail naiinanany
TEXHOTHSAJApBhl O3IpJCHIll, CHII3UINeHIHE KapamacTaH, KOJAAHBICTaFbl —dicTep
KaJIIBIKTap/IbIH TY31JTy ayKbIMbI MEH OJIapAbIH KYPJEJli XMMUSUIIBIK Kypambl cajiiapblHaH
MOCeNeHI KeIIeH 1 TYpae Wemyre MyMKiHAIK OepMeni.

Ocipece IUCTWIIIEPNIK CYHBIKTBIKTBI KaliTa eHaey Maceneci Kazakcran
PecnyOnukaceinga kaHa coja OHAIPICIH Kypy >KoOalapbhlHBIH iCKE achIPbUIybIHA
OaiimaHpicTBl MaHBI3ABL. MyHnail xobanapra Qazaq soda (JKamObL1 OOMIBICHI) KOHE
Aral Soda (Ks3bu1opia 00JIBICH) JKaTaIbl, OJIAPJIBIH KBl )KO0AJBIK KyaThl KbIJIbIHA
800 mbIH ToHHamaH acybl MyMKiH. Cy oHe TaOWFHM pecypCTapAblH TaNIIbUIBIFBIH,
COH/Iali-aK IKOJIOTHAJIBIK CTAaHIAPTTAPAbl CAKTay KaXETTUIIIH eCKepceK, TUCTUIIePI
CYHBIKTBIKTBI THIMJ1, PeCypC YHEMICHTIH JKOHE KaJJBIKChI3 OHACY TEXHOIOTHsIIapbIH
o3ipiey — Oyl YATTBHIK JKOHE XalbIKapalblK JIeHrele OachIM FhIIBIMH-TEXHHKAJIBIK
MiHIEeT 00BN TaObIIa kL.

Marepuangap Men 3eprrey oaicrepi. Kanpuumii xmopuain aucTHIUIEp
CYWBIKTBIKTaH HaTpUil Cynb(arhl KaTbIChIHIA KaliTa eHAey 15-treH 60 MHHYT yaKbIT
apanbpIFeIHAa 3epTTenai. IIpouecTiH eH Kakchl KOpceTKiln peTiHae (QHIbTpaTTarbl
KaJblIMH HMOHAAPBIHBIH €H TOMEHI1 Menmepi KapacThlpbuiabl. byn skyiene Tteme-
TEHJIIKKE XETKEHJI KoHE OepiireH peakUusiarbl MaKCUMaJbl TYpJICHY IopeKeciH
cunarraiiapl. TyprieHy aspexeci KalbUUHIIH CYWBIK (a3zafarbl KaJAbIK MeJIIepiH
(CaO,, %) xoHe GacTamKpl AUCTHUIICPI] CYHBIKTBHIKTAFB] XKAIIbl KaJTbIHUHA MONIepiH
(CaO_ ., T) ecKepe OTBIPBII €CENTENTEH.

JKyMbicTa KOJNJaHBUIFaH 3€pPTTEY OMICTEpi: XMMHUSUIBIK KOHE TEPMOJHMHAMHKAIIBIK
Tangay 9icTepi, pacTpibl 3JIEKTPOHABIK MEKpOCKonusl. KenTipyneH KeifiH Ky bUIFaH )KoHe
KybIJIMaraH TyHOa MeH (pUIIBTPaTTaFbl HEri3ri )koHe KOCTa KOMIIOHEHTTEPIiH MeIepi
XUMUSUIBIK Tajaay 9aiciMeH aHbIKTanasl. TynO6a JSM-6490LV pacTpibIK 31€KTPOHIIBIK,
mukpockonsiHaa INCA Energy-350 sHeproaucnepcHsiiblKk MUKpOAHAIU3 KyHeciMeH
xone HKL Basic monmkpucTangplK YITUIEpAiH KYPBUIBIMIBIK-TEKCTYPAIbIK Taujay
xy#ecimen 3eprrenni. COHBIMEH KaTap TUICTiH TEPMUSIIBIK TYPICHY MPOLECTEP1, OHBI
KYHIipy eHIMAEpiHiH THApaTalys 3aHIbUIBIKTaphl, OPTYPIl TeMIeparypaiapAblH THIIC
KYpBUTBIMBIHA ’K9HE TEKCTypachlHa acepi 3epTTeiret. 3eprreyiepae Crepauramak coaa
3ayBbITBIHA OHIIPIITeH AUCTHUIUIEPIIIK CYHUBIKTBIK €PITIHAICI KOJIIaHBUIFaH.

Kanpruitnenaipinres coja ©OHIIPICIHIH JIUCTHIUICPNIK CYHMBIKTBIK KypaMbIHJA
KaJbLUWH JKoHE HATPUH XJIOpPHATEpIHEH Oacka, KalbLWi KapOOHATHI, CyIb(arhl KOHE
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rugpokeuai e Oap. KocmamapaplH KaTbICybIMEH KalbLUM XJIOPUAI MEH HaTpHi
cynb(aTbIHBIH ©3apa OpPEeKEeTTeCY pPEeaKUMSACBIHBIH MYMKIHIITIH aHBIKTay YIIiH
I'n66¢ sneprusiceibiy, (A G °) ecenreynepi HSC-51 kemeninin Reaction Eguations
OarjapiaMachlH KOHE KOCBUIBICTAaphl aHbIKTamanbik A H ° xone S ° MonimerTepin
KOJIZJaHa OTBIPBIN Kypri3ingi. KanapuuineHaipinreH coma eHAIPICIHIH AUCTHILIEPII
CYWBIKTBIFBl Kb MEH HaTpUi XJOpHUATEpiHeH Oacka, KanbLUuil KapOOHATHIH,
cynb(arblH, >KOHE THAPOKCHUIIH 1€ KaMTHIbL. byl KOCBUIBICTapAbIH HaTpuid
cynbgareiMeH Oipiecin bIIbIpaybl Typaibl MOJIIMETTED KOHE )KYPETIH peaKuusIapIbiH
TEPMOAMHAMUKAIIBIK TAJIIaybl 9/1e01 AepeKKe3nepae ®oK. Kanbuuii Xiopuainiyg HaTpuit
cynb(aTbIMeH 9pEeKeTTCy1 KeJleci peakuusiiap OOHbIHIIA KYpei:

Na,SO,+ CaCl,+ 2H,0 — 2NaCl + CaSO,2H,0,_ (1)
CaCl,+ MgCl, + Ca(OH),+ 3Na,SO, + 4H,0 — 2CaSO,2H,0,__

+MgSO, + 4NaCl + 2NaOH )
Ca(OH), + Na,8O,+ 2H,0 — CaS0,2H,0 + 2NaOH 3)

l-peakuusHBIH Ky3ere acy MYMKIHAIMH ['HOOC SHEprHsChIH ecenTey apKbUIbI
Oaramaiimpi3. Coma  eHHipiciHA€  JUCTWILUIEPHi  CYHBIKTBIKTBIH  TY3UTyiHOeETi
TeMITepaTypajbIK IPOLECTEPAiH epeKIenikTepin eckepe oTbipsin, 0-100°C (273-373K)
TemIeparypa apaiblFbinaa 'no6c snepruscrinbig o3repici (A G °) epekiiie KbI3bIFyIUIbIK
TyAbIpajbl. ATajaFaH peakUusuIap YIIiH KOCBUIBICTApAbIH €CENTiK TePMOIUHAMHUKAIIBIK
nepexrepi sxoHe ['mOOc sHeprusceiHblH e3repici (A G °) (t) Toyennimiri 1-kectene
KeNTipiIrex.

Kecre 1. Temneparypara Gaiinansictsl ['u66¢ snepruscoinbin o3repici (DG °)

Na,S0,+CaCl,+2H,0=2NaCl+CaS0,2H,0

ATThl
T, °C A A A K LogK
0 -76,251 -9,703 -73,6 1,19E+14 14,076
10 -88,937 -56,102 -73,051 3,00E+13 13,477
20 -89,595 -58,388 -72,479 8,23E+12 12,916
30 -90,238 -60,546 -71,884 2,44E+12 12,387
40 -90,866 -62,582 -71,268 7,74E+11 11,889
50 -91,478 -64,505 -70,633 2,62E+11 11,418
60 -92,074 -66,323 -69,978 9,39E+10 10,973
70 -92,655 -68,041 -69,306 3,56E+10 10,551
80 -93,221 -69,667 -68,618 1,41E+10 10,15
90 -93,772 -71,206 -67,913 5,88E+09 9,769
100 -94.309 -72,666 -67,194 2,55E+09 9,407
CaCl,+MgCl,+Ca(OH),+3Na SO +4H,0=2CaSO 4-2H20Kam+MgSO ,F4NaCl+2NaOH
T, °C A A A K LogK
0 -70,213 -13,252 -66,593 5,44E+12 12,736
10 -95,578 -106,027 -65,556 1,24E+12 12,095
20 -96,886 -110,567 -64,473 3,08E+11 11,489
30 -98,159 -114,838 -63,346 8,24E+10 10,916
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40 -99,394 -118,845 -62,177 2,36E+10 10372
50 -100,595 -122,622 -60,97 7,18E+09 9,856
60 -101,766 -126,19 -59,725 2,32E+09 9,365
70 -102,908 -129,57 -58,446 7,90E+08 8,898
80 -104,026 -132,78 -57,135 2,83E+08 8,452
90 -105,12 -135,834 -55,791 1,06E+08 8,026
100 -106,192 -138,747 -54,418 4,15E+07 7,618
Ca(OH),+Na,S0,+2H,0=CaS0,2H,0+2NaOH
T, °C A A A K Log(K)
0 84,818 -0,422 84,933 5,71E-17 416,243
10 72,163 46,712 85,389 1,76E-16 -15,754
20 71,537 -43,884 85,867 5,00E-16 -15,301
30 70,93 -50,922 86,366 1,31E-15 -14,883
40 70,344 -52,823 86,385 321E-15 -14,494
50 69,777 -54,604 87,423 737E-15 414,132
60 69,228 -56,279 87,977 1,60E-14 -13,795
70 68,693 -57,861 88,548 331E-14 -13,48
80 68,172 -59,358 89,134 6,53E-14 -13,185
90 67,663 -60,778 89,735 1,24E-13 -12,908
100 67,166 -62,127 90,349 2,25E-13 -12,648

I-xectenen 0-1000C (273-373K) Temneparypa apanbIiFsiHaa 1 xKoHE 2-peakmusuiap
ywin HSC Garpapnamanbik kemieHi apkpuibl ecenrtenreH A G ° MomzepiniH Tepic
exkeHl kepiHemi. byn kanpimii XJIOpPHUAiIHIH HATpWid Cylb(aThIMEH OpEKETTECIl,
NaCl, CaSO,2H,0, MgSO, xone NaOH Ty3y peakuusaChIHbIH XYPy MYMKIH €KEHiH
KepceTel. AJl Kanblui THAPOKUIiHIH HaTpuii cynbdarbiven CaSO,2H, O xone NaOH
TY3€ OTBIPBIN OPEKETTECY MYMKiH eMec (3-peakius), cebebi Oy xarmaiina A G ° MoHi
OH 1lIaMaHbl Kypaibl.

Temneparypa 90-100°C (363-373K) temneparypana A G° colikecinme -67,913
kJx xone -67,194 xJx Kypaiiael. Byn kambiuil XIOopuAiHIH HaTpuil CynbdarsiMeH
opexkerrecin NaCl sxone CaSO,2H,O Ty3iny MyMKiH €KEHIH KOPCETEI.

HoaTuxkesnep xone Tankbliayaap. 3eprxanaaa 70°C xxone 90°C temmeparypaiapaa
CaSO,-NaCl-H,0 sxy#ecinaeri Ty3nap/plH epirimTiri 3eprrenai. TopT KOMIOHEHTTI
CaSO,-NaCl-H,0 e3apa xyiieciHaeri epirilTik H30TCPMACBIH TYPFBI3Y YIIiH
KYHEHIH TY3AbIK KYpaMblH KepceTeTiH leHeke nuarpamMmachIHbIH KBaApaTThIK TYPI
Konganelabl. Ockl KyHeneri epiriliTikke KaTbICThl 9eOueTTepae Oenrini aepexrep
JKYWEHIH TY3/IbIK KypamblHa KaWTta ecerrenin, LO CBI3bIFBI TYpiHIE OCHHEICH]I.
OUABTPATTBIH XUMUSUIBIK TaJNJaybl JKOHE DPACTPIBIK SJIEKTPOHIBIK MHUKPOCKONTAFBI
CTIIEKTPOCKOIUSUTBIK 3€PTTEy HOTHIKENepl HeriziHje »kykeneri Oenrimi Oip KaTuoH
HEMeCE aHWOH MOIIIIEPiHiH ONapIbIH JKajIbl CaHbIHA KaTelHACH peTinme Ca’" koHe
2CI nonmaps! yurin MeHeke HHAEKCTEP] eCenTei.

70°C temmeparypala jkoHe HaTpuil Cyab(aTbIHbIH CTEXHOMETPHUSIBIK HOPMAChIHAA
KYpriziaren Toxipute yurin Meneke MHIGKCTEPiH eCenTey MbICaIb.
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1. lucrrminepni cyHbIKTHIKTBIH Memmepi — 206,4 T, OHBIH iTiH/E:

CaCl, (78% CaCl, 22% H,0) 29,54
NaCl 1122
Ca(OH), 1,78 T
CaSO, 0,4r
CaCo, 1,18
SiO, 0,06 r
H,0 16222 r

2. Harpuii cynabdarbsiabig Maccackl — 37,7T.

Kecre 2. Harpuit cynb(aTbl HOpPMACHIHBIH KaJbIUH XJIOPHIHIH KOHBEPCHS KOPCETKIITEpiHe acepi.
Kousepcus temneparypacs! - 70°C.

Cyiisik azagarsr Ca** memurepi, can.% .
Na, SO Ca™ Konaepc
No Yaxw, (i\I) ) SO, eHEn?ecyim
T | mum Ca* | SO* | Na* | CI' | Mg* | Fe** | AP* | mompaix A po ’
HOPMACHI, 4 %
% KaTbIHAC
1 45 84 0,420 | 0,30 | 4,91 | 7,01 | 0,002 | 0.003 | 0.004 | 3,36 80,04
2 45 92 0,128 | 0,64 | 6,03 | 7,13 | 0,001 | 0.002 | 0,002 | 0,49 86,10
3 45 100 0.150 | 0.68 | 7.52 | 8.32 - 10.001 | 0.001 0.38 97.02
4 | 45 108 0,09 | 1,58 [ 6,76 | 7,19 - - - 0,14 95,60
5 45 127 0,06 | 2,72 | 6,05 | 6,15 - - - 0,20 95,52

AunblHFaH QUIBTPATTHIH XUMUSUIBIK Talgay HOTHKEIEpiHe colikec (2-KecTe) OHaFbl
KanpIuii noHmapeiHblH Memmepi 0,15% nemece 0,154 r (0,15%-1031/100=0,154r)
Kypaiiael, Oy Monb caHblHA Kaiita ecenrerenne 0,154/40=0,00385 monb Oomamsl
(mbicanbr, 0,1541:40 (Ca aromawik wmaccackl)=0,00385 wmombp). OckiFaH yKcac
TYpZE Cyab(ar-uoHbIHBIH Monb cabl ecentenai: 0,701r/96=0,00730 wmonb, an
xyiopuj; WoHbl ymriH: (8,32- 2)/35,5=0,4687 Moyb. AHUOHIAP/BIH >KAJIIBl MOIIIepi
0,00730+0,4687=0,4760 wmonb. Conma Harpuih wuoHAapbiHbIH caHbl: 0,4760-
0,00385=0,4721 monb. Harpuii skoue xy10p GoiibiHina Menexe uuaeKCTEpiH ecenTeiimis:

X, =0,4721/0,4760=0,9918 nemece 99,18%

X~ =0,4687/0,4760=0,9846 nemece 98,46%

Byn koopmunarrapra Tysael Macca auarpammachinza L HykTeci colikec kenmemi
(1-cyper). Ecenrtey notmxenepi Oolibinma 70 sxoHe 90°C temmeparypajapblHAAFbI
KaHBIKKaH epiTIHAIHIH KypaM HYKTesepi anblkranabl. M3orepmanap 70 sxone 90°C yurin
epirimrik quarpammanapbinga L, L, L., B, nykrenepimen Genrinenren, onap 70°C
KaFJaibIHAA i XKY31H/IE COMKec KeJelll oHe OepiireH TeMIiieparypaiap YIIiH d1e0u
JIEPeKKe3Iep/ie KeNTIPUIreH KaHBIKKaH epiTiHAl KypaMbIHaH a3fan epekimeneHeni (1-2
cyperrep).

Juctunnepii CyHbIKTBIKTBIH XUMUSIIBIK KYpaMblHa CYHEHE OTBIPBII, OHBIH TY3/BIK
Kypambl ecentenai. 200 r© aucTmiIiepi cyibIKThIKTa 23,04 CaCl2 skone 11,22r NaCl,
COHJBIKTaH OHBIH Auarpammazarsl (1 sxone 2-cyperrep) Kypambl D Hykrecimen (67%
CaCl, xone 33% NaCl) kepcerineni.

JKy¥ieHiH Ty3/bIK MacCaChIH aHBIKTAY YIIiH 0acTaIKbl peareHTTep IiH — AUCTUILIEPIL
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CYWBIKTBIK [IEH HATPHIl CYJIb(aThIHBIH IIBIFBIHAAPBIHBIH apaKaThIHACKHI ecentei. On
YIIiH TaOUFU HATPHUU CYIb(ATBIHBIH €CENTEreH CTEeXUOMETPUSIIBIK Memepi 37,7 T
aJIbIH/IbL, &l HETI3r KOMIOHEHTTIH Memepi 92,95% exenin eckepe oTeipbin, Na,SO,
WBIFBIHBL 35,04 Kypaiiabl.

2NaCl LzBB‘ N L L L N L L L L
L3 d

Ri

Rz

Na:SO:

r T I T T T T CaSO0.
A SSs Sy Sz E

Cyper I - 70°C Temneparypanarsl CaSO,-NaCl-H,O sxyHecinin epirimTik 1uarpaMmmacst

Bacrankpl peareHTTep/iH KYpaMIbIK OclHenik HykTenepi A koHe D KOChIM, OChI
KOCYIIIBI TY3y OOMbIH/1a KOMITIOHEHTTEP KAThIHAChIHA COHKEC Y KYPAMBIHBIH HYKTECIH
aHbIKTalMBI3: 34,26/35,04=0,978:1. TYHIBIPFBIIITEIH TOMEHACTIITEH HOpMachl (84%)
XKaraaipiaaa Oy kaTeiHac 34,26/29,65=1,155:1, an xorapsuiateutrad HopMmachl (127%)
ke3inne - 34,26/44,6=0,768:1 6onanpl. JKylieHIH TY3IbIK MaccachlHa Colikec OeiHemiK
HYKTEJep: PeareHTTEep/IiH CTEXUOMETPHSUTBIK KAThIHACKI YIIIIH — R, HATpuil cynbbars
JKETKUTIKCI3 OoJFaHma — R, an apThIK anbiHraH xarfainaa — R, nen oenrinenni. by
perTe psiuar epeskeci OOWBIHINA JUCTHUIUIEPNI CYHBIKTBIKTBIH TY3/BIK Maccackl AR
KeCiHJIICIMEH, a1 HaTpuii Cynb(haThIHBIH Maccackl RD KeciHliciMeH aHBIKTaIa bl

XKorapbia aran eTKeHJCH, OepiireH TOPT KOMIIOHEHTTI ©3apa KyHene TYPaKTh
ty3nap xy0bl CaSO,-NaCl Gombin TaObuIabl, OWTKEHI KaubLUMA Cy/lb(aThIHBIH ac
TY3BIHJIAFbI EPITIHIEep/Ie epirimTiri eTe ToMeH. Peakius Hamap epuTiH TYHOAHBIH
TY3UTyiMEH OKYpeli, SFHH XUMHSJIBIK TYPFbIa KAWTHIMCBI3, Opi KAHBIKIAFaH
epITIHAUIepIiH OONBICH ic Xy3iHAe OomMaiabl. COHABIKTAH KalbIUN CyIb(aThIHBIH
KpHUCTaJJIaHy epici AuarpaMMaHblH OYKIT aylaHblH KaMTHAbl. MYHIal jkarFaaia rumc
IIBIFBIMBIH €CETITEYJIIH HETi3Ti Moceneci — MUCTHIUIEPIi CYWBIKTHIKTHI KalTa OHJEY
MPOIIECIHIH PhIUar epexecine IoHe MaTepHall/IbIK OalaHChIHA COlKeC KATThI (ha3aHbIH
KYpaMbIH aHBIKTAy. TYpFBI3bUTFaH rpadUKTCH HATPUil CYIb(AThIHBIH TOMCH/ICTIITCH
IIBIFBIHBI Ke3iHAe KaTThl (haza 80% kanbumii cyabdareian Typaasl (70 °C ymin S,
nykreci sxxone 90°C ymin P, HyKTeci), ain cTeEXMOMETPHSIIBIK KaTbIHAC Ke3inze - 65% (S,
xKoHe P HykTenepi).
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BLBR o> , ., . . D . ¢
2NaCl o] CaCl:
R
1 R
R
N82504 T T T T T T T T T CaSOd
A P. P, F

Cypert 2 - 90°C temneparypanarst CaSO,-NaCl-H,O sxylecinin epirimrik quarpaMmacst

3-cyperte 70°C Temneparypana, 60 MHHYT yakpIT iliHAe, HATPUN CYIb(ATHIHBIH
HOopMachl 84% OoJFaH karF/ai)ia aJlbIHFaH TUTICTIH JIEMEHTTIK TaJIaybl KOPCETUITEH.

DIleMeHT CanvakTelk  Atomibik %  Kocsuisic, %
%

o 57.42 75.28

Na 0.10 0.09 Na2S04-0,108

S 18.27 11.95

Cl 0.10 0.06 NaCl-0,164

Ca 24.11 12.62 CaS0s-77,54
(CaSO4. 2H20-
98,06)

BnexTPOHHOE MsoDpEKEHME 1

lonHag wrana 3961 wan. Kypoop: 0.000

Cyper 3 - 70°C temneparypana, 60 MuHyT yaksIT imtinze anbinran CaSO,2H,O kypaMbIHbIH
CHITAaTTaMackbl.

3-cyperre xyranHaH keiiin runcreri Na,SO, menmepi 0,108%, an NaCl memmuepi
0,164% xypaiinpl.

Harpwuii cynbdaTblHbIH apTHIFBI KaTbIUH )KOHE HATPHI CYIb(aTTapbIHbIH O1p YaKbITTa
SKBMMOJIEKYJIANIBIK TYHOaFa TyCyiHe okeseni (S, HYKTeci), OyJ TMICTiH XUMHSIBIK
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Tangay HOTIDKENEpIMEH JKOHE JKybUIMaraH TYHOAQHBIH pacTPIbIK OJIEKTPOHIBIK
MHUKPOCKONTarbl MEKpo(oTOCYpeTTepiMeH pacTanansl (4-cyper).

4-cyperre 90°C temmneparypana, 60 MUHYT yakpIT iIiHAE aJbIHFaH KybUIMaraH
TYHOAHBIH KYpaMbl KOPCETIIIeH.

DnemenT | CanMakTbiK | ATOMIBIK Koceuisic, %
% %

(0] 55.11 73.09

Na 1.69 1.56 NazS04-4,75

S 18.68 12.36

Cl 0.23 0.14 NaCI-0,37

Ca 24.30 12.86 CaS04-74,84

BnexTRoHHOE soBPakKeHNe 1

il 1 2 3 4 o B 7 8 9 10

ONHEA Wkana 5425 uan. Kypcop: 0.000 k3B

Cypet 4 - 90°C temnepatypaa, 60 MUHYT yaKbIT illIiH/Ie aJIbIHFAH JKybIJIMaraH TYHOAHBIH KYPaMbl.

Kybuimaran rumncre (4-cyper) Na,SO, menmiepi 4,75%, an NaCl memmepi 0,37%
Kypaipel, Oyn CaSO," Na,SO, Koc Ty3 KpUCTaIIapbIHbIH TY3UTyiH KOPCETEI.

3eprreynepai Kyprisy yiriH anabsH ajga KazakcranaeiH OHTYCTIK OHIpiHEH aJIbIHFaH
TaOWUFN HATpUU CyIb(ATHIHBIH YATUIEP] MaigamaHbpuInbl. byran mAeiiH AUCTHILICPITi
CYMBIKTBIKTAFbl KAl  XJOPUIIH OpPTYpIi HATpuil cynb(darbl NIBIFBIHIAPHI
Ke3iHae KaiiTta eHIey OOWBIHIIA 3epTTEyNIep KypriziireH emi. KommaHeuraH HaTpHit
cynbhareinbiH Kypamsel kenecineit: Na,SO, —92.95%; CaSO,-2H,0 - 4.0%; MgSO,-H,0
—0.57%; Fe,0,—-0.09%; Al,O, - 0.40%; epimeiiTin Kanabik — 1,42; putranabuibik —1,0%
KEM eMec.

OKCTIEpUMEHT HOTIDKENIepl  5-CypeTTe KeNTipUIreH JKOHE oJlap  yaKbITKa
0ailTaHBICTBI KOHBEPCHUS JTOpEKECIHIH o3repiciH kepcetemi. COHBIMEH Karap, Mporecc
TmapaMeTpIIepPiHiH OHTAWIBI MOHIEpi (TemmepaTrypa, HATPUH CYIb(aTHIHBIH TBIFBIH
HOPMAacCHI JkaHe CYHMBIK (asamarsl Ca?" MoIIIEpiHiH yaKbITKA TOYEJILTIIT ) aHBIKTAIIEL.
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a- cyitbIK (asagare Ca®” meepi: 0-KouBepcwust qopexeci:
- nportece 70 °C Temmneparypa - HaTpuil cynbhaTeIHBIH HOpMack! -0,84
- nporece 80 °C Temmeparyp/a - HaTpuii cyabdaTeiHBIH HOpMach! -0,92
- nportece 90 °C Temmneparyp/a - HaTpuii cynabdaTeIHBIH HOpMAcH -1,00

Cyper 5 - CyiibIk (azanarsl Ca>” MoJILIEPiHiH NPOLECC YaKbIThIHA TOYEJLIIr (a) )KoHEe KOHBEPCHSI
JopekeciHin e3repyi (0)

Kanpuuii xjopuiiHig KOHBEpCHSCHI mporeciniae (5-cyper (a)) cTeXHOMETPHSLIBIK
MeJepaeH ToMeH (84%) Harpwuii cyab(areid naiinanny kesinge, 70°C temmeparypaza
sxkoHe 15-45 munyT apanbirbiaga NaCl epitiHaicinaeri Kaablui HOHapbIHBIH MOJIIIePi
0,81%-man 0,2%-ra neiin ToMEHICHT.

5-cyper (6)-men kepimin Typrammaii, 70°C Temmeparypama JKOHE HATPHA
cynbdareiabiH 0,84 HOpMAachiH/Ia KOHBEPCHS YaKbIThl apTKaH cabiH 15-45 MuHyT
apaIBIFBIHIA KOHBEpCHs nopeskeci 47,54%-nan 84,04%-ra nefiin xeteni, ain 60 MUHyTTa
57,27% xypainpl. Konsepcus nopexecinin temenzaeyl Na,SO,CaSO, Ty3bIHbIH
TY3UTyiMEH JKOHE KaJbIIMH XJIOPHUJIH BIIBIPATYFa KaXKETTI Kb CYIb(aTbIHbIH
JKETKUTIKCI3MINIMEH OaiyIaHbICThI 00TYbl MYMKIH.

Harpuii cynbdarsiabin HopMack! 0,92 Oonranna, 15-45 MUHYT ilIiHIEe KOHBEPCHS
mopexeci 56,3%-man 86,1%-ra geitin xeremi. YakwpIT 60 MUHYTKa >K€TKEHAE, Oy
moH 1,0%-ra Temengen, 85,1% xKypaiiapl. byn KyObutbIc KambUWH TY3IapBIHBIH
CPITIITIFIMEH JKOHE KaJbIMKA XJIOPUIIH TOJBIK BIAbIpaTyFa KaXETTI HaTpUil
Cyib(aThIHBIH KETKUTIKCI3AINMEH TYCIHIIpLICI.

Kopoithinabl. Cyiibik ha3anarsl Ca** MeuiepiHiH Mpoece yaKbITbIHA TOYEIILTIr
xoHe CaO KOHBEpPCHSICHIHBIH JIOPEKECIHIH ©3repyiH aHbIKTay OOWBIHINA HATPHM
cyabdareiabiy 1,00 HOpmackiaa, 70-90°C Temiieparypa apajbIFbIHIa SKCIICPUMEHTTEP
opeiHaaiasl. EH sKorapel KoHBepcHs mapeskeci 70°C Temmeparypana oHe 45 MUHYT
yakpIT itminae 97,02% kepceTkiminme 6atikanaast; 80°C remmeparypama—88,37%, 90°C
temneparypana 84,85%. 90°C sxoHe of1aH )KOFapbl TEMIIEPATYPAHbIH KOFapbLIAy bIMCH
KOHBEPCHS JIOPEKECIHIH TOMEH/ICYl Kb Cylb(aThbIHbIH JUTHIPATHIH KapThUIaH
TUIpaTKa aybICYbIMEH OaiIaHbICTBI, OJ1 HATPHH Cylb(aThiHbIH Ty3napbiMen Na,SO,
CaS0,0,5H,0 typinje Gainanbichln, KarThl (asara ereni. Ockblnaiima, Oy xarakina
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Ca?" MOHAapBIHBIH MakcHUMaNIsl skeTeTiH wmeommepi 1,05-1,61%-man acmaiiabl, an
HaTpuil cyab(aThIHBIH CTEXHOMETPHUSUIBIK HOpMachl ke3inne 70°C-ta on 0,14-0,18°C
Ca?* kypaitnel. Kambuwmit xmopuniniH koHBepcus nopexeci 96,89-97,02% teH.
Byran Koca, Korapblia atan eTUIreHzel, Temrneparypa HaTpuil Cyab(aTblHBIH epyiH
KESHUIIETYA€ MaHBI3Ibl PO aTKapaabl, IEMEK PEaKUUSHBIH JKYpyiHE *XOHE HaTpHUi
XJIOPUJIHIH KaHBIKKAH ePITIHAICIH ally Ke3iH/e KaJIbIUH NOHIAPBIHBIH KT MeJIIep/Ie
TyHOara TYCyiHe BIKIaJ eTeli. 3epTXaHalIbIK KOHIBIPFbIAA JKYPIi3iireH KHHETHKAIBIK,
3eprTey Herizinge temmeparypackl 70-90°C »xoHe Harpuil Cynb(paTHIHBIH MeJepi
crexuomerpusi 100%-blHa TeH >kargaiifa (QUIBTPATTaFrbl KaJbLUUH HOHJAPBIHBIH
MHUHHMAJIbl KYPaMbIH KAMTaMachl3 €TETiH KOHBEPCHS IPOLECIHIH Y3aKTHIFbI 45 MUHYT
CKeH1 aHBIKTaJI/IbI.

Ocebunaiima, — TepMoaMHaMuUKanblK  ecenteynepre  sxome  CaSO,-NaCl-H,O
KYHeciHIeri Ty3AapIblH epiriliTiriH 3epTTeyre, COHAal-aK ajJblHFaH YKCIIEPUMEHTTIK
JepeKTepre HeTi3fene OTBHIPBIN, AUCTHIUICPTl CYWBIKTBIKTBI HATpHid Cyiab(aTbIMeH
OHJICYIIIH MYMKIHIIrT nonemueHi. JKypriziareH KeimieHi 3epTTeyliep HOTHXKECIHIC
KaJbLUWH XJIOPUAIHIH HATpHi Cyab(aTbIMEH ©3apa 9peKeTTeCy NpOLECiHiH OHTAMIIBI
napameTpiiepi, coHnai-aKk HaTpuid XJIOpuAl (PUIBTPATBIH KOHE KalbIMHUIIH EKiCYIbI
cynbgarel — runc CaSO,2H,O Tyn6achiH any mapTTapbl aHbIKTAJIIbL.
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Abstract. This scientific article examines the possibilities of obtaining ultradisperse
copper particles in aqueous solutions. At the present stage of scientific and technological
development, nanotechnology is regarded as one of the most promising fields. In this
regard, the state is interested in sustainable development and allocates substantial
financial resources to the advancement of this area. In this study, ground samples
of plant material—common wormwood (Artemisia vulgaris L.) and wheat grains
(Triticum durum)—were used. The formation of copper nanoparticles was carried out
using a phytochemical method, and their optical and catalytic properties, as well as
their stability, were investigated. In addition, the effect of alternating electric current
frequency (50-25,000 Hz) on the dynamics of particle formation and particle size was
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analyzed. The described methods for producing metal nanoparticles in plant materials
using alternating electric current demonstrate their potential for the development of
technologies for producing metallic ash. Results. It was established that the sizes of the
synthesized particles range from 36 to 2500 nm, with the main fraction falling within
the 200-250 nm range. Optimal pH values were determined: 8 for wormwood and 11
for wheat. It was proven that the influence of alternating electric current significantly
accelerates the nanoparticle formation process and increases their stability. The obtained
results confirm the effectiveness of the biological method for synthesizing copper
nanoparticles and indicate the possibility of their application in ecology, medicine, and
catalysis.

Keywords: copper nanoparticles, aqueous solutions, phytochemical reduction,
wormwood (Artemisia vulgaris L.), wheat (Triticum durum), ultradispersed particles,
alternating electric current
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AHHOTaLHA. B¥.]'I TBUJIBIMU MaKajaJa CYJibl epiTiH):[inepﬂe MBICTBIH YJIbTpaaucnep-

CTi OeJIueKTepiH any MyMKIHIIKTepi KapacTeIpbluiraH. Ka3ipri Tanaa FeUIbIM MEH TeX-
HUKaHBIH JaMy CaTbIChl Ke3iHJe HAHOTEXHOJOTHS YJIKCH YMIT KYTTipeTiH OarbITTHIH
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Oipi Oomnbin TaObuIaAbl. COHABIKTAH MEMJICKETIMI3 OChl CaJlaHbl IaMBITyFa KaHIIama
Kapaxkar jxymcayna. MUukpoOeseKkTepaAiH KO3FalbIChIMEH OaiIaHbICThl TEXHOJIOTH-
SUTBIK YPIICTEPIiH OPHBIHA, HAHOOOJIEKTI MaTepHalgapMeH KoHEe enmempepi Oip
MHUKpOHHAH Killli 3aTTapMeH >KYMBIC icTeyre MYMKiHAIK Oepeni. Hano Oemmekrepai
OHMOJIOTHUSIIBIK TECTLICY Ke31H]Ie OCIMIIK 00BEKTEPl apTHIKIIBUIBIKKA e O0FaH, ce0eoi,
oJIap CBIPTKBI AJICI3 KapKbIHIBI (paKTOpIapra KapacThl )KOFaphl CE3IMTaIIBIUIBIK, ajl Keil-
Jie IIamMaJaH ThIC IIBIFAThIH Ce3IMTAIABUIBIK Karapiapbl Ooiaasl. 3epTTeyde eCiMIiK
TEKTEC KOJIMTI )KycaHHbIH (Artemisia vulgaris L.) xxone ounai nouaepiuiy (Triticum
durum) yHTaKTalFaH YATiHALIepi anbiHFad. MbIc HAHOOOIILEKTEPiHiH Ty311yl GUTOXH-
MUSUIBIK 9/IICTICH JKY3€Te achIPBLIBII, OJIAPbIH ONTHKAJBIK, KATATUTHKAJIBIK KACUETTEP1
MEH TYPaKThUIBIFbI 3epTTeai. COHBIMEH KaTap alHbIMAJIbI 31eKTpP TOTbIHBIH (50-25000
') *xwminirinig 6eyIeKkTepAin Ty31ly AMHAMHUKACHIHA KOHE OJIIIeMiHe dcepi Tal aHabl.
OnekTp alfHBIMaNbl TOKTHI MaifajiaHy eCIMAIK KacyllanapblHAa HaHOOeIIIeKTepaiH
TY311y MPOLECTEPiH KYIISHTE i KOJUIOUATHIH METaJI OOJIIEeKTEePiHiH MillliHi MEH 6J1-
mIeMziepi TOTBIKCHI3NAaHABIPFBIIITHIH TAOUFaThIMEH, OHACY y3aKThiFbiMeH, EPT xuini-
riMeH aHbIKTalaabl. OCIMAIK MaTepHaIIapbIHIAFbl JIEKTPIIK aifHBIMAIbI TOK apKbLIbI
MeTalul HaHOOOJIIEKTEPiH alyAblH JKOFapblla CUMATTAIFaH TOCIAIepi OJapAblH Me-
TaJl KYJIiH OHAIpY TEXHOJIOTHIIAPbIH KYPyAarsl IepcreKkTHBaiapbeiH kepcetemi. Cymbl
epiTiHALIepaeri MBICTBIH HaHOOOIIEKTEPiHiH aybICIajbl JIeKTP TOFBIHBIH epiciHae
(OTOXUMHUSIIIBIK SJIiCTIEH KaJlIbIHA KEATIPY CUHTE31 013/11H KYMBICBIMBI3 OOJIBIN TAObI-
nanel.  Hotmwxkenepi. Cuntesgenren OemmekTtepaid —emmemzaepi  36-2500 HM
apanbIFbIH-/1a €KeH1 aHBIKTANbI, an Herisri yneci 200-250 HM Quana3oHbIHA COMKec
keneni. Onru-manael pH Monzepi Oenrinenni: xycan yuwiH — 8, Ounmail ymrin — 11.
AWHBIMaBl 3JIEKTP TOTBIHBIH dcepi HaHOOOJILEKTepAiH TY3UIy NpOLEciH endyip
KEJeNCTETIHI JKOHE OJNIapIblH TYPAKTBUIBIFBIH apTTHIPATHIHBI AJCIACHAI. AJbIHFaH
HOTHIKENIEp MBICTBIH HAaHOOOJIIEKTEPiH OWOJOTHSIIBIK OMAICIEH CHUHTE3ICYIIH
TUIMALTITIH pacTaibl )KoHE OJap/Abl SKOJIOTHs 1A, MEIUIMHAAA, KaTalu3/1e KOJIAaHyFa
MYMKIiHJIK Oeperi.

Tyiiin ce3mep: MbIc HaHOOONIIEKTEPl, CYIbI epiTiHALICp, (QUTOXUMHUSITBIK
TOTBIKCBI3AAHNBIPY, JKycaH (Artemisia vulgaris L.), owunait (Triticum durum),
YABTPAIUCIIEPCT] OOIIIEKTED, AHBIMAIIBI IEKTP TOTBI
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AHHOTanMa. B [aHHOM Hay4yHOH CTaTbe pPAacCMATPUBAIOTCS BO3MOXKHOCTH
MOTYYeHUs yIbTPaAUCIEPCHBIX YaCTUI] MEIU B BOAHBIX pacTBopax. Ha coBpeMeHHOM
JTane pa3BUTHA HAyKHM W TEXHUKH HAHOTEXHOJIOTHH SBISIIOTCS OAHUM M3 HamOolee
MEPCHEKTUBHBIX ~HAMpaBJIeHWH, 4YTO OOYCIOBICHO MHTEPECOM TOCylapcTBa K
YCTOWYMBOMY DPAa3BUTHIO M HAlpaBJICHUEM 3HAUYUTEIbHBIX (PHMHAHCOBBIX PECYpPCOB
Ha WCCIEeJOBaHWE W BHEIpPEeHHWE HaHoMarepuanoB. llepexon OT TpaAMLUMOHHBIX
TEXHOJOIMYECKHX TPOLIECCOB, CBSI3aHHBIX C JIBM)KEHHMEM MHKpPOYacTHl, K pabore c
HAHOCTPYKTYpUPOBaHHBIMH OOBEKTAMHU Pa3MEPOM MEHEE OJHOTO MHUKPOHA OTKPBIBACT
MPUHIUIHAAIEHO HOBBIE BO3MOKHOCTH JJISI TIONMYyYEHHsI MAaTepHalioB C YHUKAJIbHBIMH
cBolicTBaMu. B wuccienoBaHMM OBUTM  MCHONB30BaHb HM3MENBYEHHBIE 00pas3Lbl
PacTUTENBHOTO CHIPhsi — IOJBIHM OOBIKHOBEHHOM (Artemisia vulgaris L.) u 3epen
mmeHnnbl (Triticum durum). ®opmupoBaHHEe HAHOYACTHI MEIH OCYLIECTBISLIOCH
(PUTOXMMHYECKHM METOIOM, TIPH 3TOM HCCIIEI0BAHbBI KX ONTHYECKUE U KaTATUTHIECKHE
CBOMCTBa, a TaKKe YCTOMYMBOCTb. JIOMOJIHHUTENHPHO NPOAHATM3UPOBAHO BIIMSHHE
4acTOTHl TEPEMEHHOr0 3JeKTpudyeckoro Toka (50-25000 I'm) Ha JaUHAMHKY
(dhopMHpOBaHHS M pa3MepHbIE XapaKTEPUCTHKH yacTul. 1lokazaHO, YTO MpUMEHEHHE
MEPEMEHHOTO JIEKTPUUYECKOTO TOKa YCHJIMBAET MPOLECChl 00pa3oBaHMs HAHOYACTHIL

230



Volume 4, Number 465 (2025)

B pacTHUTENbHBIX Ouocuctemax. ONHMCAaHHBIE METOABI TONYYCHUS METALTUYCCKHIX
HAaHOYACTUIl B PACTUTENBHBIX OKCTPAaKTax C MCIOJIb30BAHUEM MEPEMEHHOIO
ANEKTPUUECKOTO TOKa JIEMOHCTPUPYIOT MEPCHEKTUBHOCTh UX MPUMEHEHUS MpHU
pa3paboTKe TEXHOJIOTUH MOy YeHUs METAJUTHYECKO 30161, B pamMkax HacTos el paboThl
BBITIOJTHEH (POTOXMMHUYECKUN BOCCTAHOBUTEIBHBIN CUHTE3 HAHOUACTHI] ME/IA B BOJIHBIX
pacTBOpax B MOJIE MEPEMEHHOT0 dJICKTPUUECKOro ToKa. Pe3ynbraTsl. YCTaHOBIEHO, UTO
pa3Mepbl CUHTE3UPOBAHHBIX YACTUIl HAXOJATCsA B Auamna3one 36-2500 HM, mpu 3ToOM
OCHOBHAs UX J10J1s COOTBeTCTBYeT HHTepBaiy 200—250 uM. OmnipenieneHsl onTuManbHbIe
3HayeHust pH: mis moneiau — 8, ansa mmeHuusl — 11. Jlokazano, 4Tto Bo3AeiicTBUE
MEPEMEHHOTO JIEKTPHUYECKOIO TOKA CYIIECTBEHHO YCKOPSIET Ipoliecc GopMUpOBaHUS
HAHOYACTHI U TIOBBIIIIAET UX CTAOMIBHOCTh. [10ydeHHbBIC pe3yabTaThl MOATBEPKAAIOT
3¢ (eKTUBHOCTH OMOJOrMYECKOTO METO/Ia CUHTE3a YaCTUI] MEJIU U CBUJICTEIBCTBYIOT O
BO3MO)XHOCTH UX IPUMEHEHHUS B SKOJIOTUH, MEAUIIMHE U KaTallu3e.

KuaroueBbie cjioBa: MEIHBIC HAHOYACTHUIII, BOJHBIC PACTBOPHI, (PUTOXUMUYECKOE
BOCCTaHOBJICHUE, NONbIHL (Artemisia vulgaris L.), nmmenuna (Triticum durum),
VABTPAIUCIIEPCHBIC YACTUIIBI, IEPEMEHHBIN DJICKTPUUECKUN TOK

Kipicne. Hanorexnomnorus Ka3ipri 3amMaHza FbUIBIM MEH TEXHUKaHBIH KaPKBIHJIBI
JaMbIll KeJle JKaTKaH OaFbITTapbhlHBIH Oipi Oonblm TalbLIagbBl. ©Ocipece MeTal
HAHOOOJIIEKTEPl epeKIle KbI3BIFYIIBUIBIK TYABIPBIT  OTHIP, ce0ebi  onapAbIH
KaTaJUTUKAJIbIK, ONTUKANBIK JKOHE OWONOTHSUIBIK KAacHeTTepi KeH KOJJaHy
MYMKiHIiKTepiH Oepemi. Mpbic HaHOOemIIEKTepi  KODKETIMALTITIMEH, ap3aH
OarachIMEH XoHE OMOJIOTHUSIIBIK OelceHaiIiriMer epekiieneHeni. COHIBIKTaH OIapbl
9KOJIOTHSUIBIK Ta3a 9pi THIMAL 9AICTEPMEH CHHTE3/ICY ©3€KTi Macese OOJbIN TaObUIadbI.
JacTypii XUMUSUTBIK 9IiCTEpAe YBITTBI PeareHTTEepAiH KOIIaHbUTYbl KOpIIaFraH opTara
Tepic acep eTeli, COHABIKTaH OajaMaibl SKOJOTHSUIBIK JKOIAapabl Taly MaHBI3IBI.
COHFBI KBUIIAPBI OCIMIIIK TEKTEC IUKi3aTTap/aH OeJiHEeTiH OMOJOTHSUIIBIK OeliceH Il
KOCBUIBICTApIbl TailijanaHa OTBIPBHII METalI HAHOOONLIEKTEPiH aily Tocili, SFHH
(UTOXUMHUSIIBIK CHHTE3 OfIici KeHiHeH 3epTTenyne. byn omicTiH apTHIKIIBUIBIFBI —
KapanaibIMIBUIBIFBI, SKOJIOTHSUIBIK KayilCi3Airi )koHe IIBIFBIHBI a3 0oybl. 3epTTeyae
MBIC HMOHJAPBIHBIH CYJbl epiTiHIUIEepiHAe HAHOOONIEKTEpAiH TY3UIyiH Oakpliay
apKBUIBI OJapIbIH TYPAKTBUIBIFBI, TY3UIy LIAPTTApbl XKOHE KacueTTepl ailKbIHAaJIbL.
CoHbIMEH Karap aiHBIMaJbl AJIEKTP TOTHIHBIH 9cepi KapacThIPBUIBIN, OeIIeKTepaiH
TY311y JMHAMUKACBIHA JKUUTIKTIH BIKHAJIBI OaraiaHibel. Ocimuikrep o3 OeTTepiHie,
opl MOHAAPIBIH €HY OpBIHIAPbIHAH allbIC KaTKaH op TYpJi OpraHaapia aa MeTajul
WOHJAPBIH TOTBIKCBI3AAHABIPA ANaTBIHABIFBl OypblHHAH Oenrimi. OcbiFaH opaii
OCIMAIKTEp JCTYpJi 9IicTep THIMci3 OoJiFaH Karaaiaa KeH OpbIHAApbIHAH HEMece
KapbepiepAeH Oaraibpl MeTalmapAbl ainy YIOiH KongaHeuiaael. Kaszipri 3amanga
MyHJail mponecc (GuToeHAIpYy Aen araiansl. JKMHAIFaH MeTalAaplbl KHUHAKTAIFaH
OCIMAIKTEPJCH arlioMepalisUIbIK HeMece OaKbITY oMICTepiH KOJIAaHy apKbUIbl alyFa
Oonazapl. OciMaiKTepAeri MeTanaapAblH OHOAKKYMYISIHS TPOLECIH 3epTTeydiH
KOPCETKEeHI — MeTanaap kebiHece HAaHOOOIIIEKTEp TYPIHAE KUHAKTaIa bl MbIcaibl,
Brassica juncea (>kambIpakThIK Kblia) MeH Medicagosativa (OTBIPFBI3BIIFAH JIFOLEpHA)
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ecimaikrepi enemMi 50 HM 00IaTHIH JK9HE 63 canMarbiHaH 13,6% memnmepine OonaTeiH
KyMic HaHOOOJIIEKTEePiH KYMiC HUTPATBIH CYOCTpaT peTiHJe KOIJaHbI OCipreH Ke3ae
xuHakTaraH (Anderson et.al.,, 2013). Onmemi 4 HM OOJIaTBIH ANTHIH HKOCAMIpIEpi
Medicagosativa Medicagosativa eciMIOirinfie aHbIKTaNFaH, ojmeMi 2 HM OOJaTbIH
MBICTBIH, KapTbulail cdepanbik OemmekTepi Iris pseudocorus ecimairinge coiikec
MeTalAapIblH TY3AapbIHaH TYPaThIH CyOcTpaTTap/a ecipijireH xKaraaiaa aHbIKTal bl
OciMaik  TyTactaili  MeTalJapAblH  HAHOOGJIICKTepIH  OHMAIPY  Ke3iHJe
KOJIIAHBIIATBIHABIFEl aHbIK. COHbIMEH Karap OepiireH TEeXHOJOTHSHBI ©HEPKICINTe
KOJIJAHFaH Ke3Jle €celke alblHybl THic Oenrinmi Oip mekteynep Oap. bipinmrizew,
HaHOOOJIIIeKTEeP/IiH elIeMAepl MEH MIIiHACePl OJIApIbIH OCIMIIKTEperi OpHaacy
OpHBbIHA OaiNIaHBICTBI epeKIIeNneHyl MyMKiH, Oy ©3 Ke3eriHae ap Typii oprangapaa
MeTaJll HOHAAPBIHBIH KYPaMbIHAAFbl Al bIPMAIIbUTBIKTAPbIHA )KOHE HAHOOOIIIEKTEPIiH
eHy MYMKIHJIriHe Toyenai 00Tyl MyMKiH. O3 Ke3eriHae Oyl skaraainap MeTanabH 0ap
OosiFraH HaHOOONIIEKTEpIiH aiHantackiHAa OipTiHAeN TyHOara TYCY KbUIIAMIIbIFbIHA,
COHBIMEH KaTap HYKJICAalMsHBIH JKaHa aKTijgepiHe (HAHOOONIIEKTEpIiH TY3idy
nHUnuanusiaapel) ae acep eryli mymkin (Losfeld et.al,, 2012). Hanobenmekrepain
eJemMaepi MeH MOp(hOJIOTHsATIapBIHBIH OPTEKTLIIr TyTac Oip eciMaikTe naiaa OoblI,
KaXXETTI eJylIeMre jkoHe mimiHre we OonareiH Oemmiektep Oenrinmi Oip MakcarTa
KaxeT OONFaHAa ONapIblH KOJNJAHBICHIH KHUBIHAATYbl MYMKiH. EkiHIIigeH, ecimuik
TEKTeC MaTepuasijaH HaHOOOJILIEKTePAi YTHIMABI TYPIE ajly MACeNIeCi OPbIH aylajbl.
XKone nme tarbl Oip Mocene — Tyrac Oip ©CIMAIKTE CHHTE3JENTeH HaHOOOJIEKTEp
MiMIHACPIHIH HAPBIKTHIK TajlanTapra cai kene aaMaybl. OChIFaH Opail COHFBI KbUIIAphI
in vitro axicTepi OenceHai Typle Jamyda, OHAA METaJll MOHAAPBIH HAaHOOeJIEeKTEep
TY3UITeHIe OMOTOTHIKCHI3IAHIBIPY YLIIH OCIMIIK TEKTEC IKCTPAKTIICP KOAIAHBLIAIBI.
MyHnali onicTep HaHOOOJIIEKTEP/IIH OJImeMi MEH MIlIHIH KaKChUIam OaKbLUIaybl
KaMTamach3 erefi (Mbicanbl, pH opTacklHBIH €3repyl apKblibl HEMECE pEaKIHSIHBI
KYPri3y TeMIeparypachlHbIH ©3repyi apKblibl), COHBIMEH KaTap opi Kapail »KeHisI Typae
Ta3ajaHybIHa BIKNA eTeai. byt npouecc tyrac 6ip eciMaikTepaeri HaHOOOIIEKTePIiH
CUHTE3IHEe KaparaHJa oJJeKalia *XKbUIIaM KYPETIHIIrT MaHbI3/bI, ce0eOi peakius
Oapnblk  ociMIiK OOWbIMEH MeTajyl HMOHIAPBIHBIH CiHIpUTIN TapamyblHa KaXeT
0oaThIH TeXEyCi3 Je3ne oreni. MyHIal oIiCTiH TUIMIUIIT KONTEreH oCiMIIKTepIeH
QJIBIHFaH SKCTPAKTUIEPAl MbIC,aIThIH, KYMIC, TJIaTHHA, TEMIp KoHe 06acka Aa KenTereH
MeTalAapIblH TY3Aapbl MEH KBIIIKBUIJAPBIMEH KOCa KOJIJJaHy apKbLIbl KOPCETiIeI].
Mpicansr, Pelargoniumgraveolens (xom uicTi repaHb ) SKCTPaKTLIepi aJIThIH HOHAAPBIH
emuemi 20-40 HM OonaThIH OH KaOBIpFajIbl HKOCAdIPIBIK MilIiHAETT HaHOOeIIeKTepre
JeiiH TOTBIKCHI3MAHIBIPBIN, OJapabl TypakTaHAsipabl, an Cymbopogonflexuosus
(MuMoHABIK  copro) okcTpakTinepinae eommemi 0,05-18 MM GomaTblH - anThIH
HaHoc(epasap MeH HaHOYWOypbluTap cuHTe3genreH (Manceau et.al., 2008).
Azadirachta Indica ecimairinin 3KcTpakTici TeTpaxiaopanTbiH KelKbUbH (HAuCI4)
emmemi 50-100 HM OonaThlH aNTBIH TETIiC YIIOYpPBHILITApFa KOHE alTHIOYpPHIIITapFa
JeiiH TOTBIKCBI3AAHIBIPY YLIIH KOJJaHbUIaAbl. bBys jKyMbIcTa COHBIMEH Karap
Azadirachta Indica Hopi Kymic HUTpaThIH eimeMi 5-25 HM OONaTBHIH MOJUANCIEPCTI
cepanblk HaHOOOINIIEKTEpre JeHiH TOTBHIKChI3AaHabIpa anajibl. Aloe barbadensis
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KaIbIpaKTapbIHBIH dKCTpakTici emmemi 5-50 aM 6onarbia In203 kyOTHIK OemnmiekTepai
eHzipyne komaanwsUtagsl (Mirgorod, 2015). HK-®ypbecnexTpockonus omiciH
KOJIZJaHA OTBIPBIN KaHTTap, TEPIICHOUATAP, MOTU(PEHONAAp, ATKAIOUATApP, (HEHOIIBIK
KBIILIKBIIAAP KOHE aKybI3ap CeKUIIl 6CIMAIK TEKTeC METa0OIMTTEp METAIUT HOHIAPbIH
HaHOOeJIIeKTepre JeiiH TOTBIKCHI3AAHABIPYAa JKOHE ONapAblH TYPaKTBUIBIFBIH dpi
Kapail KaMTaMachI3 €Ty/Ieri peJii 30p eKeHIITrH Kopaik. HaHOKypbUTBIMAapAbIH eieMi
MeH MOp(QOJOrusiceiH Oakpliay OCbl OMOMOJEKyJalapAblH MeTalul HMOHAAPBIMEH
opekeTTecyiMeH ©3apa OalIaHBICTBI OONybl MYMKIH JEreH TYXKBIPbIM aNTBUIFaH
(Nemutandani et. Al., 2006). Op Typai eciMAIKTEepAiH KOHIEHTpaLUsIapbl MEH OCHI
OMONOTHSIIBIK OEJICeH I KOMITOHEHTTEPAiH KypaMIapsl Aa ainyaH Typii 6onaabl. Kepin
TYpFaHBIMBI3Jal, OCbUIAMIIA cHUNATTaJIFaH HAHOOOJIICKTEPAIH MOPQOIOTHSIIBIK
OPTYPIUIIriH >KapThUlail TyciHaipyre Oomagpl: ymOypsluTap, aiaTblOyphIIITap,
OecOypeImTap, KyoTap, cdepanap, UIHIICOUATIAp, HAHOKEIIIep, HAHOCTEPIKEHBIEP.
Op TYpii ©CIMAIKTEpAIH AKCTPaKTiJepiHAeri op TYpii MeTangapAblH HOHIAapbIHAH
CHHTE3/eJIETIH HaHOOeIIEeKTepAiH MOp(oIorusIapsl MEH OJIMIEMAEPIHIH SPTYPIiIir
TOJIBIKTAH IOy Tap/ia CUIIaTTaJIbII JKa3blUTFaH.

Cyper l-me wmbican perinzge Nicotianabenthamiana sKcTpaxTinepiHae Ty3iiAreH
KYMiC, MBIC ’KOHE aJITbIH HaHOOOJILEKTEPiHIH CypeTTepi KeATipiireH.
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Cypet | — Nicotiana benthamiana 3kcTpakrinepinae 6eIMe TeMIeparypachbiHaa CHHTE3/IeNTeH TeMip

(A), xywmic (B) sxone anteid (B) HaHOOOIIEKTEPIHIH ATEKTPOHBIK MUKPO(DOTOTrpadHsiIapsl

JKorappima aMTBUIBIT KETKGHIEH, TepIrieHouATap, moaudeHonmap, KaHTTap,
ankajgouaTap, (GEHONABIK KBIIKBUIIAP, aKybI3map CeKUImi OCIMIIKTepHiH op
TYpii METa0OMUTTEpi MeETallll HMOHIApPBIHAH HAHOOONIIEKTep TY3iJd¢ OTBIPHIT
OMOTOTBIKCHI3TaHybIHAa MAHBI3/IbI POIT aTKapa Isl. MeTat HOHAapbIH TOTHIKCHI3AaH IbIpa
aJaThIH KOCBUTBICTAPIBIH HET13T1 TUIITEPiHIH MBICATAAPhI CYPET 2-/1¢ KOPCETIITEH.
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CypeT 2 — Merain HUOHJApbIH TOTBIKChI3AaHAbIpa aJlaTbhlH KOChUIbICTAPAbIH Heri3ri TI/IHTepiHiH
MbICajLAap

Marepuangap MeH 3epTTey JaicTepi. 3eprreyge MbIC HOHIApBl 0ap CyIbI
epiTiHaIep mnaiganaHbpuLIbl. TOTHIKCHI3MAH/BIPFBINI KacHeTi 0ap eciMIIK TEeKTeC
MaTepuayiJiap PEeTiH/Ae KOIIMII KYCaHHBIH (Artemisia vulgaris L.) 'xoHe OWmanbIH
(Triticum durum) yHTaKTaNFaH yATiAepi anblHABL. Byl eciMIikTep KypaMbIHIa SpTypii
OMONOTHSITBIK OeJICeHI1 KOChUIbICTap, (eHomap, KpIIKbUIIAp JKoHE (IaBOHOUATAD
OOJIFaHBIKTaH, OJlap METaJUI HOHIAPBIH TOTHIKCHI3IaHIBIPYFa KaOineTTi. DKCIIepUMEHT
OapbIChIHAA OCIMIIK YHTaKTapbl MBIC EpITIHAUIEpiHEe eHri3imin, Oenrimi yaksIT
apalbIFbIHA peaknus 0apbIchl OaKbUIaHIBI. AJBIHFAH YJTJIEp ONTHKAJIBIK 9/1iCTEPMEH
TaJJaHbII, HAHOOOIIEKTePAiH TY311yi 0JapIblH epiTIHAIACT] TYCIHIH 03repyi apKbUIbI
na Oaiikannael (Singaravelu et.al., 2007). HanoGenmexrepaiy Ty3inyine pH MoHiHIH
ocepi KapacThIpbUILIBI, OYJT YIIIH 9pTYpil opTajna Taxipubenep xyprizingi. CoHbIMEH
Karap alHBIMAJIbI MEKTP TOrbIHBIH xkuULIiri 50-neH 25000 'y apanbiFbiHaa €3repTiIil,
OHBIH OOJIIICKTEePIiH TY3UIy KbULIAMIBIFBIHA JKOHE OJIIIEMIHE ocepi 3epTTelIi.
AJBIHFaH JEPEKTEp apHaiibl KecTenepe KOPCEeTUIiN, CalbICTRIPMalibl TYpAE TalAaH bl

Hatmxesiep :xoHe TajKbLiayaap. 3eprrey OapbIChIHAA MBIC JKOHE Maliaui
MOHJIAPBIHBIH CYJIbl EPITIHALICPIHEC OCIMJIIK TEKTeC TOTBIKCHI3/IaHIbIPFhIMITAP/IbIH
OCepiHEH HAHOOOJIIEKTEPIiH Ty3Ulyi OaiiKaiubl. AJIBIHFAH MOIIMETTEP OCIMJIIK
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LIMKI3aThIHBIH TaOUFaThl OONIIEKTEPAiH TY31Iy MPOLECiHe KOHE OJaplblH eJIleMiHe
eJIeyITi ocep eTETIHIH KOPCEeTTi.

AnFamkel  TOXipuOenepae  opTypii  ©CIMIIKTEp  KOJJAHBUIBIN,  AJbIHFaH
Oenmekrepain exmemaepi Nano-S90 nasepii aHBIKTaybIIBIHAA Ja3epii Andpakuus
QMIICIMEH OJIIIEHI].

Kecre 1. Bemmmexrep enmemaepin Nano-S90 mazepiti aHbIKTaybIIIBIHAA J1a3epili AUPPaKIUs daiciMeH
CYJIBI EpPITIHIUIEPCH NaJUIQANH/IiH TOTHIKCHI3IaHFaH OOJIIICKTEPIHIH OJIIIEMIH aHBIKTay HOTHKENIEpi

OciMaik Typi Size, r, nm % Intensity Width, r, nm
Texun 185.2 98.1 56,59
2683 2.9 165.4
Kp13bu1 147.5 100 39.85
Tycti 189.8 96.3 84.60
2670 3.7 181.7
Koanimri opamkansipax 193.3 100 51.93
Bpoxkkoie 145.4 96.9 63.85
2887 3.1 163.3
Kycan 128.8 98.6 54.26
2385 1.4 368.8
bunaii nongepi 232.8 88.3 76.52
36.02 7.1 7.031
2786 6.6 294.8

Byn kecreneH kepreHimizlei, eH ycak OeJIekTep KycaH MEH Oumail moHmepi
KONJIAHBIIFAH  Ke3le Ty3unai. bByn  onmapabiH  KypamblHAa — HAHOOIIICKTep/i
TYpaKTaHJBIPYFa KaOileTTi OMOJOTHSUIBIK OEJICeHIII KOCBUTBICTAPBIH Oap eKeHMIriH
nmonenneiiai. COHBIMEH Karap IIIiH MEH eNIeMACPIiH OPKeNIKi OOJMybl eCIiMIIK
AKCTPAKTINIEPiHiH KYPaMbIH/IAFbl KOMITOHEHTTEP/IIH OpTYPIIiTirine 0aliIaHbICTHI.

OciMaik TekTec COpPOSHTTEPiH CamaiblK KOHE CaHJBIK XUMUSIIBIK KYpaMbl
STAHOJIBI SKCTPAKIHSIIAP APKbLIbI AHBIKTAIIBI.

Kecte 2. )KycaHHBIH 3TaHOIIBI SKCTPAKTICIHIH KEKe XUMHISUTBIK Kypambl

No RT Kocbuibictap Mac. yreci, %
1 3.495 | Oxime-, methoxy-phenyl- , Oxime-, METOKCH-(EHII- 23.08
2 |7.487 |1-(2,5-Dimethoxyphenyl)-propanol , 1- (2,5-mumeroxcudennn) | 76.92
HPOTAHOJ
Kecre 2-neH Kepin OTBIPFaHbBIMBI3/IAM, KycaH AKCTPAKTICIHIE

1-(2,5-muMeTOKCU(EHMIT )-ITPOTIaHOT KOCBHUIBICHI 0AChIM OOJIBII MIBIKTHI. Byl KOCBUIBIC
MBIC TICH MAJUTaANH HOHIAPBIH TOTHIKCHI3IAH/IBIPYIa HETI3T1 Pl aTKapaibl.

Kecte 3. bunait noHIepiHiH 3TaHOIBIBI SKCTPAKTICIHIH KEKe XUMHSIIBIK KYpaMbl

No RT Kocbuibictap Mac. ynec, %
1 3.495 4-Ethylbenzoic acid, dodec-9-ynyl, 4-meTnn-6eH301HOMI 4.15
KHUCJIOTBI, IO/Ie1-9-HHILI,
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2 3.859 3H-Pyrazol-3-one, 2,4-dihydro-5-me, 2.74
3H-nupazon-3-oH, 2,4-1Uruapo-S-s

3 4212 Butane, 2,2'-thiobis-, byran, 2,2'-thiobis-, 13.00

6.671 Borneol, 6opraeon 5.47

5 7.476 Silane, dimethoxymethylphenyl-, 3.39
CutaH, TUMETHI METHI (DEHII,

6 8.027 Thymol , Tumon 16.18

7 8.347 Pyrazine, 2,3-diethyl-5-methyl-, 9.23
[Mupasun, 2,3-1udTHI-5-METHII-

8 17.820 Arobidos, apobunoc 7.27

Bapibirsl 61.43

bunait noHmepiHiH AKCTPAKTICIHAE OPTYPII OPTaHUKAIBIK KOCBUIBICTAp TaOBUIIbI,
oNapJblH IIIHAEC THUMOJ JXOHE NHPA3WH KOCBUIBICTAPHl aWTAPIBIKTAl MeJIIEp/e
AHBIKTAJBI. BYJI KOCBUIBICTAp IbIH 00Ty bl OUIali SKCTPAKTICIHIH TOTBIKCHI3IaH ABIPFBIIIT
OCJICeHAUTITIH  apTTHIPBIN, METAJUI HOHJAPBIH HAaHOOOJIIEKTepre alHaIbIpy/Ia
MaHbI3/IbI POJI ATKAPATHIHBIH JAJICIICHII.

Kenecitoxipubenep/ie aitHBIMAITBI 3JIEKTP TOTBIHBIH KU LTITiHIH 9Cepi KapacTHIPBLIIBL.

Kecte 4. AWHBIMAJIBI TOK )KUUTITTHIH MBIC MBICAJIBIH/IAFbI €PITIH/IIET] alIbIHFaH METaILI OOIIIIEKTePiHIH
eJmIeMiHe ocepi

v, ['n TOTBIKCBHI3IAHIBIPFBILT
Kycan Bunait
r (OeseKTep ememMi), HM R (OemmexTep enmiemi), HM

50 185 267

500 265 205
5000 129 477
10000 340 212
15000 92 425
20000 134 188
25000 318 265

By kecremen kepin OTBIPFaHBIMBI3AN, JEKTP TOTHIHBIH JKULIITI apTKaH CaibIH
OeJmmeKTep/IiH TY31Iy yaKbIThl alTapibIKTail KbICKAPHIII, OJNAP/BIH OJIIEMi o3repe]li.
Kuiniri 500 T'm kesirme rumepxpomasl 3ddexr Oalkanmbin, Oy OeIeKTepIiH
KOHLEHTPALUUSICHIHBIH KYPT ocyiH Oinamipeni. ConsiMeH Karap, pH kepceTkimTepiHig
ONITUMAJIIBI MOHIEPI Jie aHBIKTaNbl: KycaH ywiH pH = 8, Oumait ymin pH = 11.
By nepexrep OGemekTepiiH TY3iLTyiHEe TEK 3JIEKTp TOTHI FaHA eMec, COHbIMEH Oipre
OPTaHBIH KBIIKBIIBIFGI A €NIEYITl BIKITAl €TETIHIH KOpCeTeTi.

XKannel anFaHna, ajbIHFAH  HOTIDKENEp KOPCETKEHHAEH, ©OCIMIIK  TEeKTec
TOTBIKCBI3JaHIbIPFBIITAPBI KOJIJAHY MBIC)KOHE TIAJUIA AN MOH JapbIH HAHOOOIIIIEKTepre
alHAIIBIPYABIH THIMII 9ici Oousbin TaObuiaapl. JXKycan MeH Oujail AoHIEpi epeKie
OCJICeHAUTIK TaHBITHIMN, CABICTBHIPMANBI TYPHE YCAK Opi TYPaKThl OOIMIEKTEePIi TY3i.
AWHBIMAIBI AJIEKTP TOTBIHBIH KOJJIAHBUTYBI TPOLECT] JKbIIIAMIATHI KaHa KoiMai,
aJIBIHFaH OOJIIIeKTEepAiH carmachblHa Ja OH BIKIAT eTTi.
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KopbIThIHABL.

1. 3eprrey HOTHXKEIEP] KOPCETKEH IEH, OCIMJIIK TEKTEC TOTHIKCHI3IaH IbIPFBIIITAP IbI
(>xycankoHe OMIal JoH e ) KOJAaHy MBIC KoHE TaylTa In i HOHIaphIH HAHOOeJIIIeKTepre
NEHIH TOTBIKCHI3MAHABIPYABIH THIMII omici Oombim TaObuiansl. JKycan MeH Owmmait
AKCTPaKTIICPiHIH KYPaMBIHAAFbl OWOJIOTHSUTBIK OCJICeH I KOCBUTBICTAp OOIIeKTepaiH
TY3UTyiH KBUIIAMIATHIT, OJIAP/IBIH TYPAKTHIIBIFBIH KAMTaMAChHI3 ETe/I.

2. Jlazepnik maudpakius 9AiCIMEH allbIHFaH MOIIMETTep OOWBIHINA OOIIEKTEPIiH
emmeMepi 36—2500 HM apanbirsiaaa 6ommbl. Herisri yneci 200-250 HM apamnbiFbpiHa
colikec kenni. OnTuManapl opTa napaMmeTpiiepi aHbIKTas bl )KycaH yuid pH = §, Ounait
yuwin pH = 11.

3. AWHBIMaJIBI 3JEKTP TOTBI OOJIICKTEPAIH TY3UIy AMHAMHMKACBIHA alTapibIKTai
ocep ererini gonenaenai. JKuimiri 500 'y ke3inge OenmeKkTep/IiH KOHIICHTPAIHSICHI
apThIIN, TY3UTy yaKbITHl IIaMaMeH 15 ece KpIcKapnbl. By 31ekTp epiciHiH eciMJIik
IIUKI3aThIHIAFbl OPraHUKAJIBIK KOCBUIBICTAPIBIH 3JCKTPOHIIBIK JOHOPJIBIK KaOilneTiH
KYIIEHTETIHIMEH TYCIHIIpiieTi.

4. ANbIHFaH HOTIOKENIEP OHOJIOTHSUIBIK JKOJIMEH CHHTE3ZCITeH HaAaHOOOIIEKTePIiH
9KOJIOTHUS/Ia, MEAUIIUHAJIA JKOHE KaTaju3 MPOIEeCTePiH/e KOJJaHbUTy MYMKIHIKTEPiH
alKpIHIA Oep/Ii.
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Abstract. The article studies effective methods for isolating some natural
triterpenoids from domestic plants for subsequent synthesis of new biologically active
derivatives based on them. Betulin was identified by TLC on Silufol plates and analyzed
using IR spectrocopy, chromatography-mass spectroscopy. Qualitative and quantitative
analysis of betulin was carried out by HPLC. From the endemic Kyrgyz birch "Betula
Kirghisorum", the natural triterpenoid betulin was isolated for the first time. The synthesis
of a phosphorylated derivative of betulin was carried out. Degree of implementation.
Development of effective methods for isolation and production of biologically active
derivatives based on betulin. Betulin isolated from Betula kirghisorum expands the
idea of the inexhaustible possibilities of chemical transformation of triterpenoids and
can be used both for large-scale production of new derivatives and chemical synthesis
based on it. Application domain. Chemistry, medicine and pharmaceutical industry.
Economic efficiency or significance of the work. This topic will allow us to reach the
range of organic compounds that can form the basis for the creation of new substances
and materials with unique consumer properties for the needs of the chemical industry
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and medicine. The study of this compound is of great importance for its further
transformations and modifications. The purposeful transformation of such natural
biologically active substances leads to the emergence of completely new compounds
that will have a wider range of action and be used in different areas.
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AnnoTanusi. Makanana kei0ip TaOUFH TPUTEPIICHOWATAPABI KEHIHT1 OMOMOTHSUTBIK
OejiceHAl TyBIHIBUIAPBIH CHHTE3[CY YIIIH OTaHABIK OCIMAIKTEpAeH THiMAl Oemy
onictepi 3eprrenreH. berynun Silufol Takranapst 6oiibrHma TXKK apKbuibl aHBIKTAIBIII,
UK cnekTpockomusichl, XpoMaTorpadus-mMacc CeKTPOCKONMSICHl apKbUIbl TajIaHFaH.
BerynunHiH cananblk xoHe caHablK Tangaybl JKCIIX apKpUibl Kyprizinred. DHIeMUK
Keipre13 TyOipTekTi Tepek «Betula kirghisorum» ecimairinen taburu TpUTEpIEHON
OeTyNmuH anFaml peT OediHiN anbiHAbl. beTyanHHIH GochopnaHaAbIpbUIFaH TyBIHIBICEIH
cuHTe3ney Kyprizuimi. Icke aceipy mopekeci. beTynmuH HerisiHie OMONIOTHSITBIK
OejiceHal TyBIHABUIAPBIH 06N amy KoHe OHIIPYAiH THIMAI 9ficTepin a3ipney. Jlyman
TYBIHJBUIAPBIHBIH, OWOJOTUSIIBIK OEJICeHAUTITiH  apTThIpyAaFrbl aMHHACHYAIH pei
MeH KOJJaHOaibl MaHBI3bl KOPCETUIIN, ajblHFaH aMUHONYIAaH KOCBUIBICTAPBIHBIH
KYPBUIBIMABIK ~ €pEeKIICTIKTepi MeH oJeyeTTi  (apMakoNOTHsUIBIK — OaFbITTaphbl
cumarraigagsl. Makajga TpUTEPIICHOMATApAbl XUMMSJIBIK TYPJACHIIpY oIicTepiH
KETUIIIpyre JXoHE OWONOTHSIBIK OelceHaAl jKaHa MOJIeKyJanap CHHTE31HEe yiec
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kKocaapl. Betula kirghisorum ecimzirinen OeniHreH OETYTUH TPUTEPICHOWATAPIBI
XUMHSUTBIK TYPJACHIIPYIIH IIEKCi3 MYMKIHIIKTEpl HJCSACHIH KEHEWTEHl KOHE OHbI
JKaHa TYBIHABUIAP/IBI KOIT MeJIIEPC OHAIPY YIIIiH JIe, COHBIMEH KaTap OHBIH HETi3iH]e
XUMHSUTBIK CUHTE3 Kacay YIIH Je maijananyra Oonanel. Konnany canacel. Xumus,
MEMIIMHA XOHE (papMalleBTUKa ©HEpKaciOi. JKYMBICTBIH AKOHOMUKAIBIK THIMIUTIT
HEMEeCe MaHbI3bL. ByJI TAKBIPBITT XUMUSI OHEPKICIO1 MEH MEUIIMHAHBIH KaXKETTLTIKTepiHEe
apHaJFaH jkKaHa 3aTTap MCH MaTepHaJIap/Ibl J)KacayFa Heri3 00Jia ajJaThlH OPraHUKAIBIK
KOCBUIBICTAp ayKbIMBIHA KOJI KETKi3yre MYMKIHJIK Oepesi. byl KOCBUIBICTHI 3epTTey
OHBIH OJIaH 9pi TpaHCOpMaNUsIapbl MEH MOAH(DUKANUSAIAPHI YIIIH YIKEH MaHbI3Fa
ne. MyHali TaOuru OMOJIOTHSIIBIK OCJICSH]TI 3aTTapIbl MAKCATThI TYPJIE 63repTy MYJIIE
JKaHa KOCBUIBICTAp/bIH Taiia OOo’yblHAa OKeJelli, ojap KEeHIPeK ocep ayKbIMbIHA He
OOJIBIT, OPTYpIi cananapa KOJAaHbUIAThIH O0JIaIbl.

Tyiiin ce3nep: OeTyIWH, SKCTPAKIIKS, CIIHPT, XKYKa KabarTel xpomatorpadus, UK —
cnekTpockonusg, OXKCX
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Annoranusi. B crarbe u3ydeHbl d(QEeKTHBHBIE METOIBI BBIICICHUS HEKOTOPBIX
MPUPOIHBIX TPUTEPIEHOMJIOB M3 OTCYECTBEHHBIX PACTEHUH ISl TOCIEIYIOIIETO
CHHTE3a Ha MX OCHOBE HOBBIX OHMOJIIOTMUECKM AKTHBHBIX MPOHM3BOAHBIX. berymnH
naentuduuupoamn Merogom TCX Ha mnactunax Silufol m ananmsmpoBanm c
ucnonb3oBanueM HK-crekTpockonuu M XpoMaTo-Macc-CHeKTpOocKonuu. MeTtomom
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BDXX mnpoBemeHbl KauyeCTBEHHBIH M KOJMYECTBEHHBIH aHanmu3 OerynuHa. U3
sHIeMHUYEeCKOl Oepé3pl kuprusckoil Betula kirghisorum npupoasslii TpuTepreHOUAa
OetynuH BbineneH Brepsble. [IpoBenén cuntes GochopuaInpoBaHHOTO MPOU3BOAHOTO
Oerynuna. [IpakTuueckas 3Ha4MMOCTb pabOThI 3aKIII04aETCs B pa3padoTke 3 heKTHBHBIX
METOJIOB BBIICTICHUS U MTOTYYEeHUH OHOIOTHYECKH aKTUBHBIX POU3BOIHBIX HA OCHOBE
Oerynuna. berynun, Beinenennsiii u3 Betula kirghisorum, pacmupsieT npeacraBieHue
0 HEHCUEPIIaeMbIX BO3MOXKHOCTSAX XHMHYECKOH TpaHC(OpPMALUN TPUTECPIICHOHIOB
U MOXET OBITh HCIONB30BAaH KakK Ul LIMPOKOMACIITAOHOTO TIONyYEHHS HOBBIX
MIPOU3BOAHBIX, TAK M JAJISI XAMUYECKOTO CHHTE3a COCJMHEHHI Ha ero ocHoBe. [lokazaHa
poib peakuu (HOCHOPUIMPOBAHKS B LIEICHANPABICHHON MOJU(HUKALUK JTYTTaHOBBIX
COCAMHEHHH, HANpaBlICHHOW Ha TMOBBIIIEHUE HX OHOJOTHYECKOH AKTHBHOCTH.
OxapakTepu30BaHbl CTPYKTYPHbIE OCOOEHHOCTH MOJTYYE€HHBIX aMHHONPOU3BOIHBIX
W ¥UX TOTeHUMalbHOE TpUMeHeHue B ¢apmakoiorud. Pabora cmocobcTByeT
yIIyOJIeHUIO 3HAaHUKH O XMMHUYECKOH TpaHc(opManuu TPUTEPICHONUIOB U PacIIUpseT
BO3MOJKHOCTH CHHTE3a OMOJOTMYECKH AaKTHBHBIX Mojekyd. OOnacTb NpUMEHEHHS
PE3YJIbTaTOB BKIIOYAET XMMHUIO, MEAULIMHY U (PapMaleBTUYECKYIO MPOMBIIIJICHHOCTb.
DOKOHOMHUYECKas! 3HAYMMOCTb HCCIIeIOBaHUsI 0OyCJIOBIEHA TEM, YTO pa3padOTaHHBIE
METOJbl MO3BOJIAIOT BBINTH Ha KpPYr OPTaHMYECKUX COCIMHEHHH, KOTOPHIE MOTYT
CTaTh OCHOBOHM JJsI CO3AaHUSl HOBBIX BEIIECTB M MaTEpPHaJOB C YHHUKaJIbHBIMU
MOTPEOUTENbCKUMHU CBOMCTBaMHU JAJSl HYKJI XHMHYECKOH MPOMBIIUIEHHOCTH H
MenuIuHbL. bonpiioe 3HaueHHe MMeeT JaibHelllee n3ydyeHne AaHHOTO COeIUHEHUs,
MOCKOJIbKY IIeJICHAaNpaBlieHHas TpaHc(opMmanusi TakKuX HPUPOJHBIX OHOIOTHYECKH
AKTHBHBIX BEIIECTB MPUBOIAHWT K TIOSBICHHIO HOBBIX COEAWHEHHWH C PaCHIMPEHHBIM
CIIEKTPOM JIEHCTBUS, BOCTPEOOBAHHBIX B PA3IIMUHBIX 00JIACTSX.

KiioueBble ciioBa: OeTyluH, SKCTpaKIMs, CIUPT, TOHKOCIOWHAasT XxpoMarorpadus,
UK — cnekrpockonust, BOXKX

Kipicne. Kazipri 3aManfbl XMMHsI FBUIBIMBIHBIH OachbM OarbITTapbIHBIH KaTapblHa
JKaHa JKOFapbl THIMA1I OMOJIOTHSUIBIK OEJICeHIl KypajnapAbl 131ecTipyli KapKbIHIATy
KaXeTTUTirl skatagel. bynm MingerTi memrymin Oipi MoseKymajgapAblH KYPBUIBICHI
OJIapIbIH KYPBUIBIMBIHA CYOCTpaTTapAblH HEri3Ti TepamusuIblK 9CEpiH KYLIEHTEeTiH
HemMece OHMOJIOTHSUIBIK OENICEHIUTIKTIH jKaHa, Keiae KyTIereH TypJepiHe oKeleTiH
opTYpIi QYHKIMOHANIBIK TONTAP/BIH €HI131TyiHEe BIKHAJ €TETiH TPUTEPIICHOUATAPIBIH
XUMHSUTBIK MOIU(DUKALIUSCKHI OOJIBITT Ta0BLIAIBI.

KazakTbiH ycak moKbUIb aiiMarbl CapblapKaia eceTiH KalbIHHBIH KBIPFBI3 (Ka3ak)
kaiipiHpl (Betula kirghisorum) kaOwirbinan KazakcTan ¢apmaneBTHKAachlHA KasKeT
OCTYNMHHIH JOpUTIK TYpPJEPiHIH OHAIPICIHIH KOJIFa KOI YIIIH Ta3albIFbl JKOFaphl
OCTyNUH ay[blH OHTAMIBl oficTepiH i31ecTipy, OETYIUH MEH OHBIH TYBIHABUIAPBIH
XUMUSUIBIK JKOHE OMOXMMHUSUIBIK TpaHchopMauusiayasl >Ky3ere achlpy, ajblHFaH
KOCBUIBICTAPIBIH KYPBUIBIMBIH aHBIKTAy >KOHE OJNapAbl MPaKTUKAIBIK MaijanaHy
MYMKIHJITiH K@pceTy OOJIbI TaObLIa bl

Koiibuiran MakcaTTapabl ’y3ere acblpy YLIIH KeJieci MiHAeTTep aHbIKTalabl:

— KazakTblH ycak moKbpUIb! aiiMarsl CapblapKaia ©CceTiH KalbIHHBIH KBIPFBI3 (Ka3ak)
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kaiipiHbl (Betula kirghisorum) xaObiFpiHaH OCTYIUH jKoHE OacKa TPUTEPIICHOUATAP/IBI
Oeuin any;

— berynunHiH KypambiHZa (OCOpiasl KOCBUIBICTAPMEH op TYpJl opTaiapia
peaxkusIapbiH 3epTTey;

— Ousuka - XUMUSJIBIK OICTEPIiH KOMETriMeH OCTYyJWHHIH KOHE OHBIH
TYBIHIBUIAPBIHBIH, ~ XUMUSIJIBIK ~ ©3Tepyl HOTIDKECIHIE allblHFaH KOCBUIBICTAPIbIH
KYPBUIBICHIH aHBIKTAY;

— AJBIHFaH KOCBUIBICTAPIBIH OHOJIOTHSUIBIK OEICEHAUTIKTEpiHEe KOMITBIOTEPIIiK
Ookay XKyprisy.

3epmmeyoin 2vlnbiMU — NPAKMUKANBIK MAHBIZO0bLILIEDL.

KazakTheiH ycak mOKbUIE aiiMarbl CapblapKaja eceTiH KalbIHHBIH KBIPFBI3 (Ka3ak)
kaiibiHbl (Betula kirghisorum) kaOwirbiHan Kaszakcran (apMalieBTHKachlHA KaXKeT
OCTYNUH TYBIHABUIAPBIHBIH ASPUIIK TypJsiepiH Oemim amy, onapIblH HEri3iHIe KaHa
OMONOTHAIIBIK OEJICEeH Al 3aTTapIbl CHHTE3ACYIIH 9ICTEPiH 3ePTTeyACH TYPaIbl.

AJBIHFAH HOTHIKEJIEp TEOPHSUIBIK KOHE MPAKTHKAJIBIK KbI3BIFYIIBUIBIK TaHBITA/IbI
KOHE TEPIEHOUATHl KOCBUIBICTAPABIH Ka3ipri 3aMaHfbl OpPraHUKAJBIK XUMHSHBIH
OipKaTap ©3eKTi MoceeNepiH IIelyTe eleyii YAec KOCaabl.

3eprTey Marepuasgapsl MeH daicrepi. 3eprrey oObekTici - KaszakTblH ycak
LIOKBLIBI aliMarbl CapblapKaia eceTiH KalbIHHBIH KbIPFbI3 (Ka3aK) KalbIHBIHBIH (Betula
kirghisorum) KypambIHIa Ke3[€CETiH JyNaHblK TPUTEPIICHOUATAP. 3ePTTEy KYMBICHI
O. CarpiHOB aTbIHAFbl Kaparanabl TeXHUKAIBIK YHUBEpCUTETI, «OKaHa marepuangap»
FBUIBIMHU- 3€PTTEY HMHCTUTYTHIHIA OPBIHAAJIBL.

3eprTey Kyprizy Ke3iHae 9/licCHaMalbIK HeT13 TPUTEPICHOUATAPAbIH TY31aphl MEH TY3
KEIICH/ICPiH ajly CallaChIHAAFbl OTaHBIK XKOHE MICTENIK FaIbIMIAPABIH KYMBICTAPbIH
3eprTey koHe Tannay Oomnnbl. XKyMmbIcTapabl OpbIHAAY Ke3iHIE OpraHUKAJIBIK CHHTE3,
aJIBIHFaH 3aTTap/bl 06y )KOHE Ta3apTyAblH 3aMaHayH JicTepi KOJIAaHbLIIbL.

Bacrankpl 3arTap MeH eHIMAEpHiH XpoMmarorpadusUIbIK JKOHE CHEKTpasbii
aHaJIM3IEPiHKYPIri3y YIiH OPraHUKaIbIKKOCBUTBICTApABIHMACCATBIK KOHIICHTPALMSICHIH
AHBIKTAUTBIH XPOMATO-MaCC-CIIEKTPOMETPUS SJICIMEH, KOFapFbl dPPEKTUBTI CYHBIK
xpomarorpadus 9/1iCiMeH KOMIpCyTEKTepAiH MacCalIbIK YJIeCTEPiH OJIIIey METOINKACHI,
OPTaHHUKAJBIK OTTEKTI KOCBUIBICTAPABIH MacCalbIK YJIECTEPiH eIy o/iCIMEH oIey
ApKbUTBI 3€PTTEIL.

OKCHEPUMEHTTIH  HETi3ri  KOCBUIBICTapbl MEH OHIMIEpiH XPOMOTO-Macc-
criekTpockomnus, aneMeHTTiK Tanaay, UK-cnexrpockonus xone XTCX omicrepimen
TOJIBIK XPOMOTOTpadusUIbIK aHanu3 Kypriziaai (Zhao et al, 2019; Shanmugam et al,
2020; Dzubak et al, 2020) . 3artap uaeHTUPUKAIMSICH MACC-CIIEKTAPIIbI1I MAJIIMETTEP
6azaceinga NIST98 xxyprizaipinai. JKTCX aniciMen pedpakToMeTpitik JeTEeKTOpbI Oap
«Shimadzu LC-20 Prominence» npudopaa nmoauapomMaTTbl KOMipCyTeKTEpAiH KYpaMbIH
pacransl (Kyk, 2017).

Beuninin anplHFaH JynaHIblK TPUTEPICHOUATAPIABIH KYypaMblH 3EpTTEy JKOHE
CaHJIBIK KYpaMbIH aHBIKTAy TiKeJel aiimay omiciMeH xy3ere acans! (Kysnemos ,2014).
Toxipubeneri Oactel 3arTap MeH enimzaepai 3eprrey yumiH KTCX «Shimadzu LC-
20 Prominence» konpaHbutagbl. OpraHUKadbIK 3aTTapAbl ally YIIiH epiTKiliTepMeH
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oJlapHbIH Kocmackl (TeKcaH, renTaH, M300KTaH, TONyoJ, OEH30J JKOHE ATHJII CIUPT)
naipanansiiane (Kucenes et al, 2009; ITerpos et al, 2017).

UK - Dypse cnekrprepi «®CM — 1201» cnekrpomerpinne Ttycipinai. Herisri
JKOHE OHIMJIEP/IiH KOMIIOHEHTTIK KypaMbIHbIH aHanmu3id Agilent 7890 A (AKIII) razast
Xpomaro-macc-criektpomerpust omicimen HP  5890/5972 MSD OGarnapnamackiniga
xyprizinai (Kysznenos ,2016). Illaiisipnapaarsl OacTanmkel 3aTTap MEH OHIMAEPIH
eHzeynl Obutaiimia »xysere acwipApl: 20 mi amertoHaa | T epiTiHAlI KOHE HaTpuUil
cynbgareiMeH KyprarTel. | mi epitinaini 10 mu —re aediH cybITTHI jkoHe 10 MK
CTaHJApTTHl O-NUKOMMH MeH 40r/1 KoHUeHTpieHreH (urypanTpeH Koctel. laiibipaa
CTaHJAapPTTapblH KOHLIEHTPAMACH! 8 T/KT KYpaJbl.

Xpomatorpadus mapTTapsl:

Komonka: DB-5, 30 m X 0,25 mMm X 0,5 MKkM

I'a3: renwuii, 0,8 ma/Mun

Tepmoctar: 50 0C — 4 Mmun

50-150 0C — 10 0C / mun

150-300 0C — 20 0C / Mmun

300 0C — 4 mun

Bynanneipreim: 250 0C

Bynanneiprei: 200 0C

3artap uaeHTH(UKAIMACHIH Macc-CIIeKTpaibai ManiMerTep OazaceiHma NISTIS
KYprizinmi. 3arTap KOHUEHTPAUMWSIChIH (IyOpaHTeHFa KaThICThI INAPTTHI CAaHBIMEH
anpikTangsl.  JKOCX  omicimen pedpaxromerpiik gerektop «Shimadzu LC-20
Prominence» KypaiblHa MNOJIMAPOMATTBl KOMIPCYTEKTEPIiH KYpPaMbIH AQJeIAeaAl
(Cemenog, 2009).

KewmipTtek, cyTek, OTTeK, a30T koHE KYKIpT Oap OOJIybIH Kary apKbLIbl TEKCEepi
(Jager et al, 2009). Ynrineri kemipreknen cyTekTi ansikray 'OCT 24081-95 GolibiHia
KYPrizinai: Oenrial TOK >KbUIAaMIIBIFBIHIA YIITIHI OTTETi TOTBIHIAA >KaHIBIPIbL. MbIC
OKCHUIH kaHIbIpyFa xeTkeHHeH CO2 xone H20 Oeninrenre aeiiin xyprizinai. Onap
(CO2 xone H20) canmak KaTbICBIMEH aHBIKTAJIBII OTHIPBI.

Hormxesniep Men Taiakpliayiaap. PeuibiMu-zeprrey skymbicTa 013 MbIHagai
MakcatTapbl ke3uedik: 1) Keiprbl3 (Kazak) KarbiHbl (Betula kirghisorum) kaiiblHbIHAH
OCTYNMHHIH CaHABIK IIBIFYBIHBIH CUITIHIH Cy €pITIHIICIHIH 3KCTPaKLUS Y3aKThIFbIHA
KOHE KOHIIEHTPALMSIChIHA TOYENALIIriH 3epTTey; 2) OemiHreH OeTYIWHHIH HeriziHae
KypambiHaa ¢pocdopibl ToOb! 6ap xKaHa TyBIHABLIAP aly; 3) anblHFaH KOCBUTBICTapAbIH
OMONOTHSIIBIK OEJICEHITITIH KOMIBIOTEPTIK OOJKay apKbLIbl aHbIKTay (XeOHUKOBa,
2018).

Kpiprei3 (kazak) kaiibiHbl (Betula kirghisorum) skcTpakims KOJBIMEH 3THIL,
M30MPOIUII KOHE OyTHII COUPTTEPl MaiaiaHblIbIH, KalblH KaOBIFBIHAH OETYIMHIIK
TpPUTEPIICHOMATAp aiblHaAbl. By ymriH kaiblH KaObIFbl (OepecTa) KeNTipy MelIiHae
100°C temmeparypaza cajiMarbl TYpakThl OonFaHmia kenrtipiani. KentipinreH KaibiH
KaOBIFBI Opi Kapail KaHIIbIMEH Kecy apKbpUIbl 5-8 MM-re ejmemre AediH ycaKTajibl
(Omaposa et al, 2017).

1-2 MM ¢pakuusitapra aedin ycakransimn, 105°C Temmeparypaza KenTipiireH
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canObIpaHKbl ~ KaWBIHBIHBIH KaObIFbl  (Oepecra) OacTamkbl —INMKIi3aT — PETIHIC
naiinanansuiael. bliranapuieirsl 1% nan Temen. ¥cakranran OepecTta rekcaH Hemece
9THUJ CIUPTiHIH KeMmeriMeH 36- 40 carar MeJIuepiHAE SKCTpakUHsIaHibl. PoTtopiisl
OymaHABIPFBILTA TeKCaHABl OyNaHIBIPBIN YIIBIpFAaHHAH KEHiH KaliFaH TeKCaH[bl
AKCTPAKT akK TYPJIi YCaK YHTaK TYpiHAe aibIHbl. banky remneparypacer 246°C, Kyprak
Oepecrara ecenTenrenieri WeIFbIMbI 15-20 %. bepecTanbl 3TaHOIMEH dKCTpaKLIUsIIAY
ke3inge Oanky temmneparypackl 260°C, Kyprak OepecTara eCenTeNreHAeri MbIFBIMbI 34
% CYp TYCTi YHTaK aJbIH]bI.

YHTaK TYpiHJe anblHFaH Oepectanan OeTyIMHIl OOTil aiy YIIiH Kepi CaaKbIHAaTKbIII
opHaTbUIFaH WbIHBI Kobara 100 r yaTak caneiaabl, orad 60 T NaOH sxone 400 mi cy
Kyiibunel. Konbanel yHemi apanacTeipsin oThIpein 95-100°C apanbirbiana 3-6 carar
KbI3OBIPBUIIBL. bynan keitin konmbanbl 70-75°C neiiin Temmeparypara CajKbIHIAThII,
1,5 5 otun cnupti Kydeast (3.4,3.5-cyperrep). Apanactsipbin oTbIpbin 30-40 MUHYT
KallHaThUIFAaH BICTBIK EPITIHIAI CY3Ti apKbUIbl CY3UIN ajblHABL. Peakuusubik Kocma
(cy3iHai) 5TUN CIIMpTiHEH aiigay oAiCiHiH KeMmeriMeH Tasananabl. beTynun cysrize
BICTBIK CyMEH OipHellle peT alblIFaHHaH KeHiH 0eJIMe TeMIlepaTypachlHaa KenTipiii.

KpIprpI3 KalbIHBIHBIH KaOBIFBIHAH JIYMAaHABIK TPUTEPICHOMATApAbl Oemim amy
IKCTpaKIMAAAy OIICiHIH KeMeriMeH Xyprizinmi. On yuiH Kepi TOHA3BITKBIILICH
KaObIKTaIFaH 1 J1 kenem/Ii JeHreeK TYNTI Y aybI3abl Kostoara 15 T IMKi3aT canbIHAbL.
Konbara 20 % 150 mut kanuii THAPOKCHIIIHIH CYJBI epiTiHAici XkoHe 375 MIT CUPT (ITHII,
H30MpONMII Hemece OyTus crnupTrepi) Kyibuiasl. ComaH KeliH peakuusuIbIK Kocma
82°C-na 4 carat cyibl MOHIIA A KaltHATBUIABI.

Kalinay askranraHHaH KeiliH KonOaZarbl BICTBIK €PITIHAI CyJbl OHE CHHPTTI 2
Kabarka Oeminai. Peaknusuiblk Macca KaliHaraH COH, Te3 apajga broxHep KyWFBIIIBI
apKbUIBI THUAPONM3ICHOCTEH KaObIK KaJjAbIKTapblHaH cy3inmi. JKoraprbl KabaTel —
JMyNaHBIK KOCBUIBICTApAAH TYPAThIH CHHUPTTIK BICTHIK €pPITiHAI O6JIN albIHABI )KOHE
EPITKIIITIH TOJIBIK aifiJlaTybIHA JACHIH KOOJIAHABIPBUIIBL.

OKCHEepUMEHTTEPIiH eKiHIII cepHuschl yKcac Oonabl, Oipak SKCTPaKLHs YaKbIThI
3 caraTka JeiiH CO3bULABL. DKCIEPUMEHTTEPHiH VIIIHIIN CEPUSCHIHAA IKCTPAKIUS
YaKbITHI 4 CaFaTThl KYpaJbl.

CinTiHIH KOHIEHTPAUMICHIHA >KOHE OyTaHoNn OOJIFaH THIPOIU3AIH Y3aKThIFbIHA
0aifIaHBICTBl HATPUW TUAPOKCHIIHIH Cy epITIHAICIHIE THIPOIM3ICHIeH KaObIKTaH
OeJiHreH OCTYIMHHIH LIBIFYBl KECTEAE KeNTIPiireH.

Kecre 1. Harpmii TupoKCHAIHIH KaTBICYBIMEH T'HIPOJIU3/ICHIEH KBIPFBI3 KaHbIHBIHAH OyTaHOIMEH
9KCTparanysuIaHaThIH OCTYIMHHIH YaKbITKA OalTaHbICTHI IIBIFBIMBL

NaOH KaiibiH KaObIFbI TUAPOIM3iHIH Y3aKTHIFbI, CaF
KOHIeHTpanuscsl, % |2 [3 4
BytanonMen skcTpaknusiiay Ke3iHae OSTyTHHHIH IBIFYHL, % oT a0.c.0.
15 2,9 4,9 2,5
20 6,5 10,9 5,9
25 5,9 7,6 5,5
30 3,9 5,2 2,7
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Kecte 1-ne kepceTinren aepekTepAeH KopiHil TypFraHaai, OeTynTMHHIH MaKCUMaJIIbI
HIBIFYbI KaOBIK ruaponu3singe cintinid 20% epitinaiciaae 3 carar iuriHje OalKanabl.

OtaHoNaH KaiTa KpUCTalJaHFaHHAH KeHiH HAaTPU TUAPOKCUAIHIH KaTBICYBIMEH
THIPOJTU3/ICHTeH KaObIKTaH Oy TaHOIMEH aJIbIHATBIH OCTYIMHHIH aK TYCT1 YHTaKTapAbIH
yarinepiniy 6anky temmeparypacsl 243 °C Teq Oomnnsl. banky temmneparypacsl Stuar
SMP -10 nprOopbIHBIH KOMETIMEH aHBIKTANIbL. Keneci Toxipndenep KaliblH KypamMbIHaH
OeTyNIMHHIH oHe 0acKa 3aTTap/IblH IBIFBIMBIH 3€pTTEyTre OarbITTanabl. O YIIiH KalibIH

KaOBIFBIHAH TEKCAH/IBIK KOHE ATAHOJIBIK SKCTpakTap anbiH el (Kecte 2,3).

Kecre 2. I'ekcaHIBIK SKCTPAKTAFBI KOMIIOHSHTTEPIIH MOJIIIepi

Komnonent Canmarbl JKannel memmiepzeri %
berynun 442 59,4

Jlyneon 426 31,7

CuroctepuH 412 0,6

Jlynan xarapsl 426 1,4

Jlyneon anpueruai 424 2.4

Kecte 3. DTaHONIBIK SKCTPAKTaFbl KOMIIOHEHTTEPIIH MOJIIIepi

Kommonent Canmarsl Kanmer memmepaeri %
berynun 442 51,08
Jlyneon 426 34,37
[TanbMHUTHH KBIIIKBLIBI 256 0,4
Jlyman xarapbt 426 0,86
Jlyneon anbaerumi 424 0,69

Cyper 1-me OerTynuHHIH Ta3apl XpoMmarorpadra TYCIpiireéH XpoMaTrorpamMmachl

OepinreH.

T e

Cyper 1 — beTynuHHIH Ta3AbIK XpOMaTOrpaMMachl

Cyper 2-me OeTyAMHHIH CYHBIKTBIK XpomaTtorpadblHIa aJblHFaH dp Typii
KOHLEHTpalusuIaparkl XpoMarorpamMmmaapsl Oepijret.
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Cyper 2 - beTynuHHIH op TYpJIi KOHIEHTPALMUIAPIAFbl CYHBIKTBIK XPOMATOTr paMMaIapbl

KopbiTbinabl.  TputepriecHOMATapFa JKoHE OHBIH  TYBIHJIBUIAPBIHA  JICTCH
KBI3BIFYIIBUTBIKTBIH COHFBI YaKbITTa YJaibl ecyi Oalkaialpl, OYJI KOCBUIBICTAPIbIH
OMOJIOTHSITBIK OCIICCHAUTITIHIH K€H CTIEKTPiHE HeTi3aenreH. beTyInH MeH OHBIH OipKaTap
TYBIHJIBUTAPH aHTHOKCHJAHTTHIK, KaOBIHYFa Kapchl, iCIKKE Kapchl, BHPYCKa Kapchl,
AHTHCENTUKANBIK, TeaTOMPOTEKTOPIIBIK KACHETTEePre e EKSHIIT olelieHreH. YKaKbiH
JKOHE aJIbIC MIETEIIEPIIH TYpal hapMaeBTHKAIBIK (prpMazapbl opTYpil aypyiaapIbH
QIJIBIH aJly JKOHE eMJIey YIIIH DKCTPAKT, Jpake, CUPOITAp JKOHE Karcyianap TypiHae
OeTynmuH HETi3iHAe TpemnaparTap IbFapansl. OCkIFaH OAMIaHBICTHI, OCHI KYMBICTHIH
Makcathl KazakcTaHHBIH SHASMUSIIBIK ©CIMIITIHIH KaObIFbIHAH, KeWIH OHBIH HET131He
JKaHa OMOJOTHSIIBIK OCIICeHII TYBIHABUIAPIBI CHHTE3CY YIIIH KBIPFhI3 KalbIHBIHAH
TPUTEPIICHOUATAPIBI 00ITy ATy OOIBIT TaOBIIAIBI.

Kapkapaibl MEMIICKEeTTIK YITTHIK TaOUFU casOarbiHbIH KeHT OpMaHIIbUIBIFBIHBIH
ayMarblHIa KBIPFhI3 KAWBIHBIHBIH KAOBIFBI OCIMIIK IITUKI3aThl TYPIHIE KUHAJIEL.
Keipre13 KaiibiHel KazakcTanHBIH OipITama IIaFeIH aifMarbIiHma ecemi, ol Kapkapaib
MEMJICKETTIK YITTHIK TAOWUFH MapKiHae koHe HayphI3pIM MEMJIEKETTIK TAOUFH KOPBIFhI
ayMaKTapbIHIa ocelli. KeIpFeI3 KailbIHBI — aK-JIacTay KaOBIFbI MEH OOpTIBIIAAK Oackl 0ap
aca OWik eMmec araml. byrakrapsl TiK HeMece KUFaIll KOFaphl TYPFaH, TOMCHIEMEHTIH;
’Kac OyTaKTaphbl CYP—KBI3bIT — KOHBIP HEMECE KbI3bI—KOHBIP OOJIBITT KeIe .

Anramr per KpIpFbI3 KalbIHBIHAH TAaOWFH TPUTEPIICHOMUATAP OOJIHIN aJTBIHIEI.
OHiMIEp OpTYpl CHUPTTEPHi IMalJadaHBIl aJblHFAH KaWTa KPHUCTAIIAy apKbLIBI
TazapTeuiasl. “Silufol” mmacTuHKaTaphIHAa KaliTa KpUCTANIAy HOTMKECIHIE abIHFaH
3aTTHIH Ta3aJBIFbI TEKCEPLTIIT OTHIPALL. 3aT Ta3amsiFsl XK TCX acriaOBIHBIH 12 KOMETIMEH
aHBIKTAABI. Ta3za OeTyauHAI amy YIIiH TOJBIK Ta3apFaHFa JCHiH eHIM ToryoiaMmeH 2-4
peT KalTa KpUCTaIaaHy KYPTi3ismi.
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Abstract. The global shift toward environmentally responsible materials has
heightened interest in lignin as a sustainable alternative for the development of bio-based
packaging systems. As a widely available and renewable biopolymer originating from
plant biomass and industrial side streams, lignin offers unique chemical and functional
properties that make it a promising component in biodegradable packaging. This review
aims to provide a comprehensive analysis of recent advances in the utilization of technical
lignin and lignin-based nanostructures for improving the performance of biopolymer
packaging materials. The study employs a comparative analysis of scientific literature,
focusing on polymer matrices such as PLA, PBAT, PVA, and starch, with particular
attention to chemical modification methods including esterification, epoxidation,
amidation, glyoxalation, and transamination, and their influence on interfacial
compatibility, dispersion, and functional behavior. The results indicate that incorporation
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of lignin into biodegradable polymers enhances mechanical strength, thermal stability,
barrier characteristics, UV-shielding efficiency, and antioxidant performance, while
modified lignin derivatives and lignin nanoparticles contribute to improved composite
homogeneity and enable advanced functionalities such as recyclability and self-healing.
Key limitations including structural heterogeneity, restricted dispersion, and regulatory
considerations are also discussed. Overall, the findings confirm lignin’s strong potential
as a high-value component for next-generation sustainable packaging materials,
providing a scientific basis for the development of optimized lignin—polymer systems
aimed at reducing environmental impact while maintaining or enhancing material
performance.

Keywords: lignin; biopolymers; biodegradable packaging materials; nanoparticles;
sustainable development
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AHHOTaNUsl. OKOJOTHSUIIBIK TYPFBIIAH JKayalnThl MaTepuanaapra xahaHIbIK
OeTOypbic  OMOBIOBIPAWTBHIH ~KanTama OKYHelepiH o3ipieyde JIMTHUHIE —JAereH
KBI3BIFYIIBUTBIKTEI KYIICHTTI. ©OciMIiK OroMaccachlHaH KOHE OHEPKACINTIK OHIIPICTIH
JKaHama aFbIHJapblHAH aJIbIHATBIH KeH KOJDKETIMAL opi >KaHApPThUIATBIH OHOIOIMMED
peTiHAe JUTHUH epeKIle XUMHIBIK XoHE (YHKUMOHAIIBIK KacHeTTepre ue, Oy
OHBI OMOMOMUMEpIIi KanTama MaTepuallAapbiHbIH IEPCHeKTHBANbl Kypamaac Oediri
ereni. OCBbl IIONMYIBIH MakcaTbl — TEXHUKAIBIK JIUTHUH MEH JIMTHUH HeTri3iHaeri
HAHOKYPBUIBIMAAPAGl OMOMOMUMEPIi  KanTaMa MaTepHalAapbiHBIH —KacHETTEpiH
KETUIAIPY/Ie KOJIJAHYIbIH COHFBI FBUIBIMH YKETICTIKTEPiHE JKaH-)KaKThl Taljaay Oepy.
3epTTey FHUIBIMH 9ACOMETKE CajbICTHIPMalibl TaJay >KYPTi3yre HETri3[elireH >KoHe
PLA, PBAT, PVA jxoHe Kpaxmaa CHSKTHl HNOJHMMEPIIK MaTpullajiapra, COHAai-aK
scTepu(UKaKs, MOKCHATEY, aMHATEY, TIIMKOKCAIMs KOHE TPaHCAMUHALUS CHSKTBI
XUMHSUTBIK MOJAM(UKAIHS 9IICTEPIHE HKOHE OJIAPJIbIH KOMITO3UTTEPAIH YHISCIMILTIITIHE,
JUCIIEPCUSIChIHA JKOHE (YHKIMOHAJABIK MiHE3-KYJIKbIHA 9cepiHe Hazap aynapaibl.
Hotmwxenep aurHuHAI eHri3y OMOMOIMMEpIEPIiH MEXaHUKAIBIK OEPIKTIriH, JKBLTYIBIK,
TYPaKTBUIBIFbIH, TOCKAYBULIBIK KACUETTEPiH, YD-KOPFaHBICHIH )KOHE aHTHOKCHIAHTTHIK,
OeJICeHAUTITiH  aWTapibIKTall  apTTHIPaThIHBIH  KepceTedi. MoandukanusianFan
JWTHUH MEH JIMTHUH HaHOOOJILIEKTepi KOMIIO3UTTEPAiH OIpKEeNKITIriH >KaKCapThlI,
KaliTa eHJIey HEMeCe ©3i1H-031 KaJblHA KEATIPY CHUSKTHI KEHEUTUIreH (QyHKIMSIapIbI
icke acelpyfa MYMKiHAIK Oepeni. COHBIMEH KaTap KYpBUIBIMIBIK OPTEKTLMIK,
JOUCIIEPCUSIHBIH,  IIEKTeNyi, KOJJAHbUIATBIH  TEXHOJIOTHSUIAPABIH  KYpIEJiTiri,
MaTepuangapAbH y3aK Mep3iMIl TYPaKThUIBIFBI KOHE PETTEYLIUIIK TalanTap CHSIKTBI
MaHBI3/Ibl IIEKTEYNIEP KapacThIpbUIaAbl. byJl 110y TUTHUHHIH TEK SKOJIOTHSIIBIK Ta3a
KanTaMma MaTepuaJapblHbIH KaHa OybIHBIH JaMBITYy YIIiH FaHa eMec, COHBIMEH Karap
OHEPKICINTIK OHAIpIiCTe TUIMAL, (YHKIMOHAIIBI JKOHE WHHOBALMSIIBIK IICHIIMICD
YChIHyZa JAa MaHbI3Ibl POJ aTKapaTblHBIH Kepceredi. JKaumel anFaHaa, 3eprrey
HOTH)KEJIepl JIMTHUHHIH OHONMOJIMMEpJl KamnramMa TEeXHOJOTHJIaphlH KETUIIIpy
YLIH JKOFaphbl 9JI€yeTKe W€, HKOJIOTHSUIBIK, (YHKIHOHAIABI KOHE KOMKBIPIbI KYHJIbI
KOMIIOHEHT €KEHiH pacTaibl.

Tyiiin ce3nep: murnun; 6uononumepiep; OMOBIIBIPAUTHIH KallTaMa MaTepuaniaphbl;
HaHOOOJIIEKTEP; TYPAKTHI JaMy
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AnHoTauus. [7TOOaNBHBINA TMEepexon K DKOJOTHYCCKH OC30MacHBIM MaTepHaliaM
3HAYUTENHHO YCHWJIWJI HHTEpPEC K JIMTHUHY KaK YCTOWYMBOH W MHOTOOOEHIaroIiei
aIbTepHATHBE NpU pa3paboTke OuopasziaraeMblX YHAKOBOUHBIX cUCTEeM. JIMTHUH,
SIBJISIFOILMIICS ITUPOKO AOCTYIHBIM M BO30OHOBIISIEMBIM OHOMIOJIMMEPOM PACTUTEILHOTO
MIPOMCXOMKACHHSL, & TAK)KE MOOOYHBIM MPOAYKTOM IPOMBILIICHHBIX ITPOIIECCOB, 00Ia1aeT
YHUKaJIbHBIMA XUMHUYECKAUMH M (DYHKIIMOHAJIBHBIMUA CBOWCTBAMH, UYTO JEJaeT €ro
[EPCIEKTUBHBIM KOMIIOHEHTOM [UISl CO3/1aHMsI BbICOKOI((EKTUBHBIX OMOIOIMMEPHBIX
MarepranoB yrnakoBkd. Llens nanHOro 0030pa — MpeAcTaBUTh BCECTOPOHHUN aHAIIN3
COBPEMEHHBIX JIOCTHKEHHH B OOJIACTH HCIOJIb30BAaHHMA TEXHWYECKOI'O JMIHUHA U
JIUTHUHOBBIX HAHOCTPYKTYp JJs YIYUIIEHHs OHKCIUTyaTallMOHHBIX XapaKTEpUCTHK
OMOTIONIMMEPHBIX KOMITO3UTOB. B MccieoBaHUM NMPOBENEH CPAaBHUTEIBHBIA aHAIN3
Hay4YHBIX ITyOJIMKaIMi, OXBaThIBalOMNU monmMepHble Mmarpuiiel PLA, PBAT, PVA
U Kpaxmaja, a TaKkXKe KIIUeBble METOAbl XUMHMYECKOM Moau(uKanuu JMIHHUHA,
BKJIIOUasi 3CTepU(PUKALMIO, FTOKCUINPOBAHUE, AMUANPOBAHKE, [NIMKOKCATHPOBAHUE U
TpaHCAaMMHUPOBAHHUE, U MX BIMSIHUE HA COBMECTHUMOCTb, IUCIIEPCHUIO U QYHKLIMOHAIBHOE
MIOBEJCHUE KOMIIO3UTOB. lloiydeHHBIE NaHHBIE CBHUJETENBbCTBYIOT, YTO BHEAPEHUE
JUTHUHA CIIOCOOCTBYET TOBBILICHUIO MEXaHMYECKOM TPOYHOCTH, TEPMHUECKON
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CTaOUIBHOCTH, OAPHEPHBIX CBOMCTB, 3 (eKTUBHOCTU YD-3aIUTHI M AHTUOKCHIAHTHOM
AKTUBHOCTU  OuoronuMepoB. MoauduuupoBaHHBIA JUTHUH W JIMTHUHOBBIC
HaHOYACTHUIILI 00ECIICUNBAIOT YIIYUIIICHHYIO OJHOPOIHOCTH KOMIIO3UTOB U (POPMUPYIOT
pacIIMpeHHbIH  (DYHKIIMOHAJIBHBIA TOTEHIMAN, BKJIIOYas CaMOBOCCTAaHOBJIICHHE,
BO3MOXKHOCTh TIOBTOPHOH TmepepadOTKH M aJalnTHBHOE IOBEJACHUE B Pa3IHUYHBIX
YCIIOBUSIX 3KcIUTyatanuu. Kpome Toro, oOCYXIAIOTCsi OrpaHHuYEHUS, CBS3aHHBIC CO
CTPYKTYPHOH HEOAHOPOIHOCTHIO, MPOOIeMaMUu JAUCIIEPTUPOBAHUS, JTOJTOBEUHOCTHIO
U COOJIIOZICHUEM DETYIATOPHBIX TpeOoBaHUil. B 1menoM, pe3ynabraThl MOATBEPKAAIOT
BBICOKHIA TTOTEHITMAIT JINTHHHA KaK [IEHHOT0, MHOTO(DYHKITMOHATBHOTO U DKOJIOTUYECKU
0€e30I1acHOr0 KOMITOHEHTA IS CO3/[aHUsI HOBOTO IMOKOJICHHUsI OUOTIOIMMEPHOM YITAaKOBKH
C YIY4YIICHHBIMH SKCIUTyaTallAOHHBIMHM XapaKTEPUCTUKAMH M  TEPCICKTUBAMHU
MIPOMBIIIICHHOTO MPUMEHEHUS.

KamoueBble ciaoBa: JWrHUH, OWOMOJMMEpPBI; OHWOpa3iiaraeMble YIaKOBOYHbBIC
MaTepHUaJibl; HAHOYACTHIIbI; YCTOHYMBOE Pa3BUTHE

Introduction. The widespread use of petroleum-derived plastics in packaging has
led to significant environmental challenges, including persistent pollution, microplastic
accumulation, and growing concerns about resource depletion and waste management
(Figueiredo, 2021: 100703). In response, the development of bio-based, environmentally
friendly packaging materials is gaining momentum as a strategy to mitigate ecological
impact and promote a circular bioeconomy. Among potential alternatives, lignin —
the second most abundant natural polymer on Earth — has emerged as a particularly
promising candidate.

Each year, millions of tons of technical lignin are generated as a byproduct of the
pulp and paper industry and biorefinery processes. However, only a small proportion is
currently utilized in value-added applications beyond combustion (Figueiredo, 2021:
100703). Owing to its aromatic backbone, high content of functional groups (e.g.,
phenolic, hydroxyl, and carboxyl), inherent antioxidant properties, and hydrophobic
nature, lignin has recently attracted considerable interest in the field of sustainable
packaging. Lignin-based composites have demonstrated distinctive features such as
ultraviolet (UV) protection, antimicrobial activity, and improved barrier performance
— properties that are typically lacking in conventional fossil-derived polymers (Zubair,
2024: 467-482).

Between 2020 and 2025, research into lignin-based packaging materials has advanced
considerably, with a growing body of literature addressing various aspects of their design
and functionality. In this context, the work of Zubair et al. provides a comprehensive
overview of lignin-based bionanocomposites tailored for active food packaging, with
an emphasis on physicochemical optimization and processing strategies (Zubair, 2024:
467-482). Javed et al. demonstrated the feasibility of integrating lignin into cardboard
coatings at pilot scale, supporting its industrial applicability (Javed, 2021: 1595).
Furthermore, the development of oxypropylated polylactic acid-lignin composites has
shown enhanced mechanical, thermal, and UV-resistant properties, indicating a viable
route toward scalable production (Liu, 2023: 116552).
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This review aims to provide a comprehensive overview of recent advancements in the
utilization of lignin for bio-based packaging applications. Particular attention is given to
lignin sources, structure-property relationships, functional performance in comparison
to synthetic polymers, and chemical modification strategies such as esterification and
transamination. In addition, the current limitations are discussed, and future research
directions are proposed to support the transition from laboratory-scale innovations to
commercially viable packaging solutions.

Materials and Methods. This review was conducted using a systematic literature
survey and comparative analysis approach to evaluate recent advancements in lignin-
based materials for bio-based packaging applications. Peer-reviewed journal articles,
conference proceedings, and authoritative reviews published between 2020 and 2025 were
selected to ensure up-to-date coverage of chemical modifications, material properties,
and functional performance of lignin composites. The primary databases consulted
included Web of Science, Scopus, PubMed, ScienceDirect, and Google Scholar, using
keywords such as “lignin,” “biopolymer packaging,” “lignin nanoparticles,” “chemical
functionalization,” “esterification,” “epoxidation,” ‘“amidation,” “glyoxalation,”
“transamination,” “barrier properties,” and “mechanical performance.”

Inclusion criteria focused on studies reporting structural characterization of lignin,
types of lignin used (kraft, organosolv, soda, or lignin nanoparticles), chemical
modification strategies, and evaluation of mechanical, thermal, barrier, UV, and
antioxidant properties in polymer matrices such as PLA, PBAT, PVA, and starch. Articles
were also included if they provided comparative assessments of lignin’s performance
relative to conventional petroleum-derived polymers or described potential industrial
applicability.

Data extraction involved collecting information on lignin source, molecular structure,
functional group content, composite preparation methods, and resulting material
properties. Where available, numerical values of tensile strength, Young’s modulus,
barrier performance, UV-blocking efficiency, thermal stability, and biodegradability
were recorded. Structural—property relationships were summarized in tables to facilitate
comparison of modification strategies, polymer compatibility, and performance
outcomes. The methodology emphasizes critical evaluation of trends, limitations, and
future prospects in the field of lignin-based sustainable packaging materials.

Results and discussions. Sources and Types of Lignin Used in Packaging
Applications. Lignin is a structurally complex, heterogeneous aromatic polymer
predominantly located in the secondary cell walls of vascular plants. Its composition and
properties vary significantly depending on botanical origin. Softwoods (gymnosperms)
generally contain 28-32 wt% lignin, which is primarily composed of guaiacyl (G)
units. In contrast, hardwoods (angiosperms) contain 18-25 wt% lignin, comprising a
mixture of guaiacyl and syringyl (S) units. Grasses (monocotyledons), on the other
hand, exhibit a lignin content ranging from 10 to 30 wt%, characterized by the presence
of p-hydroxyphenyl (H), guaiacyl, and syringyl units (Li, 2015: 11559-11624). The
relative abundance and distribution of these monolignol-derived units (H/G/S ratio)
significantly affect the physicochemical characteristics of lignin, including its reactivity,
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degree of crosslinking, solubility, and thermal stability. These properties are essential
in determining the suitability of lignin for specific packaging applications and influence
the design of functional materials based on lignin (Figure 1) (Li, 2015: 11559-11624;
Norgren, 2014: 409-416).

Sinapyl alcohol (S) Coniferyl alcohol (G) p-Coumaryl alcohol (H)

Figure 1 - Chemical structures of monolignols: the primary building blocks of lignin. Adapted from (L1,
2015: 11559-11624)

Industrial lignin fractions are derived through various pulping and biorefinery
processes, each yielding materials with distinct structural and chemical characteristics.
Kraft lignin is obtained under alkaline conditions in the presence of sulfur-containing
compounds. This process promotes extensive cleavage of f—O—4 ether linkages and
leads to the formation of condensed, guaiacyl-rich structures. As a result, kraft lignin
typically exhibits high molecular weight and a high degree of crosslinking, which can
pose challenges for reactivity and dispersion in polymer matrices (Wang, 2019: 449—
461). Organosolv lignin is extracted using organic solvents such as ethanol, methanol,
or acetone under relatively mild, often acid-catalyzed, conditions. The process yields
a sulfur-free lignin with low molecular weight and minimal condensation, resulting
in high purity and enhanced functionality — traits that make it particularly attractive
for material applications, including packaging (Kai, 2016: 1175-1200; Qian, 2014:
2156-2163). Soda lignin, produced via sulfur-free alkaline pulping (typically from
non-wood plants or agricultural residues), is less commonly investigated for packaging
purposes. However, it offers a promising sulfur-free alternative, generally characterized
by moderate molecular weight and good reactivity (Norgren, 2014: 409—416). The
purity, molecular structure, and abundance of functional groups - such as phenolic and
carboxylic moieties — differ markedly among these lignin types, thereby influencing
their processability, compatibility with polymer matrices, and ultimate performance in
composite packaging systems.

The suitability of various lignin types for packaging applications is influenced by
multiple interrelated factors, including molecular characteristics, chemical composition,
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and end-use requirements. Organosolv lignin typically possesses a lower molecular
weight and a higher proportion of cleavable p—O—4 linkages, which facilitates its
chemical modification and enhances its miscibility with polymer matrices (Kai, 2016:
1175-1200). Kraft lignin, in contrast, contains a higher concentration of phenolic and
aliphatic hydroxyl groups, offering considerable binding potential. However, due to
its high degree of structural condensation, it often requires chemical pretreatment to
improve its dispersibility and reactivity within composite systems (Wang, 2019: 449—
461). The presence of residual sulfur compounds in kraft lignin can be a limiting factor
in food-contact applications. In contrast, organosolv lignin is sulfur-free and generally
exhibits higher purity, thereby presenting fewer regulatory and sensory concerns (Qian,
2014: 2156-2163). In paper-based systems, coatings incorporating organosolv lignin
have been reported to enhance moisture resistance without significantly compromising
mechanical strength (Javed, 2021: 1595).  Alternatively, kraft lignin—derived
nanoparticles demonstrate notable UV-blocking and antioxidant properties, primarily
attributed to their phenolic content (Wang, 2019: 449-461).

Structural Features and Functional Properties of Lignin. Lignin is a complex
polyphenolic biopolymer composed of three principal monolignol units: p-coumaryl
alcohol (H), coniferyl alcohol (G), and sinapyl alcohol (S). Its highly heterogeneous and
irregular structure gives rise to variable amounts of phenolic, aliphatic hydroxyl, and
carboxyl groups, which in turn influence its chemical reactivity and interaction potential
with diverse polymer matrices (Javed, 2021: 1595; Wang, 2024: n.p.). For example,
lignin fractionated from wheat straw using an alkaline deep eutectic solvent (DES)
system exhibited a phenolic hydroxyl content of up to 9.6 mmol/g and carboxyl group
content of up to 2.5 mmol/g, significantly enhancing its reactivity and compatibility
with polymeric systems (Wang, 2024: n.p.)

In addition to its functional versatility, lignin displays inherent thermal stability,
making it a promising additive for improving the heat resistance of biopolymer-based
composites. Polylactic acid (PLA)/lignin nanocomposites incorporating kraft lignin have
shown enhanced thermal resistance relative to neat PLA, although a slight reduction in
the onset temperature of thermal degradation was observed at higher lignin loadings
(Ge, 2020: n.p.). The aromatic and phenolic components of lignin also contribute to its
barrier properties, enabling it to reduce oxygen permeability and block ultraviolet (UV)
radiation. These attributes, combined with its intrinsic antioxidant activity, offer protection
against photooxidative degradation and support its application in active and functional
packaging systems (Figure 2) (Javed, 2021: 1595). Moreover, the biodegradability of
lignin-rich composites is closely influenced by their functional group composition. In
particular, the presence of carboxyl and hydroxyl groups increases hydrophilicity and
microbial accessibility, thus facilitating more efficient biodegradation.
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Figure 2 - Representative reactions illustrating the antioxidant mechanisms of lignin. Adapted from
(Zubair, 2024: 467-482)

Compared to conventional synthetic polymers, lignin-based composites offer a unique
combination of advantages and limitations that are highly dependent on the polymer
matrix and modification strategy employed. For instance, polylactic acid (PLA) blends
reinforced with lignin have demonstrated improved mechanical strength; however,
they often exhibit a reduction in thermal transition temperatures, including the glass
transition (Tg) and melting point (Tm), relative to neat PLA (Ge, 2020: n.p.). In the case
of biodegradable polyesters such as poly (butylene adipate-co-terephthalate) (PBAT),
the incorporation of silane-grafted lignin has been shown to enhance tensile strength,
elastic modulus, and biodegradation rate — achieving up to 96% biodegradability
compared to unmodified PBAT (Brodin, 2021: n.p.). Furthermore, studies on barrier
performance indicate that the hydrophobic aromatic structure of lignin contributes
to improved resistance against oxygen permeation and ultraviolet (UV) radiation.
However, challenges related to dispersion uniformity and interfacial adhesion within
the composite matrix remain significant factors that must be addressed to optimize the
overall material properties (Zubair, 2024: 467-482; Boarino, 2023: 1065-1077).

Packaging Applications of Lignin—Based Materials. Lignin is increasingly
utilized as a functional additive in paper coatings and biodegradable polymer films
due to its capacity to enhance barrier performance and confer bioactive properties.
Laboratory-scale investigations have demonstrated that the incorporation of kraft
lignin into starch-based coatings significantly reduces water solubility and increases
surface hydrophobicity, particularly when used in combination with crosslinking
agents such as ammonium zirconium carbonate (AZC). However, certain drawbacks
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have been reported, including the formation of pinhole defects that may compromise
coating uniformity. To overcome such limitations, hybrid formulations incorporating
lignin, tannin, and ZnO nanoparticles have been developed, resulting in paper-based
packaging materials with improved mechanical strength, moisture resistance, and air
impermeability (Li, 2021: n.p.).

In the context of biodegradable polymer films, lignin and lignin nanoparticles (LNPs)
have been successfully integrated into various matrices, including polylactic acid
(PLA), polyvinyl alcohol (PVA), starch, and poly (butylene adipate-co-terephthalate)
(PBAT). These lignin-based composite films exhibit enhanced mechanical properties
and improved resistance to oxygen, moisture, and ultraviolet (UV) radiation, while
maintaining their inherent biodegradability (Ruwoldt, 2023: n.p.; Gaikwad, 2023: n.p.).

The functionality of lignin-enriched packaging materials is strongly influenced by
the dispersion quality of lignin within the polymer matrix and the nature of interfacial
interactions between the components. Uniformly dispersed lignin nanoparticles have
been shown to significantly improve mechanical strength, antioxidant capacity, and
overall material integrity, whereas poor interfacial compatibility often results in phase
separation and a decline in performance efficiency (Gaikwad, 2023: n.p.). Experimental
findings suggest that incorporating lignin at moderate concentrations — typically below
10 wt% achieves an optimal balance between ultraviolet (UV) protection and visual
transparency. In contrast, higher lignin loadings may adversely affect film clarity and
aesthetic quality (Ruwoldt, 2023, n.p.). The antioxidant and UV-shielding properties of
lignin are primarily attributed to its conjugated phenolic and carbonyl chromophores,
which absorb UV radiation and function as effective radical scavengers, thereby
enhancing the oxidative stability of the packaging material (Parit, 2022: n.p.; ACS
review, 2023: online first).

Lignin-containing composites generally exhibit improved tensile strength and elastic
modulus relative to conventional biopolymers, although these enhancements are largely
dependent on the degree of compatibility between lignin and the polymer matrix, as
well as on the uniformity of filler dispersion. Notably, lignin-based thermoset films and
coatings have been reported to maintain high transparency in the visible spectrum while
simultaneously offering effective UV protection and antioxidant functionality (Gaikwad,
2023: n.p.). In polylactic acid (PLA) systems, the grafting of lignin nanoparticles onto
compatible polymers has been shown to facilitate more homogeneous dispersion,
leading to increased tensile strength and enhanced oxidative stability (Gaikwad, 2023:
n.p.). Recent studies consistently indicate that lignin contributes to improved barrier
performance, radical scavenging activity, and UV resistance in biodegradable packaging
films, provided that appropriate strategies for interfacial compatibility and dispersion
are implemented (Ruwoldt, 2023: n.p.).

Chemical Functionalization of Lignin: Esterification, Epoxidation, Amidation,
Glyoxalation, Transamination. Chemical modification is essential to enhance the
reactivity, compatibility, and functionality of lignin for its use in packaging materials.
Among the most widely used strategies are esterification, epoxidation, amidation,
glyoxalation, and transamination. These pathways enable structural tailoring of lignin,
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facilitating better dispersion, interfacial adhesion, and integration within biodegradable
polymer matrices.

Esterification with carboxylic acids, anhydrides, or acid chlorides (e.g., acetic,
maleic, and succinic acids) introduces aliphatic fragments linked via ester bonds,
thereby increasing hydrophobicity and enhancing polymer-filler interactions (Figure 3)
(Libretti, 2024: 1234—1256). This method has been successfully applied to improve UV
absorption and thermal stability.

Lignin Lignin Lignin
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Figure 3 - Schematic representation of lignin esterification with acyl chlorides (left) and acid anhydrides
(right). Adapted from (Libretti, 2024: 1234-1256)

OH

Epoxidation, typically achieved through the reaction of lignin with epichlorohydrin
under alkaline conditions, incorporates epoxy functionalities that allow lignin to act as
a reactive crosslinker in thermosetting systems such as epoxy resins and polyurethanes
(Figure 4) (Karoki, 2024: 7075-7096).
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Figure 4. Schematic representation of vanillin-based epoxide synthesis. Adapted from (Karoki, 2024:
7075-7096)

Amidation and related amination strategies, such as transamination, enable the

incorporation of nitrogen-containing functional groups into the lignin structure. These
modifications enhance interfacial interactions with polymer matrices and enable dynamic
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covalent bonding, which is particularly relevant for the design of covalent adaptable
networks (CANs). Notably, lignin-based vitrimers incorporating such functionalities
exhibit self-healing behavior, recyclability, and thermal reprocessability (Esakkimuthu,
2022: 7075-7096).

Glyoxalation and other aldehyde-based modifications improve the crosslinking
potential of lignin by introducing reactive aldehyde groups capable of forming covalent
bonds with lignin's hydroxyl functionalities. This results in enhanced mechanical
strength and improved adhesion within composite materials (Libretti, 2024: 1234—
1256). In particular, transamination reactions involving the dynamic exchange of
boronate esters or aminoacetoacetate linkages provide reversible bonding mechanisms,
further facilitating the development of reprocessable and thermally re-formable lignin-
based vitrimer systems (Esakkimuthu, 2022: 7075-7096).

The chemical functionalization of lignin plays a pivotal role in tailoring its performance
within composite materials. Esterification enhances the compatibility of lignin with
hydrophobic polymer matrices such as polylactic acid (PLA) and polybutylene succinate
(PBS), promoting uniform dispersion and mechanical reinforcement, particularly at low
filler loadings (< 10 wt.%) (Libretti, 2024: 1234-1256). Epoxidized lignin functions as
a reactive compatibilizer and crosslinking agent in epoxy and polyurethane systems,
leading to improved tensile strength, thermal stability, and interfacial adhesion (Karoki,
2024: 7075-7096).

Amidated and transamidated lignin derivatives support the formation of dynamic
covalent networks, as exemplified by lignin-based vitrimers that exhibit self-
healing properties, thermal reprocessability, and enhanced adhesion. These materials
demonstrate tensile strengths approaching 17 MPa and efficient stress relaxation
behavior, with activation energies ranging from 50 to 110 kJ/mol due to transamination-
based exchange mechanisms (Esakkimuthu, 2022: 7075-7096).. Glyoxylated lignin,
enriched in aldehyde functionalities, facilitates covalent crosslinking with hydroxyl
groups, thereby improving film cohesion and water resistance — attributes that are
particularly beneficial in coating formulations and flexible packaging applications
(Libretti, 2024: 1234—-1256).

Future Prospects and Industrial Challenges. Despite considerable progress at the
laboratory scale, the industrial-scale production of lignin-based packaging materials
remains constrained by several technical and regulatory challenges. One of the primary
limitations is the variability in lignin composition, which depends on the botanical
source and isolation method, leading to inconsistencies in physicochemical properties
and impeding standardization. Moreover, the inherent polarity and limited compatibility
of lignin with hydrophobic polymer matrices often result in phase separation and poor
dispersion, unless compatibilizers or surface modification strategies are applied —
thereby increasing process complexity and cost. Regulatory ambiguity, particularly in
relation to the safety of food-contact materials and the potential migration of lignin-
derived compounds, further hinders commercialization efforts (Boarino, 2023: 1065-
1077).

Nonetheless, lignin holds substantial promise as a multifunctional additive in
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sustainable packaging systems. Its incorporation into biodegradable polymers such as
polylactic acid (PLA), polyhydroxyalkanoates (PHA), and polyvinyl alcohol (PVA) can
significantly enhance oxygen barrier properties, ultraviolet resistance, and antioxidant
activity. Particularly, lignin nanoparticles (LNPs) have demonstrated effectiveness at low
loadings (typically 3-10 wt.%), offering performance improvements without sacrificing
optical transparency or biodegradability. However, the prevention of nanoparticle
aggregation remains a key technical hurdle. With optimized formulation and improved
interfacial compatibility, lignin-based composites may emerge as viable alternatives to
conventional plastics in targeted applications such as active food packaging and fully
biodegradable film technologies (Zubair, 2024: 467-482).

From an economic standpoint, lignin represents a cost-effective raw material,
as it is abundantly available as a by-product of the pulp and paper industry and
emerging biorefinery processes. Its valorization offers the potential to enhance the
overall profitability of biomass processing chains. However, to achieve economic
competitiveness with petroleum-derived polymers, it is essential to reduce the costs
associated with lignin upgrading, including fractionation, purification, and chemical
functionalization. Technologically, the integration of lignin valorization pathways
into existing pulp mills and biorefineries offers synergistic benefits, such as improved
resource efficiency and reduced greenhouse gas emissions, thereby supporting the
principles of the circular bioeconomy (Boarino, 2023: 1065-1077).

Nevertheless, regulatory considerations present additional barriers. The limited
availability of comprehensive data on the migration behavior and toxicological safety
of lignin and its derivatives complicates their approval for food-contact applications.
Achieving regulatory compliance demands extensive safety testing and the generation
of detailed toxicological and analytical documentation, which often requires significant
financial and institutional investment (Gaikwad, 2023: n.p.).

To provide a comparative overview of lignin-based composites, Table 1
summarizes the key structural features, modification strategies, and resulting changes
in mechanical and barrier properties. It highlights how chemical and physicochemical
modifications—such as oxypropylation, nanoparticle formation, silane grafting,
esterification, epoxidation, transamination, glyoxalation, and hybridization with tannins
or metal oxides—affect tensile strength, Young’s modulus, and functional performance,
including UV-shielding, water resistance, and oxygen permeability. The table facilitates
identification of structure—property relationships and guides the evaluation of lignin-
derived materials for sustainable biopolymer packaging applications.

Table 1. Structure—property relationships in modified lignin-based composites

Structure Type of Mechanical Barrier / functional ~ Notes / Source
modification properties properties
PLA/lignin Unmodified Tensile strength at Oxygen permeability | Ge et al., 2020;
blends lignin; reactive | low loading increases; @ decreases; UV- experimental, low
extrusion slight thermal blocking increases | lignin loading

transitions decreases
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Oxypropylated
lignin (PLA)

Kraft lignin
nanoparticles
(PLA, PBAT
matrices)
PBAT/lignin
composites with
silane grafting

Organosolv lignin
(paper coatings)

Kraft lignin—
starch hybrid
coatings

Lignin/tannin/
ZnO nanoparticle
coatings

Epoxidized
lignin (thermoset
systems)

Esterified lignin
(PLA, PBS
systems)

Amidated /
transaminated
lignin (vitrimers)

Glyoxalated
lignin

Lignin
nanoparticles
(PVA-based
films)

Functional lignin
coatings (LNPs +
functionalization)

Oxypropylation
(etherification)

Nanoparticle
formation (self-
assembly)

Silane grafting

Unmodified;
coating
formulation

Blending; partial
crosslinking

Hybrid
modification

Epoxidation

Esterification
(acylation,
anhydrides)

Amidation &
transamination

Glyoxalation
(aldehyde
crosslinking)

Grafting onto
cellulose
nanofibers

LNPs +
functionalization

Tensile strength
increases, Young’s
modulus decreases;
improved ductility
Tensile strength 10-
40% depending on
loading increases;
improved stiffness
Young’s modulus
and tensile

strength increase;
biodegradability up
to 96%

Improved stiffness;
enhanced surface
hardness

Minor in mechanical
strength increases

Not quantified

Tensile strength
increases; improved
crosslink density;
enhanced thermal
stability

Young’s modulus
increases; improved
dispersion; better

toughness at <10 wt%

Tensile strength up to
+17 MPa; self-healing

Cohesion increases;

mechanical strength in

coatings increases

Tensile strength
increases; modulus
increases; improved
flexibility
Mechanical

reinforcement depends

on substrate
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UV-shielding
increases; moderate
water vapor
resistance decreases
Strong UV-blocking;
O: transmission
decreases; moderate
water barrier

Water resistance
increases; gas
permeability
decreases

Moisture resistance
increases; wettability
decreases
Hydrophobicity
increases; possible
pinholes affecting
barrier uniformity
Strong UV-blocking;
water absorption
decreases; air
permeability
decreases

Barrier properties
not reported

Hydrophobicity
reported; gas barrier
data limited

Barrier properties
not classical;
moisture resistance
improved

Water resistance
increases; film
durability data
limited

Strong UV
protection; oxygen
permeability
increases
UV-blocking;
oxygen scavenging;
antimicrobial

Liu et al., 2023;
confirmed at
low to moderate
loading

Zubair et

al., 2024,
experimentally
verified

Brodin et

al., 2021;
experimentally
verified

Javed et al., 2021;
confirmed for
paper coatings
Javed et al., 2021;
data limited

Lietal., 2021;
prospective /
experimental data
limited

Karoki et al.,
2024; data limited
to thermosets

Libretti et al.,
2024; partial data

Esakkimuthu
etal., 2022;

data limited to
vitrimers
Libretti et al.,
2024; data mainly
for adhesive/
coating systems
Parit et al., 2022;
experimentally
verified

Ruwoldt et

al., 2023; data
limited, substrate
dependent
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Conclusion. Lignin is a promising component for the development of sustainable
packaging materials due to its natural abundance, biodegradability, and multifunctional
properties. Incorporation of lignin into biopolymer matrices improves mechanical
strength, water and gas barrier performance, and provides antioxidant and UV-shielding
effects. The use of lignin nanoparticles and chemically modified derivatives allows for
better dispersion and enhanced compatibility with polymers such as PLA, PBAT, starch,
and PVA.

Esterification, epoxidation, amidation, and other chemical functionalization methods
improve interfacial interactions and enable the design of advanced material systems,
including recyclable networks and self-healing composites. Despite considerable
progress, challengesremainrelated to the heterogeneity of lignin sources, phase separation
in composite systems, and limited regulatory data for food-contact applications.

Further research is needed to standardize lignin feedstocks, optimize modification
techniques, and ensure compliance with safety regulations. With proper dispersion
and functionalization strategies, lignin-based composites can serve as efficient,
environmentally responsible alternatives to fossil-derived polymers in various packaging
applications.
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Abstract. This research focuses on the comparative assessment of the sorption
properties of cation exchange resins that are capable of absorbing gallium ions.
Since gallium is a rare and strategically important metal, developing technologies for
its efficient extraction and purification is a pressing issue in modern chemistry and
metallurgy. Accordingly, we analyzed the sorption properties of weak and strong acid
polyelectrolytes with respect to gallium ions using Atomic Emission Spectroscopy and
Infrared Spectroscopic Analysis methods. The study revealed that the sorption capacity
of all sorbents increases with prolonged reaction time. The PAA hydrogel and strongly
acidic microporous cationite KU-2-8 (Na*) were found to possess a high exchange
capacity for gallium (III) cations. The degree of sorption for macroporous weakly
acidic resin Lewatit CNP LF (H") is 34.79%, for hydrogel PAA it is 54.49%, and for
microporous gel KU-2-8 (Na*) it is 53.93%. After 48 hours of interaction, the maximum
degree of binding between the polymer chain and gallium ions in the hydrogel PAA was
2.79%. The analysis of ion-exchange materials has shown that the ion exchangers PAA,
Lewatit CNP LF (H") and KU-2-8 (Na*) exhibit the highest effective dynamic exchange
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capacity for gallium ions among the tested samples. The distribution of gallium ions
among the considered ion exchange resins increases in the order: PAAg > KU-2-8 (Na®)
> Amberlite IR-120 > KU-8-2 (H*) > Lewatit CPN (H"). According to the results of the
study, PAA hydrogel and microporous cationite KU-2-8 (Na") can be recommended as
efficient sorbents for Ga (III) ions.

Key words: gallium; cation exchange resins; PAA hydrogel; lewatit CNPLF; KU-2-
8; Amberlite IR120; sorption degree
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AuHoTtauusi: byn 3eprrey ramiuii MOHAApBIH CiHipyre KaOijeTTi KaTHOoHal-
MAaCTBIPFBIII INANBIPIAAPABIH COPOLMSIIBIK KACHETTEPiH CalbICTBIPMalbl Oarajayra
apHananpl. lammmidi cupek opi CTpaTerHsUIbIK MaHBI3Abl METAI OOJIFaHIBIKTaH, OHBI
THiMal Oemin ay MeH Ta3apTy TEXHOJOTHUIAPhIH JaMbITy Ka3ipri XUMHS MEH MeTal-
JMyprusiiarel 03eKTi Macese. OcbiFaH opaii aTOMJIBIK IMUCCHSIIBIK CTIEKTPOCKOIIHS )KOHE
WHQPAKBI3bUI CHEKTPOCKOMMSUIBIK TaJay 9MICTEpPIMEH oJICi3 JKOHE KYIITI KBIIIKbII-
Ibl TIOMHUANIEKTPONIUTTEPAiH TajUIMii MOHAApbIHA KATBICTBI COPOLMSIIBIK KacHETTepi-
HE Tangay KYpPri3miK. AJIBIHFAH 3€pTT€y HOTHIKEIIEPIHEH OpPEKETTECY YaKbIThIHBIH
apTybIMeH OapliiblK copOeHTTepAe copOLus Jopekeci apTaTbiHbl aHBIKTAABL. lenb
TYpiHZAErT MONMMAKPHI KBIIKBUIBI THAPOTEIiHIH JKOHE KYIITI KBIIIKBUIABI MUKPOKEY-
exti KY-2-8 (Na") karmonanmacteipreiibiHbH rauinid (I111) kaTnongapbsiHa KaThICThI
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ailiTapabIKTail JKorapbl ajaMacy Kabineri 6ap exeni oenrini 6onabl. Copy aapexeci ancis
KBILKBLUIABI, MakpokeyekTi Jlesarur CNP LF (HY) ymin 34.79%, an rens Typinzeri
[MAKr yurin 54.49% sxone renb Typinaeri mukpokeyekti KY-2-8 (Na®) ymin 53,93%.
[Monumep Ti3OeTiHIH rajuMii HOHAAPbIMEH OalIaHBICY OOPEKECIHIH €H JKOFapbl MoHI
48 carar opekerrecyneH keiin [TAK rumporeninne 2.79% xypansl. TuiMai quHaMu-
kanbIK anMacy chliibiMabLIbIFsl [TAKT, Jleatut CNP LF (H') sxone KVY-2-8 (Na') uo-
HaJIMaCTBIPFBIIITAPBIHAA XKOFAPbl €KeH1 aHbIKTaNAbl. Tammay HoTwkesnepi OoHbIHIIA
KapacThIPbUIFaH MOHAIMACTBIPFBILITAPABIH TAJUTMH MOHAAPBIH COpPY JopeKeci MbIHA
Karap OolbIHIIA apraThiHbl Oenriii 6omuel: [IAKr > KVY-2-8 (Na*) > Amberlite [R120 >
KY-2-8 (H") > Jlearut CNP (H"). 3eprrey notrkeci 6oiibiama Ga (I11) nonsiaa TuiMi
cOpOeHTTEp peTiHAE MOJMAKPUI KbIIIKBUIBIHBIH THAPOTEIiH KoHE Telb TYPIHACTT MU-
kpokeyekTi KY-2-8 (Na*) kaTHoHaIMacTHIPFBILIBIH YChIHYFa O0NaIbI.

Tyiiin ce3nep: ramnmii, KaTHOHAIMACTBHIPFBILI aiibIpiap, [TAK ruaporeni, neBatut
CNPLF, KY-2-8, Amberlite IR120, copOrust nopexeci

Kapocornanowipy:  3epmmey  ocymvicoin  Kazaxcman  Pecnybnuxacer  Folibiv
JicoHe dcoeapvl OLNiM muHucmpiiciniy foueim komumemi (epanm Ne AP26195783)
KapoicuL1anObIpObL.
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AHHOTALUA: ﬂaHHOC HCCIACAOBAHUEC IIOCBAIICHO CpaBHI/ITCHLHOﬁ OILICHKEC

COp6]_[I/IOHHLIX CBOMCTB KATHOHOOOMEHHEIX CMOIJI, CITOCOOHBIX norjaomarb HMOHBI
raJljivs. HOCKOHLKy raJuliii OTHOCHUTCS K quciay peAKUX U CTPATCTUYCCKU BaKHBIX
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METaJuIoB, pa3paboTka 3()(EKTHBHBIX TEXHOJOTHH €ro W3BICUYCHUS M OYUCTKH
SIBIIIETCS] aKTyaJbHON 3a/auell COBPEMEHHOW XMMHUH U THApOMETalIypruu. B cBsasu
C 9TUM OBUIM MPOAaHAIN3UPOBAHBI COPOLIMOHHBIE XapaKTEPUCTUKU CIAOOKHCIOTHBIX
U CWIBHOKHCIIOTHBIX MOJUAJIEKTPOIUTOB 10 OTHOUIEHWIO K MOHaM Trajuius ¢
HCTIOJIb30BAHUEM METOJI0B aTOMHO-DMUCCHOHHOM CHEKTPOCKOIMH U MH(PAKPACHOTO
CIEKTPOCKOMTMYECKOro ananu3a. [loimydyeHHble JaHHbIE TOKa3aJii, YTO CTeNEHb COPOIMN
BO3PACTaeT C YBEIWYCHUEM BPEMEHH KOHTAKTa JJIsl BCEX MCCIIEAOBAHHBIX COPOEHTOB.
YcraHoBieHO, uTo THAporens nonuakpuioBoid Kuciotsl (ITAK) ¥ cunbHOKHCIOTHBIH
MHUKpONOpUCTBI KaTnoHUT KVY-2-8 (Na*) obOmamaroT cyliecTBEHHO 0Ooiiee BBICOKOM
oomenHol émkocThio 1o oHaM ramusi(11l). Crenens copOuun 11t cnabOKHCIOTHOTO
Makponopuctoro nonuta Lewatit CNP LF (H") cocrasnsier 34,79%, nns runporens [TAK
— 54,49%, a nns mukponopuctoro KY-2-8 (Na*) — 53,93%. MakcumanbHasi CTEIICHb
KOMILIEKCOOOPa30BaHuUs TTOJIMMEPHON MaTpUIbl C HOHaMU rayms B rugporene [TAK
nocturia 2,79% nociie 48 yacoB B3aMMOIEHCTBUS. AHAIN3 NOHOOOMEHHBIX MATEPUAIIOB
nokasai, uto copoentsl [1AK, Lewatit CNP LF (H") u KY-2-8 (Na*) nemoHcTpupytoT
HanOoJee BBICOKYIO JMHAMHUYECKYI0O OOMEHHYI0 EMKOCTh MO0 MOHAM Tajulusl Cpeiu
uccnenoBaHHbIX o0pasnoB. Crenenp mornomenusi nonoB Ga(Ill) ysBenmuuBaercs: B
cienyromeM nopsiake: rugporens [TAK > KVY-2-8 (Na*) > Amberlite IR120 > KVY-2-
8 (H") > Lewatit CNP (H"). Ha ocHoBaHHMM pe3ynbTaToB MCCIECIOBAHHS THIAPOTENh
[MTAK u mukpomnopucteiii katHoHUT KY-2-8 (Na®) MoryT ObITh peKOMEHIOBaHBI Kak
¢ pexTuBHBIE COPOCHTHI A7l n3BIedeHus: HoHOB rautusi(11]) n3 BogHBIX pacTBOpOB.

KiroueBble ci1oBa: rayumii, KaTHOHOOOMEHHBIE cMoutbl, ruaporens [TAK, neBarur
CNPLF, KY-2-8, Amberlite IR120, crenens copOruu

@Dunancuposanue: Paboma evinonuena npu gunancosoii noodepoicke Komumema
Hayku Munucmepcmea Hayku u evicuie2o oopazosanust Pecnyoiuku Kazaxcman (epanm
Ne AP26195783)

Kipicne. 'annuii (Ga)—nepuoaTsik xyieHiH 13-To0bHaa (OYpBIHFbI KiTacCH(DUKALHS
OOMBIHIIIa—YIIIHII TONTHIH HeTi3ri Tomtackl, [IIA) opHanackaH CTpaTer usijIbIK MAHbI3/IbI
snemeHT. MoHabIK paguychl mamamen 0,62 A. TaGurarTa Kocha TypiHAe alrOMHHUIM
(OokcuT), MBIPBII (MBIPHIII KOCHAJapbl) JKOHE TepMaHUil (FepMaHUT) KeHIEpiHAe
kezaeceni  (https://www.examples.com/chemistry/gallium. html#:~:text=Gallium%20
18%20utilized%20in%?20various,the%20development%200f%?20innovative%20
technologies). lamnmmiigiH KopbITHanapbl MEH KOCBUIBICTaphl PagHOdIEKTPOHHUKA,
LIBIHBI )KOHE KepaMHUKa OHEpKaciOl YLIIH eTe MaHbI3Abl. MbICalbl, TaJuIMi apceHusl
(GaAs) xone ramuii HuTpuai (GaN) ysuibl TenedoHaap, CyNepKOMIBIOTEPIIEp JKOHE
TaJIIBIKTHI-ONTHKABIK, OaliJlaHbIC KeTUIepiHAe KOJJaHBUIATHIH KapThUlail ©TKI3rimn
Marepuaiaapas! eHaipyae Konnaneuiaasl (Pechishcheva et al., 2020; Ji Gu, 2025; Popa
et al., 2013; Shi et al.,2024)

lannmiinai anmy oxmicTepiHe OalIaHBICTBI OHBI TIKEJEH TEXHOJIOTHSUIIBIK epiTiHALIep-
JeH Hemece Kypambinaa Ga O6ap KoHIeHTpaTTapaaH ainy MyMkil. LLery Teri oprypmi
TEXHOJOTHUSIIBIK epiTiHaiaepaeH Ga KOCBUIBICTAphIHBIH OacTamnKbl KOHIEHTPALUSICHIH

269



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

KaJIlIbIHA KENTIPy JKOHE Ta3apTy MOCENIECIH IICIIyAe MOH ajiMacy NpolecTepi Koii-
nanbutael (Chirkst et al., 2013; Cheremisina et al., 2013). Kenreren taburu xoHe
JKacaHJIbl KOCBUIBICTApP MOH ajiMacy KacueTiHe ue. bipak MpakTHKaIbIK MaHbI3IbLIBIFbI
OOMBIHIIIA CHHTETHUKAJIBIK MOH alIMAaCTBIPFBINT MIAWBIPIAp/AbIH alaThlH OPHBI EpeKIIe.
MyHali HOHUTTEPIiH MOHOTEH/IIK TONTAPBI CYIbI epITIHAIIepAe TUCCOIUAIIMSITIAHBIIT
FaHa KOWMai/Ibl, COHBIMEH Karap Oenrimi Oip kaFaiiapaa WOH alIMaCTBIPFBIII JKOHE
KOMITJICKC TY3YIIIl KacueTke ue. MIoH amMacThIpFBINT MIalbIpiIapAblH COPOLUSIIBIK Ka-
CHETTEpiH 3epTTey HOTHIKECI OHAIPICTIK aFbIH/BI CyJap/iaH Oaraibl MUKPOAJIEMEHTTEP-
ni 6emyre cenririn turizeni (Pimneva, 2011; Hesamoddin et al., 2025; Nguyen et al.,
2019; Jumadilov et al., 2017; Jumadilov et al., 2025). I'aymmuit noHTapbIHA CEICKTUBTI
KaTHOHAJIMACTHIPFHIIITH aHBIKTAy MAaKCaThIHA TAILTHHIIH 9PTYPIIi HOH aIMACTBIPFBIIIT
mabIpaapAarel coOpOIHsCch 3eprreni: aici3 Keiukbuiael [TAKr, Jlesatur CNP LF
(H"), xymri keimkeiae KY-2-8 (HY), KY-2-8 (Na*), Amberlite IR120.

3eprTey Marepuajapbl MeH JicTepi. 3epTTey 0OBEKTICI peTiHAC 3epTXaHajia
CHUHTE3/IEIreH TOMMaKpWIKBIIKBUIBIHEIH —ruaporem (ITAKr) sxome enmipicTik
KatrnoHanMacTeIprhIT maisipaap Jlesatur CNP LF (HY) (Lanxess Deutschland GmbH,
Kenpn, I'epmanns), Amberlite IR120 (Sigma-Oldrich, I'epmanns), KY-2-8 (H") xone
KY-2-8 (Na*) (Toxem, Peceii) anmbiHbI.

I[MTAKr — nonuakpuiKeIIIKbUIBIHBIH THAPOTEN CTaHIAPTTHl SJICICH CHHTE3ICIIL
(Jumadilov et al., 2024). Iciny xkosdppuuuenti K, = 12.24. ApHaiibl (pyHKIHOHAJIIBIK
TONTAPbIH O0TybIHA OAWIAHBICTHI MOH ajiMacy peaklusIapblHa Tycy KaOijgeri Oap.
JleBatur CNP (H") — MaTpuIace! TiriireH moarnakpriiaTka HeTi3AeNITeH 9JICi3 KBIITKBUTIBI
MaKpOKEYeKTi KaTHOH aJIMaCTBIPFHIIIL.

KY-2-8 H"/Na" — ctuposi MeH TUBHHWIOCH30JIbIH CY/Ib(OHIAIFaH COMOIUMEpiHE
HETi3[eNreH reflb TYpPIHAErT MHKPOKEYeKTI KYpbUIBIMBI 0ap CHHTETHKAJBIK
MOHAJIMACTBIPFBINT TIAWbIp. XKOFaphl OCMOCTBIK TYPAKTBUIBIKIICH KOHE arpecCUBTI
peareHTTepre XHMUSUIBIK TYPaKThUIBIFBIMEH cunartananel. Amberlite IR120 —
CTHUPOJ MEH TUBHHUIOCH3OJABIH CYIb(QOHIATFAH COTOJUMEpPIHE HETI3MEeITeH KYIITI
KBIIIKBUIIBI Tellb THITI KaTnoHaIMacThIpreiml. KY-2-8 (H') kaTMOHWTIHIH aHaJOTHI.
Epitingigeri rammi woHAapeiHbIH ke3i perinme rammi (III) wHuTparel THApaTHI
Ga(NO,),"H,0 (Sigma-Oldrich, Tepmanus) xonmaueuiipl. [ammuii HOHIAPBIHBIH
KaJIJIbIK KOHIICHTPAIUSCHI TUIa3MaMeH MHIYKTUBTI OalTaHbICKaH aTOMJIbI-3MUCCHOHIBI
criektpometpinae (ICAPPRO) anpikrangsr. 3eprrey omictep. MHIyKTHBTI OaliTaHBICKaH
IJIa3MaJIbIK aTOMIBIK SMHUCCHITBIK criekTpomMeTpi (Thermo Fisher Scientific, AKII),
NICOLET 5700 uadpakpizbut cniekrpomerpi (Thermo Fischer Scientific, AKLL).

Copoyus napamempuepin ecenmey. VIOHaAMaCTBIPFBIIITAPABIH TAIMH HOHIAPBIH
Oeutin anmy A9peskeci MbIHA TEHACYMEH eCenTeNIi:

c,—C 1
n=%* 100%, M

myHnarel C — epITIHIAET] T MOHAPBIHBIH OacTarKbl KOHIICHTPAIHASACHI, MT/T;
Ce—epiTin[izLe KaJIFaH TaJUTHA WOHIAPBIHBIH KOHIIEHTPAIHASACKHI, MT/II.
[Tommmep Tiz0eriHiH OalmaHbICy Aopekeci MbIHA (opMyIia OOMBIHIIIA €CeTTeN/Ti:
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Vo 2
RS . 10094, @)

g =
Jllfllf[‘l:l.'I o .
MYHJIa¥bl V, - — TIOJTUMEPre COpPOLMsIAHFaH rainii MOHIAPEIHBIH MOIIIEP], MOIIb;
V., — MOJIMMEDP MAaCCACHIHBIH MOJIIIEP], MOJIb.

WonHamMacThIpFBIII ARBIPIAPIBIH THIMII JUHAMHUKAJIBIK ajiMacy KaOuIeTi MbIHA
(hopmyra OOMBIHIIIA €CETITEII:

Q= Veops (3)
— T

mﬂﬂ.‘I .
MyH1ar bl Vo5 — OTHMEpTE COpOMsIaHFaH TN HOHAAPBIHBIH MOJIIIIEPi, MOJIb;

m —KaTI/IOHI/ITTiH Maccachl, T.

3epTTey HITH:KeJIepi KoHe oapAbl TaaKbLIay. OyHKIIMOHAIIBI TONTAPHl YKCAC
[TAK runporeni sxxone JleBarur CNP (H") kaTnoHammMacThIpFBILIBI OOMBIHILIA AJIBIHFAH
copOmus KHUCBIKTaphl l-cyperte KepceTinreH. [lomumep MeH MeTain apachIHIAFbI
48 caraT OpeKeTTeCyleH KeHiH TaJUTHHJH KaJJIbIK KOHIICHTPAIUSACH alTapibIKTal
TeMeH iereH. KaTHOHaIMaCTRIPFRIITHIH COPOIUSIIBIK KacueTiHe KonTereH (pakropiap
ocep eTeTiHi OeNT1ITi: KOMIUIEKCTY3YIII 3aTThIH TaOUFAaThl MEH KOHIIEHTPAIHSCHI, HOH]TBIK
TYpi, €pITIHIIHIH KBIIKBULIBIFEL, TEMIIEpaTypa, epiTiHmige 0acKana KOMIDICKCTY3YII
3aTTapJblH KOHE METal MOHJAPBIHBIH Ke3[eCyi, KaTHOHAIMACTBIPFBIIITAFEl TITYIII
areHTTiH KoHIeHTpanusackl, xoHe T.0. (Ehrlich et al., 2017). EpitingiMen maiisip
apaceiHnarel Tene-teHAik Jlearut CNP (H) ymin 24 cararraH keiliH opHaraH.
MyHna raqmuaig Kanaslk koHneHTpanuscel 20.71 mr/n. 48 carartan keiiin - 19.76
mr/i. An I[TAK rugporeni yirie copOumst 48 cararra MakcUMaibel xypreH - 13.79
mr/in.  KaTHOHaIMacCTBIPFBINITAFBl TITYNII areHTTIH KOHIEHTPAIUACH TTOJIHMEPIIiH
KYPBUIBIMBIHA OCEp €TETIHJIIKTEH, OYII *aFaai/1a MOIHaKPUIKIIIKBUTBEI THAPOTEIiHIH
COPOIHSIIBIK, CHBIM/TBLTBIFBI YKOFAPhI €KeH1 OaifKata bl

C, mg/l
304

28 [——PAA

| —®@— Lewatit CNP
26
24
22

20

T
0 20 30 50 t, hour

Cyper 1 - YakpiTka 6ainansicts! Ga (I11) KOHIEHTpaUsACHIHBIH e3repici

271



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Kemeci 2-cyperre KymTi KBIIKBUIABI — CyTb()OKATHOHUTTEPAIH  COPOLMSCHI
Oapeicbianarel Ga (III) WOHIApBIHBIH KOHIICHTPAIMSICHIHBIH ~©3repici  OepiireH.
Cynb(hOKaTHOHUTTEP KapamalbM XOHE XUMISUIBIK WHEPTTI Marpuuara ue, OipTeKTi
MOHOMEp OipiikTepi Oap MUBHHWIOCH30JIMEH CTUPOJIIBIH comonuMepi. byn won
AIMaCTBIPFBIIITAPABIH (YHKIHOHAIABI CYIb()OTONTaphl CHIEUU(UKAIIBI )KOHE KONTEreH
KaTHOHJIAPMEH OpEKEeTTECe .

3epTTey HOTHKENIEPiHEH SPEKETTECY YaKbIThIHBIH apTybIMEH O0apiblK cOpOeHTTEpAE
copOuust gopexeci aprkanbl Oaiikanagsl. Ga (III) moHAAPBIHBIH >KOFapbl COPOLUSACH
KVY-2-8 (Na") wnoH anmacTeIpFhIIIbIHAA Oacka aHAJOTTapMEH CaJlbICTBIpFaHa
alTapiablKTall KOFapbl KYpreH. OjeOuerTepAeri MomiMeTTepre CyHeHe OTBIPBIM,
MYHBI KATHOHUTTIH HOHJIBIK TYpi MEH TaOHUFaThiHA jKOHE KOH()OpMaLUSIIBIK ©3repiciHe
OaiinmanbicThl Tycinaipyre 6onaasl (Nesterov, 2007). [lomumepniy cynbl opraga iciHyi
KYpPBUTBIMBIHAAFB! (DYHKIMOHAJIBI TOTKA OHE MPOTHBOMOHFA OaiinmanbicThl. Cebedi
KaTHOHMTTIH iCiHy Iopekeci H' MOHIBIK TypiHAe TuAparauusuiaHy CaHbIHA Kapai
CaJIBICTBIPMABI TYpIEe ToMeH Ooica, Na“ TypiHe aybIcKaHza >korapbuiaiasl. CoHnaii-
aK TUApaTTaNfaH KyHIeri paguychl YIKEH MOHAAPFa >KOFaphl iCiHY KYOBLIBICHI TOH
OosFaHBIKTaH, OYJI KATHOHAIMACTBIPFBIILITHIH KOH)OPMALMSUIBIK ©3repiciHe oKelesi.

C, mg/l
32

304 —m—KU-2-8 H
—@—KU-2-8Na

—A— Amberlite IR120

28

26

24 4

224

204

12 T yi T yi T

0 30 50 t, hour

Cypert 2 - YakepiTKa Oaitnansictsl Ga (1) koHIIeHTpannschIHbIH e3repici

OHKUMOHANIBI TOOBIMEH HWOHABIK TYpl OpTYpJi HMOHAIMACTBIPFBIILITAPABIH
raJIMi MOHJAPBIH COPY JIopexkeci 3-cyperte OepiiareH. AJIbIHFAaH KUCBIKTAp/aH I'elib
typinzeri [TAK ruzgporeniniH »oHe KYIITi KbIIKbUABI MUKpokeyekTi KY-2-8 (Na®)
KaTHOHAIMACTRIPFBIIbIHGIH —rammuil  (III) karmoHmapbiHa KaThICTBI alTapibIKTal
JKOFaphl aJIMacy KaoOuieTi Oap ekeHi Oailkanajbl. OJICi3 KbIIIKbLIIbI, MaKpPOKEYSKTI
Jlesatut CNP LF (H") ywmin copy nmopexeci 34.79%, an rens typinzeri [IAKr copy
nopexeci 54.49%.
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n, %
60
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30

—@— Lewatit CNPLF H
—A—KU-2-8H

—¥— KU-2-8Na

—@— Amberlite IR 120

20 ~

T 7/°T 7/ T

0 20 30 50 t, hour

Cyper 3 - Karnonanmacteipreimrapasiy Ga (111) nongapsiH copy TopekeciHiH yaKbITKa OailIaHBICThI
e3repici

[Momumep TizOeriHiH OaiimaHbicy Jopexeci (2) TeHAEYy apKbUIbl €CeTTeN/I.
[Tonumep Ti3OeTiHiH raJuiii HOHAAPBIMEH OalIaHBICY IOPEKECIHIH €H JKOFapbl MoHI
48 carar opekerrecyneH keitin [TAK ruaporeminge 2.79% xypanst (1-kecte). Tuimai
JTUHAMHKAIBIK anmacy chidbIMabuibirbl [TIAKr, Jleatur CNP LF (HY) sxone KVY-2-8
(Na+) noHanmMacTHIPFBIIITAPBIH/A JKOFAphl €KeHI aHBIKTAJJIbI (2-KecTe).

Kecre 1. ITommmep Ti3berinin Oaiinansicy gapexeci, 0 %

OPEKET.yaKbIThl, CaF. 0.5 1.5 6 24 48

ITAKr 0.28 0.70 1.54 2.24 2.79
JleBatur CNP LF (H") 0.38 0.58 0.97 1.60 1.76
KVY-2-8 (H") - 0.53 1.04 1.70 2.00
KVY-2-8 (Na") - 0.57 1.25 2.13 2.77
Amberlite IR120 0.30 0.63 1.23 1.78 2.29

Kecte 2. TuimMai THHAMUKAIBIK aIMacy CHBIMABLUTBIFBI, (Q MOJIB/T

OpEKeT.yaKbIThI, CaF. 0.5 1.5 6 24 48

[MAKr 0.000194 0.000483 0.00107 0.001553 0.001937
Jlesarutr CNP LF (H) 0.000261 0.000405 0.000672 0.00111 0.001224
KV-2-8 (H") - 0.000147 0.000288 0.000472 0.000557
KV-2-8 (Na“) - 0.000141 0.000309 0.000528 0.000687
Amberlite IR120 8.35E-05 0.000177 0.000343 0.000496 0.000637

lannmii nonaapeina Kanbikkan nonmmepiiepaid (ITAK rugporeni, KY-2-8 (Na*) UK
cnekrpiuepi anbiaabl. UK-cnexTpmik Tangay rammuil monaapbiabiy copouusicsl [TAK
THIPOTeITiHiH (yHKIMOHANIBIK TONTAPBIHAAFBl alKbIH KYPBUIBIMABIK ©3repicTepMeH
pacranansl (4-cyper). CopOuunsiaan KeiiH CIeKTpAe HOHAAIMaraH KeIKbUIIbH C=0
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MIBIHBIHBIH 1749.1 cM ™! aiiMarbiHa alTapibIKTal dJIcipeyi OHBIH IeNPOTOHAAIFaHbIH
oinpipeni. Conpaii-ak, moHzaanran kapOokcmmarTelH (COQ”) KonakTapbl KyIIeHim,
BIFBICYBI HOTHXeCiHAe 1617.8 cM!' sxome 1577.8 cM! MaHa#blHIAa WHTCHCHBTI
aCUMMETPHSUIBIK TepOenic IbIHAapbl maiina Oonamgsl, Oyn1 Ga (III) noHmapeiHBIH
MOJIMMEPIIK MaTpULIaMEH KOMIUIEKC TY3YiH JoNeIeHIi.

S-cyperte KVY-2-8 KkaTnoHOamMacTBIPFBILI I[IAHBIPBIHBIH TaJUIMH  MOHAAPBIH
copOumsinaranHan kedinri MK-cnekrpi kepcerinren. Crnekrpueri esrepicrep KY-2-8
(Na") maiisipeiven Ga (I1I) nongapslHBIH COPOLHSICH €Ki HET13T1 MeXaHU3M OOWBIHIIIA
xyprenin kxepcereai: 1. Mon ammacy: Ga (III) wonbiHbIH maiibipaarsl H noHbH
anMacThIpyblHa OaiyIaHBICTBI Cynb(oTonTapAblH OacThl KOJAKTAPBIHBIH BIFBICYBI
(mbicamer, 1037.6 cm!' — 1117.6 cm!). 2. KoopauHanusuielk Oaitnanbic: TeMeHri
KUUTIK aiimarsiaaarel 473.1 cM ! komakThiH maiina Gomysl rammmii-ortek (Ga-O)
KOOPAMHAIMSIIBIK OaiIaHBICTaPBIHBIH TY3UITCHIH pacTaiabl.
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KopsbITbIHaBI. Kapacteipbuiran HMOHAIMACTBIPFBIITAPBI COPOLMSITBIK
cunarramanapbia Kapaid (Ga (III) noHbIHa KaThICTH) MBIHA KaTapFa OpHaJacThIPyFa
oomamer: [TAKr > KV-2-8 (Na“) > Amberlite IR120 > KY-2-8 (H") > Jlearur CNP
(H"). Cy epitinginepinen Ga (III) xarmonmapsiH copOumsiayra THiMai copOeHTTEp
peringe IIAK ruaporenin »xoHe remb TypiHzeri mukpokeyekti KVY-2-8 (Na")
KaTHOHAJIMACTBIPFBIIBIH YChIHYFa 00Ja bl
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