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Analytics

NAS RKis pleased to announce that News of NAS RK. Series of chemistry and
technologies scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of chemistry and technologies in
the Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of chemical sciences to our community.

Kaszakcma+ Pecnybnukacbl Ynmmbik fbinibiM akademusicbl "KP ¥FA Xabapnapbl. Xumusi xeHe
mexHorsioeusi cepusichl” fbinibIMU XypHarnbiHbiH Web of Science-miH xaHanaHraH Hyckacsi Emerging
Sources Citation Index-me uHdekcmernyze KabblnOaHraHbiH xabapnalobl. byn uHOekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicbl XypHandbl odaH api the Science Citation Index Expanded, the Social
Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kabbinday macesneciH
Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei MeH canacbiH ycbiHadbl. KP ¥FA Xabapnapbl. XuMmusi XoHe mexHosoausi cepusicel Emerging
Sources Citation Index-ke eHyi 6i30iH KoramdacmbIK YWiH eH 63eKmi xoHe 6edendi XUMUSIIIbIK FblribiMOap
bolibIHWa KoHmMeHmke adandbifbiMbi30bi 6indipedi.

HAH PK coobwaem, 4ymo Hay4Hbil XypHan «3eecmusi HAH PK. Cepus xumuu u mexHosnoaul» 6bi
npuHam 0ns uHdekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web of Science.
ColepxxaHue 8 amoM UHOeKcuposaHUU Haxodumcsi 8 cmaduu paccMmompeHusi komnaHueli Clarivate
Analytics 0ns danbHeliweezo npuHsmusi xypHana e the Science Citation Index Expanded, the Social
Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem ka4yecmso u
2nybuHy koHmeHma 0151 uccriedogamerel, asmopos, usddamersel u yuypexoeHul. BkrirodeHue Nagecmusi
HAH PK e Emerging Sources Citation Index OemoHcmpupyem Hawy MnpueepxeHHoCMb K Hauboriee
akmyasibHOMY U 8/IUSIMesIbHOMY KOHMEHMY Mo XUMUYEeCKUM Haykam O Hauleeo coobuecmea.
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PROCESSING HOUSE HOLD POLYETHYLENE WASTE
TO PRODUCE CARBON NANOTUBES

Abstract. The paper presents the results of processing household polyethylene waste by thermal degradation for
the synthesis of carbon nanotubes by chemical vapor deposition. A feature of the work is that the decomposition of
polyethylene samples and the synthesis of carbon nanotubes were carried out in one stage. The effect of temperature
on the decomposition products of polyethylene wastes in the temperature range 200-550 °© C was investigated. It has
been determined that even at a temperature of 450 ° C, the decomposition of polyethylene proceeds sufficiently to
form carbon nanotubes. The catalyst for the growth of CNTs was cenospheres obtained from the ash and slag waste
of thermal power plants during coal combustion. The main components of cenospheres are silicon and aluminum
oxides. The active phase of the catalyst was iron nitrate, which is a precursor to the formation of iron clusters on the
surface of cenospheres. The decomposition of polyethylene waste and the synthesis of carbon nanotubes was carried
out one-stage in a tubular CVD reactor in a nitrogen atmosphere. The temperature of the synthesis of CNTs is 800 °
C. As a result of synthesis, carbon nanotubes with a diameter of 15-28 nm are formed on the surface of cenospheres,
which is confirmed by results of SEM analysis and Raman spectroscopy. Based on the studies, the authors proposed
a method for processing polyethylene waste for the synthesis of high quality CNTs.

Key words: carbon nanotubes, polyethylene waste, IR spectroscopy, electron microscopy.

INTRODUCTION

Currently, the problem of recycling polymer waste is a critical point in ensuring environmental safety.
According to the report of the Eurasian Economic Commission, the world production of polymers in 2013
amounted to 245 megatons [1]. Polymeric waste, which makes up about 40% of all household and
industrial waste, is recycled only in small quantities, and is either incinerated or disposed of in landfills.
According to [2], in 2015, only 9% of the total volume of plastic waste was recycled, 12% was burnt, and
79% was collected in landfills. There are several ways to recycle plastic waste: mechanical recycling;
processing of raw materials (monomerization, blast furnace recovery, chemical processing of raw
materials of coke ovens, gasification, liquefaction, etc.); thermal processing (cement kilns and power
generation) [3].

The review [4] presents data on the processing of polymer wastes to produce carbon nanomaterials
(fullerenes, carbon nanotubes, graphenes, etc.). It is shown that the processing process is energy and
resource intensive, however, with the right approach and organization of the process, it is possible to
achieve economic profitability. In [5], the authors proposed a method for recycling PET plastic bottles for
the production of carbon nanostructures, including fullerenes and graphene sheets. The work [6] presents
the results of the synthesis of CNTs with a diameter of 30-50 nm by catalytic pyrolysis of polyethylene
waste. Interest in the production of carbon nanotubes is due to the wide range of applications of these
nanomaterials in various industries: energy [7], textile industry [8], as sorbent materials for wastewater
treatment [9] due to the high values of the specific surface [10].

— §f —
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EXPERIMENTAL PART

As the initial material, household garbage (bags and containers) with the marking PET was used.
Household plastic waste was pre-shredded and cleaned. Cleaning was carried out by washing the
powdered sample with hot water with the addition of a surfactant. After washing, the samples were dried
under normal conditions. At the end of the drying process, the crushed samples were fused without
chemical degradation in a porcelain boat by heating at temperatures no higher than 130 °C, in order to
obtain compact samples of polyethylene for more convenient loading into the reactor

To study the decomposition process, a three-zone furnace with a quartz reactor was used. The inner
diameter of the pipe is 6 cm, length 120.7 cm. A study was made of the effect of temperature on the
decomposition of polyethylene. The process of decomposition of polyethylene waste in the temperature
range from 200 to 550 °C was investigated. Gaseous and vaporous products of thermal degradation of

polyethylene were condensed on a cellulose filter with a pore size of 2-3 umand subjected to IR analysis on
a Fourier IR spectrometer Spectrum 65.

The synthesis of carbon nanotubes was carried out by thermal destruction of polyethylene waste. The
synthesis of carbon nanotubes was carried out in a three-zone CVD reactor. A quartz cuvette with
polyethylene samples weighing 4 g was installed in the first zone of the reactor. P';gos00cenosphereswere
used as the basis for the catalyst for the synthesis of CNTs. To prepare the catalysts, 10 g of
cenosphereswere impregnated with an aqueous solution of iron nitrate nonahydrate with a concentration of
100 g/l. Further, the catalyst samples were dried at a temperature of 70 °C for 2-3 hours until the moisture
was completely removed. Quartz cuvettes with a 1 g sample of catalyst were installed in the 3rd zone of
the furnace. The temperatures in the second and third zones of the furnace were set at 700 and 800 °C,
respectively. Nitrogen (99.9%) with a flow rate of 530-540 cm’/min was used as a transport gas. Synthesis
time 30 min. Samples of carbon nanotubes were studied by scanning microscopy (Quanta 200i 3D B
JEOL, JSM-6490LA) and Raman spectroscopy (NT-MDT NTegra Spectra), which allowed to evaluate the
morphology and structure of the obtained CNT.

RESULTS AND DISCUSSIONS

It was experimentally determined that at a temperature of 200 °C thermal degradation of polyethylene
waste does not occur, only a slight sintering of the samples is observed. At a temperature of 300-400 °C, a
slight destruction of the sample is observed, however, this temperature is not enough for the complete
destruction of polyethylene waste. Thus, it was experimentally determined that the destruction of
polyethylene samples proceeds from a temperature of 450 °C. Thermal decomposition of polyethylene
waste occurs with the release of white smoke with a specific odor

Figure 1 shows the IR spectrum of the thermal decomposition products of polyethylene at a
temperature of 450, 500, 550 °C.

a b Cc

Figure 1 - IR spectra of decomposition of products of polyethylene wastes
at various temperatures: a) 450 °C;b) 500 °C; ¢) 550 °C

Infrared spectroscopy is one of the main methods for identifying organic materials. This is possible
due to the different nature of the interaction of infrared radiation with chemical bonds and functional
groups of the analyte.
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Comparing the spectra presented,it should immediately be noted that all of the peaks described below
are most pronounced for the pyrolysis products at 450 °C, and their presence gradually decreases with
increasing temperature. So, a weak peak at a frequency of 3077 cm corresponds to the stretching
vibrations of the C-H bond present in aromatic compounds.

Peaks corresponding to a frequency of 1641 cm™ characterize a double carbon — carbon bond and
most likely signal the presence of alkenes in the pyrolysis products. There is other evidence of alkenes in
this spectrum. So, at frequencies of 964 and 991 cm™ distinct peaks were observed, corresponding to the
vinyl group in trans-disubstituted alkenes and monosubstituted alkenes, respectively.

The well-structured adsorption peak at 1462 cm™ seems to characterize the presence of -CH, groups.

Vibrations of C-O bonds observed at 909 cm™ indicate the presence of spirits, esters and carboxylic
acids. Thf: presence of carboxylic acids is also evidenced by the band clearly pronounced in all spectra at
1377 cm™.

The bending vibrations of the C-H bonds correspond to the peaks at 729 cm™ and 719 cm™, which
correspond to aromatic compounds, in particular, a monosubstituted benzene ring and a phenyl group.

A group of peaks is also observing, the severity of which increases with increasing pyrolysis
temperature, and with decreasing temperature the peak intensity decreases. Thus, in the range of 2915—
2940 cm’', peaks corresponding to aliphatic C-H bonds are observed in all three spectra, and vibrations at
a frequency of 2849 cm™ correspond to symmetric methyl groups. Thus,these peaks correspond to the
presence of alkanes in the samples.

Thus, the treatment of polyethylene waste at low temperatures contributes to a more noticeable
presence of unsaturated compounds, alkenes, aromatics, and oxygen-containing compounds in the
pyrolysis products. An increase in temperature during the pyrolysis of polyethylene in turn contributes to
an increase in the formation of alkanes.

The results of IR analysis showed that there was no significant difference in the mechanism and
products of the decomposition of polyethylene wastes in the temperature range 450-550 °C, thus, for the
synthesis of CNTs, the decomposition temperature of polyethylene was 450 °C.

As indicated earlier, the catalyst matrix was P'jos00cenospheres (P'-factory marking of cenospheres,
100/500 - cenosphere sizes from 100 to 500 um) obtained by the flotation method from ash and slag waste
of thermal power plants during coal combustion. Images of optical and electron microscopy of
cenospheres are presented in Figure 2.

Figure 2 - Micrographs of cenospheres

The cenospheres used as the catalyst matrix are hollow spherical structures. The sizes of the spheres
vary from 100 to 500 um. The composition of the cenospheres: SiO, - 58-68%, Al,O; - 32-38%, Fe,O; -
1.4-2%, CaO - 1.9%, MgO - 1%, K,O + Na,O - not more than 1.5%. The melting temperature of the
cenospheres is 1350-1500 °C. The wall thickness from the diameter of the microspheres is 5-10%.

Figure 3 a,b shows SEM images of the surface of cenospheres coated with CNT.
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Figure 3 —a, b) SEM images of the surface of cenospheres coated with CNT; ¢) Raman-spectra of synthesized CNTs

Analysis of SEM images of samples, obtained from polyethylene wastes at a decomposition
temperature of 450 °C on a Fe@P’ o500 catalyst, shows that in result of synthesis high-quality carbon
nanotubes are forming, and completely turbostratic carbon is completely absent. Nanotubes have a
diameter of 15 to 28 nm. The Raman spectrum (Fig. 3¢) shows a high degree of graphitization and low
defectiveness of the obtained CNTs.

CONCLUSION

Based on obtained results, a methodology for processing polyethylene wastes (PET marking) to
produce carbon nanotubes is proposed. It was experimentally determined that the optimal temperature of
polyethylene decomposition for the synthesis of CNTs is 450 °C. Thus, on the Fe@P' o500 catalyst
(cenospheres with Fe (NO3),-9H,0) at a synthesis temperature of 800 °C and a synthesis time of 30 min,
carbon nanotubes with a diameter of 15-28 nm are formed on the surface of the cenospheres, and
turbostratic carbon is completely absent. The results of Raman spectroscopy also confirm the high degree
of graphitization of obtained one-dimensional carbon structures, which makes them perceptive for further
practical applications.
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KOMIPTEK HAHOTYTIKIIEJIEAI OHAIPY YIIIH NOJUTETHIEH KAJI/IBIKTAPBIH OH/IEY

AHHoTanus. Makanaia TYPMBICTBIK MOJMATUIICH KaJIbIKTAPbIH XUMHSIBIK OyIbIH TYHIBIPYBIMEH KOMIPTEKTI
HAHOTYTIKIIENEpi CHHTE3NEy YUIIH TepMHUSUIBIK TO3Y AapKbUIBI OHACY HOTIDKeNepi KenTipinreH. JKYMBICTBIH
epeKIIeNiri — TONHATHICH YITUIEpiHIH BIOBIPAYBl JKOHE KOMIPTEKTI HAHOTYTIKIIENEpIOiH cuHTe3i Oip caTeiga
Kyprizimyi Gomeim caHamangsl. 200-550 °C temmeparypa AWana3oOHBIHIA TONHATHICH KaJABIKTAPBIHBIH BIOBIPAY
eHIMIepiHE TeMmeparypanblH ocepi 3eprrenai. Tinti 450 °C Temmneparypana JAa MOJMATHICHHIH bIIBIPAYbBI
KOMIPTEKTI HAHOTYTIKIIENEP/l KaJbINTACThIPY VINIH JKETKUTKTI OojareiHabiFbl aHbikTanabl. KHT  ecyinin
KaTalu3aTopbl peTiHAe KOMIpIi jKary Ke3iHIe JKbUIy SJISKTP CTaHIMSIAPBIHBIH KYJ MEH IIAK KaJABIKTapbIHAH
anplHFaH 1eHocdepa Oonnbl. LleHocdepaHblH HEri3ri KOMIOHEHTTEPI — KPEeMHHUIl JKOHE allOMHMHHH OKCHATEDI.
Karanusaropabie Oencenii (asachl TeMip HUTpaThl OOJIbI, O IieHOC(hepa OeTiHae TeMip KIACTEpJICpiHiH Maiaa
OONMYBIHBIH ~ aJFbILAPTEl  Oo0JbIN  TaObuiaabl. [IONMATHIEH KAIABIKTAPBIHBIH bIObIPAybl JKOHE KOMIpPTEKTi
HAHOTYTIKIIEJep CHHTE31 a30T atMmocdepacsiHnarsl Kyobipiiel CVD peakropeinaa 6ip cartsuibl xyprizingi. KHT
cunresinig Temneparypacsl 800 °C kypaiinel. CuHTe3 HOTIDKeCiHIe amameTpi 15-28 HM 0OnaThlH KOMIPTEKTI
HAHOTYTiKIIenep naina 6omaxsl, 6y1 COM aHanm3i xoHe PaMaH CIIeKTPpOCKOMMSCHIHBIH HOTIKETIEPIMEH pacTaiabl.
3epTreynep HeriziHAe aBTOpiap xorapsl camansl YHT cuHTE3! YIIiH MOMMATHIEH KaNOBIKTAPHIH OHICY ONICiH
YCHIH/IBL

TyiiiH ce3aep: KoMIpTEeKTi HAHOTYTIKIIENEp, TMOIMATHICH KalAbIKTaphl, MK-CHeKTpOCKONus, SIEKTPOHIbI
MHKPOCKOIIHSL.
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HEPEPABOTKA BBITOBBIX ITIOJIU3TUJIEHOBBIX OTXOJ0B
JJIA IMTOJYUYEHUA YTJIEPOJHBIX HAHOTPYBOK

AnHoTanusi. B crartee npencraBieHbl pe3ysbTaThl MepepadOoTKU OBITOBBIX MOJUITHICHOBBIX OTXO/OB IIyTeM
TEPMHUUYECKOHN AECTPYKLUMUHUIS CHHTE3a YIIIEPOIHBIX HAHOTPYOOK METOJI0M XMMHUYECKOTO Napo(ha3HOTO OCaKIACHUSL.
Oco0eHHOCTBIO palbOTHI SIBISETCS TO, YTO MPOLECC PA3I0KEHHS HOJINATUIICHOBBIX 00pa3IoB M CHHTE3 YIJIEPOJHBIX
HAHOTPYOOK NPOBOJWIM B OJHY CTaJIHI0. BBIJIO HMCCiIe0BaHO BIMSHHE TEMIEpaTypbl Ha MPOIYKTHI Pa3JIOKEHUS
MOJIMATUIIEHOBBIX OTXOA0B B uHTepBasie Temmneparyp 200-550 °C. YcraHoBieHo, 4To yxe npu Temnepatype 450 °C
pa3ioKeHHe TONHMATHICHA HWIOST B JOCTATOYHOW CTemeHH s (HOPMHUPOBAHUS YIIEPOTHBIX HAHOTPYOOK.
Karammzaropompocta YHT cirykunu nieHOC(ephl, MOIyYeHHBIE M3 30JI0-IUIAKOBHIX 0TX0n0B TOLl mpu crxuranum
yras. OCHOBHBIMH KOMITOHEHTaMH IIeHOC(ep SBISIOTCS OKCHIBI KPEMHHS W ANMIOMUHHUSA. AKTUBHOH (a3oit
KaTanu3aTropa CIyXHJ HUTpara *eje3a, SBILSIFOLIMNACS MPeALIeCTBEHHUKOM (OPMHUPOBAHHUS KIIACTEPOB Keie3a Ha
MOBEPXHOCTH LieHOChep. PaznoxkeHre MONMITUICHOBBIX OTXOJOB M CHHTE3 YIJIEPOAHBIX HAHOTPYOOK MPOBOIMIIN
onHocraauitHo B Tpybuatom CVD-peakrope B cpeae asora. Temneparypa cunresa YHT cocraBmser 800 °C. B
pe3yibTaTe CHHTE3a, Ha MOBEPXHOCTH 1eHochep GopMUpPYIOTCS yIiaepoIHble HAHOTPYOKH ¢ quaMerpoM 15-28 M,
YTO TMOATBEpXkAaercs pesynbraraMu COM-ananuza u Paman-cnektpockonuu.Ha OCHOBaHMHM TNPOBEAECHHBIX
WCCJIEJOBAaHUH, aBTOPaMU IMPEAJIOKEH METOA NepepaboTKU IOJIMATHICHOBBIX 0TX0J0B usicuHTe3a YHT Bbicokoro
Ka4yecTBa.

Ki1ioueBble cjioBa: yriiepoJHble HAHOTPYOKH, IOJIMATHICHOBBIE 0TX0AbI, MK-cnekrpockonus, 3JeKTpoHHas
MHUKPOCKOIIHS

— 10 ——
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INVESTIGATIONOF CONCENTRATION METHOD
OF SCANDIUM-CONTAINING SOLUTIONS

Abstract. In current times, enterprises in Kazakhstan that extract uranium by in-situ leaching (ISL) method do
not simultaneously recover valuable components. Cardinal problems in this area are the issues of reserves estimation
and the availability of effective technology that allows for cost-effective operations. The peculiarities of processing
solutions of ISL uranium should also include extremely low contents of valuable components and a complex
chemical composition. To solve some of these problems, the authors are working on the development and
optimization of technological solutions.

This article presents studies results of further concentration and purification of scandium strippants of the first
operations of scandium sorption from uranium sorption filtrates of the ISL cycle. Concentration effect of sodium
carbonate on the kinetics and desorption efficiency of scandium from the resin was studied using the example of SE-
DEHPA resin under static conditions. Solution's pH influence on second stage operation of sorption on SE-DEHPA
resin under static conditions is recognized, and the possibility of subsequent carbonate desorption of scandium was
investigated.

As a result of the laboratory studies, a basic technological scheme of scandium associated extraction was
developed within the framework of the ISL uranium cycle and the main technological parameters and modes were
determined that formed the basis of the basic technical and economic assessment.

Key words: scandium, sorption, desorption, extraction, degree of extraction, exchange capacity, filtrate.

Introduction.Scandium is a rare element and a very expensive metal due to the complex
metallurgical processes of its extraction, purification and reduction. General application of scandium oxide
is solid oxide fuel cells production. Scandium consumption in light sources production, in nuclear energy,
medicine, in the production of refractory materials, phosphors is promising. However, the active use of
scandium unique properties is currently constrained by the high cost of its production [1-3].

Due to its low content, scandium is typically recovered as a by-product in the processing of aluminum
and rare metal materials. Currently, hydrometallurgical processes, which are mainly associated with
leaching, liquid extraction and precipitation, are usually used to extract scandium. One of the major
scandium sources is uranium ores, during the processing of which using sulfuric or nitric acid scandium is
extracted together with uranium and transferred to leaching solutions. The next time uranium is cleaned,
the scandium is separated. When processing uranium-containing leaching solutions, extraction and
sorption methods are most often used to extract scandium [4-13].

Separation and purification of scandium is carried out using acidic, alkaline, neutral and chelating
extractants. A promising area of extraction chemistry is the use of binary extractants, characterized by
high separation and distribution coefficients, a high extraction rate, as well as ease of re-extraction and
reagent consumption reduction.Among extractants, the most selective with respect to scandium is di-2-
ethylhexylphosphoric acid (DEHPA) [14-22].
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The aim of this work is to develop a highly efficient, economically acceptable technology for
scandium associated extraction from uranium sorption filtrates.

Experimental procedure

Consumables.In our previous investigations, we determined the effectiveness of a binary extractant
prepared on the basis of di-(2-ethylhexyl) phosphoric acid (DEHPA) for scandium extraction from
uranium sorption filtrates and established the main approaches to desorption.This article discusses the
technological issues of further concentration and purification of scandium strippants of the first and
second sorption operations.

Table 1 presents the characteristics of DEHPA sorbent used in the work, which underwent
preliminary thorough conditioning.

Tablel — Characteristics of the used sorbent DEHPA

Ionite Functional group Matrix Granules size in the air-dry state,
mm

macroporous, Cross-
SE- DEHPA C,6H35POy4 linked polystyrene 0.63+2.50

Scandium sorption in static conditions. Taking into account the extremely low concentrations of the
target components, it is advisable to use a large solution: sorbent phase ratio (L:S) for studies under static
conditions.Static sorption was made in a container with a volume of 5 dm’ using a mixing device with a
ratio of L:S 1000:1 (5 dm’:5 g).Experiment duration was 24 hours. Samples for analysis were taken at
certain time intervals without interrupting the experiment. The change in system volume as a result of
sampling did not exceed 5%.

The values of the static exchange capacity of the ion exchanger was calculated by the formula:

Co—C,

%4
SEC ==+, (1)

whereCpandC, — initial and equilibrium concentrations of the adsorbed component, mg/dm® or mmol/dm’;
V — volume of solution, dm’; m — weight of resin, g.

Scandium sorption I from a model solution.Research of the first stage of scandium sorption was
carried out on a model solution simulating real solutions composition of the “Irkol” mine.

The composition of model solution with a volume of 60 dm’ and a scandium concentration of 0.15
mg/dm’:

- 4.602 mg of scandium oxide Sc,0; with a purity of 99.9%;

- an aqueous solution of sulfuric acid (60%) of "chemical pure" grade 94.6.

Scandium oxide dissolution was done in a hot sulfuric acid solution at a temperature of 80°C for 0.5
hours.

The process of scandium sorption on DEHPA resin in a static mode was conducted research on a
laboratory shaker LOIP LS110 at a rotation speed of 190 rpm at room temperature.

Scandiumsorptionllfromstrippant stage 1. Kinetic studies of second stage process of sorption at
different pH were carried out in a model solution with a concentration of scandium of 15.81 mg / dm3
simulating stage I strippant.Solution preparation included the dissolution of a selected sample of scandium
oxide (99.9%) weighing 0.0153g in 1 cm’ of concentrated sulfuric acid, followed by dilution of the
solution to 1 dm”’.The resulting solution was divided into 5 equal portions of 200 cm’, which underwent a
pH adjustment to the desired value.Solution pH was adjusted to the acidic side with sulfuric acid and
alkaline - with sodium carbonate.At sodium carbonate concentration of 200 g/dm’, the pH was 10.73,
while the resin formed large pieces with a diameter of 0.5-1.0 cm, which subsequently stuck together into
one large agglomerate.
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Studies were carried out at pH values of solutions 1,3,5,10,13.

The process of scandium secondary sorption from the strippant of stage I on resins in the static mode
was taken on a laboratory shaker LOIP LS110 at a rotation speed of 190 rpm at room temperature.

Scandium desorption from saturated DEHPA resin under static conditions.The processes of primary
and secondary desorption of scandium were carried out under static conditions using various
concentrations of Na,CO; sodium carbonate desorbing solution:100, 150, 200 and 250 g/dm3 .

In desorption study, the ratio L:S=50:1 (250 cm®:5 g) was used with a duration of 12 hours.The
change in system volume as a result of sampling also did not exceed 5%.

The element content in the resin was calculated based on the material balance taking into account
element concentration in the initial solution.

The scandium content in liquid and solid samples was analyzed using plasma atomic emission
spectroscopy (Optima 8300 DV, PerkinElmer, LLC).

Resultsanddiscussion

As a result of scandium sorption I from model solutions on DEHPA resin, saturation was established
(table2).

Table2 — Results of scandium sorption under static
conditions from model solutions on DEHPA resin

Numberofresin'saliquot Initial Sc concentration, Final Sc concentration, Estimated Sc concentration on resin,
mg/dm® mg/dm® kg/m®
1 0.12 0.0015 0.118
2 0.12 0.0012 0.119
3 0.12 0.0015 0.118
4 0.12 0.00095 0.119

Scandium | was desorbed from saturated DEHPA resin using a sodium carbonate Na,CO; stripping
solution of various concentrations: 100, 150, 200 and 250 g/dm’ (table3, figure 1).

D2EHPA
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200 g/dm® NaaCO3—— 250 g/dm® NaiCOs

Figure 1 — Scandium desorption I kinetic curves at various concentrations of Na,COs.
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Table3 — Researc findings of the kinetics of scandium desorption I at various concentrations of a desorbing agent

Initial Sc content in DEHPA resin, kg/m’
. 0.118 0.119 0.118 0.119
Duration - . - 3
Scandium concentration in solution, mg/dm
100 g/dm’Na,CO, 150 g/dm’Na,CO, 200 g/dm*Na,COs; 250 g/dm’Na,COs;
1 hour 0.53 0.41 0.34 0.24
2 hours 0.68 0.60 0.47 0.32
4 hours 0.91 0.70 0.60 0.46
6 hours 0.87 0.77 0.63 0.51
12 hours 0.99 0.87 0.69 0.67
Extraction, % 33.56% 29.24% 23.39% 22.52%

It is seen from table 3, the obtained degree of scandium extraction determined in the static mode, is
low and is at the level of 30%, which is probably due to the significant affinity of scandium to the resin
and laboratory scale of the tests.The most optimal concentration of a stripping solution providing this
extraction degree is 100 g/dm30f Na,COs.

During the second stage of scandium sorption from the strippant of stage I, pH influence of the
solution on the kinetic sorption properties of the DEHPA resin was determined. The composition and
preparing method of model solutions are described above. The results of testing the operation of scandium
sorption II are shown in table 4 and in figure 2.

Table 4 — The results of scandium sorption II kinetics studies with DEHPA resin at various pH solutions

. Scandium concentration in solution, mg/dm’
Duration
pH 1 pH3 pHS pH 10 pH 13
1 hour 0.012 0.0012 0.66 7.94 9.42
2 hours 0.020 0.0022 0.95 7.79 8.69
4 hours 0.0072 0.0053 0.79 6.46 10.54
6 hours 0.0037 0.0014 0.56 7.01 10.15
12 hours <0.00003 <0.00003 0.054 8.01 10.03
24 hours 0.00048 <0.00003 0.0011 7.76 10.05
Extraction, % 100.00% 100.00% 99.99% 50.92% 36.43%
Sc content in resin,
kg/m’ 0.474 0.474 0.468 0.400 0.377
D2EHPA
18
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Figure 2 — Kinetic curves of scandium sorption II with DEHPA resin at various pH of the solution
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As can be seen from table 4, when the pH of the solution is 5, there is a decrease in the sorption
properties of the DEHPA resin and with a further increase in the pH of the solution, the capacity of the
resin decreases significantly (up to 70% of the capacity in an acidic environment), which is due to the type
of ion-exchange groups.

Studies results confirm the feasibility of carrying out the first operation of solutions desorption using
100 g/dm’ Na,COs, since in the future, a minimum amount of deoxidizing agent will be required to bring
the pH of stage I strippants to 2-3. This solution will allow for efficient sorption extraction in the second
stage with the lowest operating cost.

DEHPA resin obtained as a result of scandium sorption II was desorbed in a static mode using 100
g/dm’ Na,CO;. The results of testing scandium desorption operation II are shown in table 5 and figure 3.

Table 5 - Results of kinetics studies of scandium desorption II at 100 g/dm® Na,CO,

. Scandium concentration in solution, mg/dm3
Duration
Resin from pH 1 Resin frompH 3 Resin frompH 5 Resin frompH 10 Resin frompH 13
The initial content
of Sc in the resin, 0.474 0.474 0.468 0.400 0.377
kg/m’
1 hour 0.65 1.20 2.03 0.18 0.11
2 hours 1.24 1.47 1.85 0.25 0.11
4 hours 1.90 2.33 2.73 0.30 0.098
6 hours 2.50 2.54 2.41 0.35 0.076
12 hours 3.42 3.09 2.58 0.39 0.1
24 hours 4.99 3.39 3.80 0.42 0.13
Extraction, % 35.66% 25.93% 29.30% 3.89% 1.30%
D2EHPA desorption 11
- 3.0000 —
5 4.0000
E- e ———————
.8 3.0000 e -
] e
e -
= g el
E 20000 ‘
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8 1.0000 __:.'§ '
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—&— Rezin from pH 1—e— Resin from pH 3 Resin from pH 3

—a— Fesin from pH 10 -— Besin from pH 13
Figure 3 — Kinetic curves of scandium desorption II from DEHPA resin saturated at various pH

As in the case of desorption I, the obtained degree of scandium extraction, determined in static mode,
is at the level of 30%, which can be gave a reason by laboratory test scope.lIt is noteworthy that scandium
practically did not desorb from a resin saturated at an alkaline pH.

Derived strippants can be further processed by oxalic acid precipitation.The advantage of this method
is scandium precipitation, while calcium (the main impurity element) during oxalic acid deposition
remains in solution, which ultimately allows for a cleaner product.

— 16 ——
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As a result of laboratory studies, a conceptual technological schema was developed for the associated
extraction of scandium from uranium sorption filtrates.The main technological parameters and modes,
which formed the basis of the base technical and economic assessment, were determined. Indicators given
in this assessment are preliminary and cannot be applied directly for project purposes. However, these
results will allow giving a sense of feasibility of continuing work in this area.

Considering that the initial and remaining reserves of scandium in the contaminated uranium ore are
unknown, at this stage we can assume that scandium equilibrium concentration in solution is 0.22 g/m’ It
makes sense to make an assumption about the feasibility of processing 250 m’/h of mother liquids for
uranium sorption, which is convenient both in hardware design and in terms of minimizing financial risks
at an acceptable level of profitability.

The scandium extraction technology is based on sorption I on an impregnated sorbent of the brand
SE-DEHPA, carbonate desorption I, neutralization and subsequent sorption II on SE (SE-solid extractant).
Desorption Il is carried out by sodium carbonate and subsequently scandium oxalate is produced by oxalic
deposition in an acidic medium (figure 4).

SE
J. B e e — _ﬁ
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¥
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Figure4 — Process flow sheet of scandium extraction from uranium sorption filtrates
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The scandium-containing solution (uranium sorption filtrate) is passed through PSC-3m type pressure
sorption column filled with SE resin, before the scandium breaks through in the sorption filtrates with a
flow of 250 m’/h.

2 m® of scandium-saturated resin is discharged from the column every 24 hours.Sc content in the
reloaded resin is 590 g/m’.Desorption is carried out using sodium carbonate solution with a concentration
of 100 g/dm’ by passing 8 specific volumes of the solution through 2 m® of resin in the corresponding
column.An extraction degree of 40% sorbed scandium to obtain 16 m’ of strippant with an average content
0f29.7 g/m’.

The resin is returned to the primary sorption operation. Strippant before subsequent sorption II is
deoxidized with sulfuric acid concentrated solution.The conditioned solution is collected in a collection
tank and then, with a flow of 0.25 m’/h, is sent to the sorption of stage 11, also carried out on SE in the
corresponding column.640 specific volumes (16 m’) of the stage solution are passed through 0.025 m® of
the processed resin for 64 hours, after which the scandium content in the resin reaches 18.6 kg/m”.

At the end of sorption, desorption is carried out in the same column by passing a desorbing solution of
100 g/dm’® Na,COs.Solution's 8 beats are flowed through 0.025 m® of resin with the extraction of at least
50% of the adsorbed scandium.As a result, 0.2 m® of solution is formed with an average concentration of
1.13 kg/m’.The resulting strippant is adjusted in pH to a value of 2+3 with a solution of ammonia and
oxalic acid dihydrate is added.Precipitated sediments are filtered on a nutsche-filter and calcined at a
temperature of 900°C to obtain draft quality scandium oxide.

Thus, the productivity of the section will be about 0.214 kg of scandium in 24 hours, or 71.47 kg of
scandium per year, which in terms of scandium oxide will be 109.35 kg.

The specified parameters are indicative and require confirmation during conducting semi-industrial
tests on real solutions.

Conclusion

Based on the analysis of the obtained experimental data, sorption and desorption processes optimal
operating parameters were determined with the simultaneous extraction of scandium from uranium
sorption filtrates, which formed the basis of the developed conceptual technological scheme for scandium
extraction.A preliminary technical and economic estimate of the process indicates the feasibility of further
research on the associated extraction of scandium from real uranium sorption filtrates.

Funding.The research was carried out within the framework of the project AP05133140
"Development and testing of resource-saving technologies for extraction of valuable byproducts during
the processing of uranium ores with a comprehensive assessment of its profitability and investment
attractiveness” due to scientific projects financing under the of the Scientific Committee of the Ministry of
Education and Science of the Republic of Kazakhstan.
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AK "JI.B. CokonbckuiiaThIHIAFbKaHApMail, KaTalln3 )KOHE SJIEKTPOXUMHUS HHCTUTYTHI", AJIMAaTHI,
KazakcranPecnyOnukachr

CKAHJIUA BAP EPITIHALJIEPIIH IHOFBIPJIAH/IBIPY 9IICIH 3EPTTEY

Annotanus. Kazipri yakeitra Kasakcranaarsl jkepacThIIBIK YHFBIMAIIBIK IAiiManay oliciMeH ypaH eHIIpeTiH
kacinopeiaap (OK¥1L) 6ip yakeitTa OaiiaHbICTBl KOMIIOHEHTTEpAI WIBIFApyIbl Ky3ere acsipmaiinsl. Kopuapzb
Oaranay xoHE peHTaOCNIbIIK OpeKeTTep i KYpri3yre MyMKiHIIK OCpeTiH THIMII TEXHOJOTH OYJI camajgarbl HETisri
Mocenenepi Oombmm TaOpmianel. Ypauael JKYII TeXHONOTHSIBIK EpITIHIUICPIHIH epeKIIeNiKTepiHe Maiimansl
KYpaMIacTBIH ©Te TOMEH MOJIIEepi jKoHe KYpIeNi XUMILUTBIK KypaMbl Kipyi kepek. Ocsl MocenenepIiH KernoipiH
IIETTy YIIiH aBTOpJIap TEXHOJOTHSUIBIK MISTIIMACP I 93ipiiey jKoHe OHTaWIaHABIPY OOMBIHINA KYMBIC Kacabl.

Bbyn makamama XY mukmiHiH ypaH copOIMANBIK (QUIBTpAaTTapblHAH CKAHAWMH COPOIMSCHIHBIH aJIFallKbl
orepalysIapbIHbIH CKaHAMN JecopOaTTapblH 9pi Kapai HNIOFBIPIaHbIPY )KOHE Ta3apTy 3epTTeyJIepiHiH HOTIKeIepi
kenripiiredn. CraTUKanblK JKarJaidnapaa HaTpuil KapOOHAaThl KOHLEHTPALMACHIHBIH KWUHETHKara ocepi JKoHe
18
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MIalbIpAaH CKaHAWNTIH JecopOnusachiHbH THIMAUTTT KD-/I20T'®K  maibIpeIHBIH MBICANBIH KOJIAHA OTBIPHITT
seprrenni. CopOUUSHBIH eKIiHIII CaTHICHIHBIH JKYMBICHIHA CTaTHKANbIK Karmaima KD-/20T'®K maiteipeiaga
epitingiaig pH ocep eTyi KapacCTHIPBUIABI XOHE 1€ CKaHIWHIIH KEWiHTri KapOOHATTBHI IecOpOIUSICH MYMKIHIT1
3epTTENII.

3eprxaHanblk 3eprreynepaid Hotwkecinae X¥II ypaH 1MKIiHIH aschlHIA CKaHIMWAIH iJecne eHAIpiCiHIH
HETi3ri TEeXHOJOTHSUIBIK ChI30achl JKacaibl MOHE HEri3ri TEeXHUKAIBIK-OKOHOMHKAIBIK Oarajay/iblH Heri3iH
KYpaiThIH 0acThl TEXHOJOTHSUIBIK MapaMeTpiIep MEH PEeXUM/IEP aHBIKTaII/IbI.

Tyiiin ce3nep: ckannuii, copOuus, necopOLHs, IKCTPAKIHS, alyASPEkKeci, aIMacy ChIHbIMABLIBIFBL, CY3iHI.

YK 669.2; 669.85./86; 669.849; 669.864; 546.63
H.C. UBanos, H.M. IllokobaeB, U.E. AnennbaeB, A.3. Abunbmarxkanos, A.E. Hyprazuna
AO "UHcTHTyT TOIUIHBA, KaTanmu3a u dnekrtpoxumun uM. [I.B. Cokonsckoro”, Anmatsr, Kazaxcran
HCCJEJTOBAHUE CITOCOBA KOHIIEHTPUPOBAHUS CKAHJIUNCOJIEPKAIIINX PACTBOPOB

Annoranusi. B Hacrosimee Bpems mpennpustus B Kazaxcrane, noObIBaroliye ypaH METOJOM MOI3EMHOIO
ckBaxxHHOTO BbImenaunBanus ([ICB), He OCYIIECTBISIOT TMOMYTHOE W3BJICYCHUE IICHHBIX KOMIIOHCHTOB.
OCHOBHBIMU TIPOOJIEMaMU TaHHOTO HAIPABIICHUS SIBIITIOTCS BOIPOCHI MOJICUETA 3allacOB M HAIMYHE dYPPEKTHBHOMN
TEXHOJIOTUH, TIO3BOJIIIONICH BECTH PeHTAOEIbHYIO JesTedbHOCT. K ocoOeHHOCTSIM mepepaboTku pactBopoB [ICB
ypaHa CIIeIyeT Tak)Ke OTHECTH KpaifHe HU3KHE CONepKaHMs [IEHHBIX KOMIIOHEHTOB M CIIOKHBIN XUMIUECKUI COCTaB.
Jns pemieHnss HEKOTOPBIX W3 OTHX IIPOONIEM aBTOpaMHU BemyTCs padOTBl MO pa3paboTKe W ONTHMH3ALUN
TEXHOJIOTHIECKUX PEIICHHH.

B naHHON cTaThe NpeacTaBieHbl PE3yJbTaThl UCCIECAOBAHMNM JAJIbHEHIIEr0 KOHLIEHTPUPOBAHUS M OUYUCTKU
CKaHAMEBBIX JlecopOaTOB MEpBON omepamuid copOIuy CKaHmus u3 ¢GmIbTpaToB copOrmm ypana mukia [ICB. B
cTatndeckux ycioBusax Ha mpumepe cmoisl TBOKC-/120T' DK u3yyeno BiusiHHE KOHIIGHTpALUU KapOoOHaTa HATPHS
Ha KMHETHKY M 3P (GEKTHBHOCTh ASCOPOIMK CKaHIMsI U3 CMOJIbL. PaccMoTpeno BiusiHue pH pacTBopa Ha omnepariuio
BrOoporo sTama copOuuu Ha cMmojie TBOKC-/[2OT'®K B craTMYecKHX YCIOBHUSAX M HCCICIOBAaHA BO3MOXKHOCTH
MOCIIeAYIOIeH KapOOHaTHOM JIecOpOLIMY CKaH M.

B pesymeraTe TpOBENCHHBIX Ja0OpAaTOPHBIX HCCIICAOBaHW Oblia pa3paboTaHa MPUHIUIHATBHAS
TEXHOJIOTUYECKasi CXeMa IMOIMyTHOTO M3BJICYCHUS CKaHAWS B pamkax nukia [ICB ypana u ompeneneHsl OCHOBHBIC
TEXHOJIOTHIECKHE TTapaMeTPhl H PEeKUMBI, KOTOPBIE JIETIH B OCHOBY 0a30BOM TEXHHKO-DKOHOMHYECKOH OI[CHKH.

KiroueBble ci10oBa: CKaHIWHA, copOums, AecopOLus, IKCTPAKIHS, CTETIeHb W3BJICUCHHsI, OOMEHHas €MKOCTb,
(upTpar.
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MOLECULAR STRUCTURE AND QUANTUM
CHEMICAL CALCULATIONS
4-ETHYL-5-2-HYDROXYPHENYL)-1,2,4-TRIAZOL-3-THIONE

Abstract. The article is devoted to the study of the spatial structure of 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-
triazole-3-thione. The molecular and crystalline structure was determined by x-ray diffraction analysis. Data on the
spatial structure and crystal packing of the molecule are presented. It is established that phenyl and triazole rings are
flat. Due to hydrogen bonds, the molecules in the crystal form three-dimensional networks. The results of an X-ray
diffraction study were deposited at the Cambridge Center for Crystal Structural Data. The structure of the
synthesized 1,2,4-triazole was studied by 1H NMR spectroscopy. When analyzing the 1H NMR spectrum of the
compound, characteristic signals of the protons of the aromatic ring are observed. The value of the chemical shift and
the integrated signal intensity are determined. A quantum chemical study of 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-
triazole-3-thione was carried out by the DFT method using the B3LYP exchange-correlation functional in
combination with the Danning basic set cc-pVDZ. The molecular characteristics of the compound, such as total
electron energy, rotational constants, dipole moment and contributions, and thermodynamic functions, are predicted.
The equilibrium geometric parameters of the 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-thione molecule were
determined. The performed analysis of the spatial configuration and molecular parameters showed a qualitative
correspondence between the crystalline and gas-phase structures of the molecule, while it was noted that the main
difference is observed in the relative orientation of six- and five-membered cycles.

Keywords: crystal structure, x-ray diffraction, 1,2,4-triazole, 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-
thione, quantum chemical calculations, DFT method, geometric and energy characteristics.

Introduction

Derivatives of 1,2,4-triazole provide great synthetic possibilities for obtaining new effective drugs. A
number of 1,2,4-triazole derivatives have been successfully used in medicine as medicines for the
treatment of fungal and viral infections, diseases of the cardiovascular system, etc. [1-4]. New derivatives
of 1,2,4-triazole are known, which have shown antiviral [5, 6], anti-inflammatory [7, 8], anticonvulsant [9,
10], antitumor [10, 11], antibacterial [12, 13] and other types of activity .Consequently, some of the 1,2,4-
triazole derivatives have been approved as drugs, such as anastrazole, letrozole, risatriptan, ribavirin,
alprazolam, fluconazole and posaconazole. This leads to intensive studies of both the preparation methods
and the properties of the new derivatives of 1,2,4-triazoles.

It is well known that s-triazoles can exist in two tautomeric forms, and most studies have shown that
the thion form was dominant in the solid state and in a neutral solution [14—16]. However, there are some
studies that describe the presence of a thiol form [17-20].
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Nevertheless, it was shown that thiolthionetautomerism plays an important role in several processes
related to biological activity, such as proton transfer and hydrogen bonds [21-24].

Currently, X-ray diffraction analysis is one of the most informative, unique and accurate tools for
studying the spatial structure of synthesized compounds, which has made a significant and decisive
contribution to the study of almost all inorganic and organic classes [25].

Previously, we synthesized a number of 1,2,4-triazoles based on hydrazides of o- and p-
hydroxybenzoic acids, which were obtained by interaction with thiosemicarbazides in an aqueous solution
of caustic potassium followed by acidification with acetic acid. X-ray diffraction analysis was used to
characterize the crystal structure of 4-allyl-3-(4-hydroxyphenyl)-1H-1,2 4-triazole-5(4H)-thione [26-28].In
continuation of studies in this direction, we present experimental data on the spatial structure and
calculated quantum chemical parameters of 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-thione (1).

Experimentalpart

The NMR'H spectrum was recorded on a Bruker DRX500 spectrometer (500 MHz) in a DMSO-
dgsolution relative to the internal standard — TMS.

X-ray diffraction analysis of 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-thione (1). Crystals for
X-ray diffraction analysis were obtained by double crystallization of compound 1 from 2-propanol.

Cell parameters and intensities of 3461 reflections (1340 independent, R;,, = 0.0223) were measured
on a «Bruker P4»diffractometer (MoK, graphite monochromator, ® scanning, 2.96°<0<22.44°) at a
temperature of 298 K. Monoclinic crystals, a=9.8479(6), b =7.9892(7), c=13.914(1) A, B=102.616(3)°,
V=1068.3(1) A’ Z=4 C;HoN;0s, space group P2,/c, d,,,i=1.376 r/cm’u = 0.279 mm™. The initial array
of the measured intensities was processed and absorption was taken into account using the SAINT and
SADABS programs (multi-scan, Ty, = 0.7072, Ty = 0.7448) [29].

The structure is deciphered by the direct method. The positions of non-hydrogen atoms are refined in
the anisotropic approximation by full-matrix least squares. Hydrogen atoms of the hydroxyl and amino
groups were identified from difference synthesis and their positions were refined in the isotropic
approximation, the remaining hydrogen atoms were placed in geometrically calculated positions and their
positions were refined in the isotropic approximation with fixed positional and thermal parameters (rider
model). In the calculations, 1191 reflections of independent reflections with / > 2c(/) were used, the
number of refined parameters is 145. Final divergence factors: R; 0.0301, wR, 0.0786(for reflections with
1> 20(l)), R; 0.0347, wR, 0.0833 (for all reflections ), GooF=1.057. Peaks of residual density: Ap=0.146
and —0.219 e/A3. The structure has been deciphered and refined using the SHELXS [30] and SHELXL-
2018/3 [31] programs. PCA data in the form of a CIF file was deposited at the Cambridge Center for
Crystal Structural Data (CCDC 1921694).

The quantum chemical calculation for the 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-thione
molecule in the gas phase was carried out using the density functional theory method (DFT/B3LYP) [32]
using the Gaussian program [33]. In this case, the correlation-consistent Dunning basis set cc-pVDZ was
used, which was specially developed to more fully take into account correlation effects.

Resultsanddiscussions

When analyzing the "H NMR spectrum of compound 1, characteristic signals of the protons of the
aromatic ring are observed. So, the signals of the protons of the aromatic ring are recorded at 7.78 ppm.
(Juorip8.7 Hz), 6.81 ppm (Juanp 8.7 Hz), 7.32 ppm (1H, CH",1on), 7.02 ppm. (1H, CH' o) in the form of
doublets, respectively. At 6.95 ppm (1H, CH?,ron), 7.42 ppm. (1H, CH? ;) signals appear in the form of
triplets. In a weak field, signals of protons of aromatic hydroxyl are recorded at 10.33 ppm. and thioamide
N-H proton at 13.8 ppm in the form of two small broadened singlets. Signals of methyl group protons
resonate at 1.05 ppm. (Juyu7.1 Hz) as a triplet and methylene group at 3.85 ppm. (Jyu7.2 Hz) as a quartet.

The spatial structure and packaging of the 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-thione
molecule (1) are shown in Figures 1 and 2.
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Figure 1 — The molecular structure of the moleculel

Figure 2 — Packing molecule 1 in the crystal
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From the obtained data of X-ray diffraction analysis, it follows that the bond lengths (table 1) and
bond angles (table 2) in compounds 1 are close to usual [34]. In molecule 1, the triazole ring is flat; the
atoms N1, N2, C3, N4, and C5 are coplanar with an accuracy of + 0.003 A. The sulfur atom S1, C6 of the
ethyl and C8 phenyl groups slightly leave this plane (by -0.051, 0.053 and -0.035 A, respectively). The
phenyl cycle, flat with an accuracy of + 0.001 A, is unfolded relative to the triazole by 85.6°. The O1 atom
of the hydroxyl group is practically located in this plane (0.013 A).

In the crystal, molecules 1 form an intermolecular hydrogen bond N2 @ H ... S1 (1-x, -y, 1 - 2)
(distance N ... $3.299 (2) A, H ... S 2.44 (2) A, angle N-H ... S 176 (2)°), linking the triazole moieties of
two molecules into dimers. The hydroxyl group forms a hydrogen bond with the N1 atom of another
molecule, O1 @ H ... N1 (1-x, 1/2 -y, 1/2 - z) (distance O ... N 2.853(2) A, H ... N 2.07(2) E, angle O - H
... N 175(2)°), forming in three-dimensional infinite grids.

A theoretical quantum-chemical approach was used to determine the physicochemical characteristics
of 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-thione. In order to find the minimum energy configuration
of the molecule in the ground state, the structure is optimized for all independent coordinates. Figure 3
shows an optimized three-dimensional model of the molecule under study (according to quantum chemical
calculations). The calculated quantum-chemical structural parameters of the molecule are given (table 1
and table 2) in comparison with the experimental X-ray diffraction data.

Figure 3 — Optimized Molecule 1 Structure (B3LYP/cc-pVDZ Method)

A comparison of the crystalline and  gas-phasestructuresofthemoleculeshowed a
qualitativecorrespondencebetweenthem. The main differenceis therelativeorientationofthetwocycles.
Inthecrystallinestructure, thetorsionangleis -93.6 °, for a moleculeinthegasphaseitis -54.62 °.
Accordingtoquantum-chemicalcalculations, valencebondsbetweenatomsin a gas-
phasemoleculearemorestretched  (by  0.001-0.106 A).  Onlyfor N(1)-N(2) and N(4)-C(6)
areshortenedbondsobserved. Inthecaseof O-H andC-H bonds, thecalculationsgiveclosetostandard (0.96 and
1.09 A, respectively) values (table 1), while PCA bondsareshorter.

Table 1 - Bond lengths in the molecule of 1

Bond Length, A Angle Value, deg
Exp. Theor. Exp. Theor.
(B3LYP/cc- (B3LYP/cc-

pVDZ) pVDZ)
S(1)-C(3) 1.6746(19) 1.677 C(3)-N#4)-C(6) 125.18(15) 123.26
O(1)-C(9) 1.358(2) 1.364 C(5)-N#4)-C(6) 126.64(15) 128.39
O(1)-H(01) 0.79(2) 0.969 N(1)-C(5)-N4) 110.83(15) 111.23
N(1)-C(5) 1.302(2) 1.310 N(1)-C(5)-C(8) 125.76(16) 122.29
N(1)-N(2) 1.378(2) 1.364 N(4)-C(5)-C(8) 123.37(16) 126.32
N(2)-C(3) 1.333(3) 1.362 N(#4)-C(6)-C(7) 112.31(17) 113.59

—— 4 ——
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Angle T, deg Angle 7, deg

Exp. Theor. Exp. Theor.
(B3LYP/cc- (B3LYP/cc-
pVDZ) pVDZ)
N(2)-H(2) 0.87(2) 1.012 N(4)-C(6)-H(6A) 109.1 106.78
C(3)-N#4) 1.371(2) 1.388 C(7)-C(6)-H(6A) 109.1 111.52
N#4)-C(5) 1.375(2) 1.390 N(4)-C(6)-H(6B) 109.1 106.32
N(4)-C(6) 1.468(2) 1.466 C(7)-C(6)-H(6B) 109.1 109.92
C(5)-C(8) 1.477(2) 1.478 H(6A)-C(6)-H(6B) 107.9 108.44
C(6)-C(7 1.502(3) 1.527 C(6)-C(7)-H(7A) 109.5 110.89
C(6)-H(6A) 0.9700 1.099 C(6)-C(7)-H(7B) 109.5 110.22
C(6)-H(6B) 0.9700 1.101 H(7A)-C(7)-H(7B) 109.5 109.46
C(7)-H(7A) 0.9600 1.098 C(6)-C(7)-H(7C) 109.5 109.15
C(7)-H(7B) 0.9600 1.099 H(7A)-C(7)-H(7C) 109.5 108.77
C(7)-H(7C) 0.9600 1.102 H(7B)-C(7)-H(7C) 109.5 108.29
C(8)-C(13) 1.389(3) 1.404 C(13)-C(8)-C(9) 119.56(17) 118.57
C(8)-C(9) 1.390(3) 1.410 C(13)-C(8)-C(5) 120.09(16) 118.88
C(9)-C(10) 1.383(3) 1.400 C(9)-C(8)-C(5) 120.34(16) 122.45
C(10)-C(11) 1.376(3) 1.396 O(1)-C(9)-C(10) 123.47(17) 122.20
C(10)-H(10) 0.9300 1.094 O(1)-C(9)-C(8) 117.03(16) 117.66
C(11)-C(12) 1.367(3) 1.397 C(10)-C(9)-C(8) 119.50(17) 120.14
C(11)-H(11) 0.9300 1.092 C(11)-C(10)-C(9) 120.15(18) 120.28
C(12)-C(13) 1.382(3) 1.395 C(11)-C(10)-H(10) 119.9 120.34
C(12)-H(12) 0.9300 1.091 C(9)-C(10)-H(10) 119.9 119.37
C(13)-H(13) 0.9300 1.091 C(12)-C(11)-C(10) 120.85(18) 120.25
C(9)-0(1)-H(01) 111.1(16) 109.12 C(12)-C(1)-H(11) 119.6 120.35
C(5)-N(1)-N(2) 104.04(15) 103.95 C(10)-C(11)-H(11) 119.6 119.40
C(3)-N(2)-N(1) 113.35(15) 114.55 C(11)-C(12)-C(13) 119.61(19) 119.36
C(3)-N(2)-H(2) 127.6(14) 124.33 C(11)-C(12)-H(12) 120.2 120.51
N(1)-N(2)-H(2) 118.8(14) 121.11 C(13)-C(12)-H(12) 120.2 120.13
N(2)-C(3)-N(4) 103.64(15) 102.33 C(12)-C(13)-C(8) 120.34(18) 121.40
N(2)-C(3)-S(1) 128.90(14) 128.13 C(12)-C(13)-H(13) 119.8 120.46
N4)-C(3)-S(1) 127.44(15) 129.51 C(8)-C(13)-H(13) 119.8 118.15
C(3)-N4)-C(5) 108.13(15) 107.93

Table 2 - Torsion angles in the molecule of 1

C(5)-N(1)-N(2)-C(3) -1.002) 0.97 N(1)-C(5)-C(8)-C(13) 93.6(2) -54.62
N(1)-N(2)-C(3)-N(4) 0.8(2) 1.46 N(4)-C(5)-C(8)-C(13) 83.8(2) 120.31
N(1)-N(2)-C(3)-S(1) 177.57(14) | -176.67 N(1)-C(5)-C(8)-C(9) 87.9(2) 121.75
N(2)-C(3)-N(4)-C(5) -0.29(19) -1.35 N(4)-C(5)-C(8)-C(9) 94.7(2) -63.31
S(1)-C(3)-N(4)-C(5) 178.12(14) 176.75 C(13)-C(8)-C(9)-0(1) ~179.38(18) 177.31
N(2)-C(3)-N(4)-C(6) 177.16(16) -174.46 C(5)-C(8)-C(9)-0(1) 0.93) 0.93
S(1)-C(3)-N(4)-C(6) -4.4(3) 3.64 C(13)-C(8)-C(9)-C(10) 0.4(3) -1.68
N(Q2)-N(1)-C(5)-N(4) 0.78(19) 0.01 C(5)-C(8)-C(9)-C(10) 178.84(18) -178.07
N(2)-N(1)-C(5)-C(8) 178.45(16) 175.64 0(1)-C(9)-C(10)-C(11) 179.5(2) -178.02
C(3)-N(4)-C(5)-N(1) 0.302) 0.88 C(8)-C(9)-C(10)-C(11) 0.203) 0.92
C(6)-N(4)-C(5)-N(1) -177.73(17) 173.53 C(9)-C(10)-C(11)-C(12) 20.103) 0.20
C(3)-N(4)-C(5)-C(8) -178.07(16) | -174.52 C(10)-C(11)-C(12)-C(13) 0.3(3) 0.52
C(6)-N(4)-C(5)-C(8) 4.5(3) -1.88 C(11)-C(12)-C(13)-C(8) 0.2(3) 0.27
C(3)-N(4)-C(6)-C(7) -88.1(2) 77.10 C(9)-C(8)-C(13)-C(12) -0.2(3) 137
C(5)-N(#)-C(6)-C(7) 88.8(2) 111.27 C(5)-C(8)-C(13)-C(12) -178.65(19) 177.89

The deviation of the valence angles from similar experimental ranges from 0.04—3.47°, both in the
direction of decreasing and increasing values. For dihedral angles, a larger scatter of values is observed
when comparing theoretical and experimental data. Differences in the geometric configuration of the 4-
ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-thione molecule in different states of aggregation were
expected, because, as you know, the geometry of the molecule in the crystal is determined by packing, in
pairs - corresponds to the global minimum of total energy.
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Theoretical physico-chemical characteristics, such as total energy, zero-point energy, rotational
constants, electric dipole moment and others, are given in table. 3.

Table 3 - Physicochemical parameters of molecule 1 according
to calculations by the B3LYP/cc-pVDZ method

Options B3LYP/

cc-pVDZ

Totalenergy, a.u. -1025.417093

Rotational Constants, GHz

A

B 1.1483336

C 0.3421134
0.2921099

Dipole moment and
its components, D

Htotal 6.265
My -6.0563
Ky 1.5974
W 0.1367
Egsmo, a-€. -0.19583
EHCMOa a.c. -0.04063
AEB?:MO-HCMOa 5B 4.223
L eV 5329
A, eV 1.106
1eV 3218
eV 2112
S, eV 0.473
C, cal/mol-K 51.489
S, cal/mol-K 116.640

Due to the different values of the rotational constants, the molecule is an asymmetric top. Such
fundamental properties as the dipole moment, ionization potential, electron affinity, etc., are directly
dependent on the geometry of the molecule (table 3). The 4-ethyl-5-(2-hydroxyphenyl)-1,2,4-triazole-3-
thione molecule is highly polar. The contributions of the X, Y, and Z components to the total dipole
moment are different; the vector of the dipole moment is directed mainly along the X axis.

The most significant orbitals in a molecule are the so-called boundary orbitals: the highest occupied
molecular orbital (HOMO) and the lowest free molecular orbital (LUMO). The HOMO energy
characterizes the ability to donate an electron, LUMO — to accept an electron, the energy gap between
them — the chemical stability of the molecule, with I = - Eygmo and A = -Excmo (table 3) [35]. The
molecule has a rather large ionization potential, electronegativity, and positive electron affinity. The width
of the HOMO-LUMO energy gap (AE) indicates a sufficiently low polarizability of the molecule, which is
consistent with the large value of its constant dipole moment. The high value of the dipole moment is due
to the presence of electronegative atoms in the molecule.

Using these data, the molecular characteristics presented in table 3 were theoretically calculated, such
as electronegativity y, chemical rigidity m, and chemical softness S [35]. Absolute electronegativity is
calculated as the half-sum of the ionization potential and electron affinity, and absolute chemical rigidity
as their half-difference. The stiffness of a substance is considered as a measure of resistance to changes in
electronic configuration. Chemical softness is the inverse of stiffness. The table also shows the calculated
values of the thermodynamic properties of the compound, such as isochoric heat capacity and entropy.
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4-3TWI-5-2-TH APOKCUPEHNJ)-1,2,4-TPUA30JI-3-THOHHBIH
MOJIEKYJIAJIBIK KYPbLIIBIMbI MEH KBAHTTbBI-XUMUAJIBIK ECEIITEYJIEPI

AnHotanusi. Makana 4-3Tun-5-(2-runpokcuderin)-1,2,4-1pra3on-3-THOHHBIH ~ KEHICTIKTIK  KYPBUTBIMBIH
3epTTeyre apHaiaraH. KOCBUTBICTBIH MOJEKYJANBIK KYPBUTBIMBI PEHTI€H KYPBUIBIMIBI 9IC apKBUIBI aHBIKTAIBIH/IBL.
MornekynaHblH KpPUCTAIABIK KalnTaMachl MEH KYpPbUIBIMbI OOMbIHIIA MaJiMerTep KenTipinreH. DeHungi MeH
TPHUA30JIIbI IUKIAAPHI JKAa3bIKTHIKTEI €KeHI KepceTireH. MOoJeKyJaHbIH CYTeKTiK OaiIaHBIChI apKbUIbl KpUCTAIIa
YII emmeMIi TOPABIH OONATHIHABIFEI KOPCETUIreH. PEeHTreH KYpBUIBIMIBI 3epTTey HoTmkenepi KemOpwumxTiH
KPHUCTAJUT KYPBUIBIM/IBI MAJIIMETTEp OpTaibIFbiHAA TipkeiareH. CuntesnenreH 1,2,4-Tpua3oinsiy KypbuibiMbl SIMP
lH—cneKTpoc1<or11/1$1 omiciMeH 3eptreninmai. KocbuibicThiH SIMP 'H CIICKTPIH/IC apOMATTHIK CAaKHHaFa TOH KEJCTiH
MPOTOHJAP/BIH CUTHANBI Oaiikanmansl. XUMUSUIBIK BIFBICYABIH MOHI JKOHE WHTErpajiibl CUTHANl KapKbIHIBUIBIFBI
AHBIKTAIBIHABL.  4-OTHn-5-(2-runpokcudennn)-1,2,4-rpuazon-3-THOHABl KBAaHTTHIK XUMHSUIBIK3 eprrey DFT
omicimen B3LYP anmacy-xoppemsinusuiblK (GYHKIMACHIH KOJIAHBIN, JIaHHUHTTBIH HETI3Tl JKUBIHTBIFBL cc-pVDZ
JKUBIHTBIFBIMEH OKYPTi3imi. TONBIK AIEKTPOHABI SHEpPrHs, aifHaldy KOHCTaHTANaphl, IUIOIh MOMEHTI MeEH
KOCBHIHABUIAD JKOHE TEPMOIUHAMUKAIBIK (YHKOHUSIAP CHAKTHI KOCBUIBICTHIH MOJIEKYNIAJBIK CHIIaTTaMalapbl
Oomwkampanrad. 4-OTun-5-(2-runpokcudermn)-1,2,4-Tpra3on-3-TpuoH MOJEKYJIACBIHBIH TEMe-TE€H T'€OMETPHSUTBIK
napameTpiepi aHpIKTanapl. KeHICTIKTIK KOHPHUTypanrs MEeH MOJIEKYJIaIbIK MapaMeTpiepaiH Tajlaaysl MOJICKyIaHbIH
KPHUCTAJIIBI JKOHE ra3zpl (a3aiblK KyPbUIBIMIAPLIHBIH apachIHIAFbl Callaibl COWKECTIKTI KOPCETUIAl, anaiaa 0acTh
aNBIPMAIIBUIBIK aNITHI )KOHE OeC MYIIeNi MUKIACPAIH CaTbICTRIPMAalIbl OAFBITRIHIA OalfKaTaThIHIBIFBI AHBIKTAIBIH/IbL.

TyliiH ce3fep: KpUCTANABIK KYPBUIBIM, PEHITeH KYpBUIBIMABI aHamu3, 1,2,4-tpuazon, 4-31un-5-(2-
ruapokcudennn)-1,2,4-tpua3on-3-THOH, KBaHTTHI-XMUMUSUIBIK ~ ecentey, DFT omici, TeOMETpUSsIIBIK KoHE
SHEPreTUKAIIBIK CHIIaTTamasap.
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MOJIEKYJISIPHASI CTPYKTYPA U KBAHTOBO-XUMHWYECKHUE PACYETbBI
4-3TUI-5-2-THAPOKCUPEHNJ)-1,2,4-TPUA30JI-3-THOHA

AnHotanus.CtaThs OCBAIICHA HCCICIOBAHUIO MTPOCTPAHCTBEHHON CTPYKTYPHI 4-3THII-5-(2-TUAPOKCHEHIT)-
1,2,4-tpuazon-3-tuona. MomekynspHas W KpPUCTaJUTMYeCKas CTPYKTypa OIpelelieHa METOJOM pPEHTTEHOCTPYK-
TypHOTO aHanu3a. [lpuBeneHBI AaHHBIE IO MPOCTPAHCTBEHHOMY CTPOEHHMIO M KPHCTAJUIMYECKOW YIaKOBKE
MOJIEKYJIBL. Y CTAHOBIIEHO, UTO (DEHHMIIbHBIE ¥ TPUA30JIbHBIE [IUKIIBI IUIOCKUE. 3a CUET BOAOPOJHBIX CBSI3EH MOJIEKYJIbI
B KpHCTaJlIe 00pa3yloT TPEXMEpHbIE CETKH. Pe3ynbTaThl peHTI€HOCTPYKTYPHOTO HCCIIEIOBAHHS JETIOHUPOBAHbBI B
KeMOpumKkckoM IEHTpe KpPUCTALIOCTPYKTYPHBIX MaHHBIX. McciemoBaHO CTpoeHHWE CHHTE3MpoBaHHOTO 1,2,4-
Tpuasosa Meroxom SMP 1H—cneKTpocxom/u/I. IIpn ananuse cnekrpa AMP 'H coemuHenns HabIIOHAI0TCS
XapaKTepHble CHUTHAJBl IPOTOHOB apoOMaTHUecKoro Kousbla. OmpeneneHo 3HaueHHEe XMMUYECKOro CIABUTa M
HUHTErpajibHas HWHTCHCUBHOCTh curHajgoB. Meromom DFT ¢ wucnonbs3oBaHneM OOMEHHO-KOPPEISIIHOHHOTO
¢ynkumonana B3LYP B coderannu ¢ 6asucHbeiM Habopom JlanauHracc-pVDZ mpoBelneHO KBaHTOBO-XMMHUYECKOE
uccienoBanue 4-stui-5-(2-runpokcudenun)-1,2,4-rpuazon-3-tuona. IlpenckaszaHbl MOJEKYJSpHBIE XapaKTepHc-
TUKU COEIUHEHUs, TAKUE KaK TOJHasl 3JEKTPOHHAs HHEPrusi, BpalaTeldbHble MOCTOSHHbBIE, AUIOIbHBII MOMEHT U
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BKJIaJbl, TepMoAMHaMuueckue (yHKIuH. OnpenesneHpl PaBHOBECHBIE I'€OMETPHYECKHE ITapaMeTphl MOJICKYJBI 4-
ATHI-5-(2-runpokcudennn)- 1,2 ,4-rpuazon-3-THoHa. BHITOITHEHHBIH aHATN3 MPOCTPAHCTBEHHON KOH(PHUTYpamuud M
MOJIEKYJISIDHBIX TapaMETPOB MOKa3al KadeCTBEHHOE COOTBETCTBHE KPHUCTAIMYECKOW M ra30(a3HON CTPYKTyp
MOJIEKYJIBI, TIPU 3TOM OTMEYEHO, YTO OCHOBHOE OTJIMYHE HAOIIOAAETCS B OTHOCHUTENBHON OPHUEHTALUH IIECTH- U
ISTUYICHHBIX [IUKIIOB.

KnioueBblie c10Ba:KpHUCTAIUINYECKAs CTPYKTYpa, PeHTTeHOCTPYKTYpHBINA aHanmu3, 1,2.4-tpuazon, 4-31un-5-(2-
ruapokcudenmn)-1,2, 4-tpua3on-3-THOH, KBaHTOBO-XMMHUYecKHe pacuerbl, Mmerox DFT, reomerpuueckue u
SHEPreTUYECKHe XapaKTEePHUCTHKH.
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COMPARATIVE ANALYSIS OF CERTAIN MICRONUTRIENTS
OF PLANTS OF THE SUAEDA GENUS

Abstract. The article presents a comparative analysis of the content of some biologically active micronutrients,
namely ascorbic acid, retinol and tocopherol in 6 six representatives of the genus Suaeda of the Amaranthaceae
family.

In this paper, we study the micronutrients of the aerial parts of plants of the genus Suaeda:Suaeda acuminata,
Suaeda microphylla, Suaeda altissima, Suaeda spicata, Suaeda vera, Suaeda splendens.

Species of Suaeda spicata, Suaeda vera harvested in the province of Lliedia, Spain. Types of Suaeda
acuminata, Suaeda microphylla, Suaeda altissima, Suaeda splendens in 11i district, Almaty region

As a result, it was established that in all studied objects, tocopherol is present in the largest quantity (from 10 to
16 mg per 100 g).

The amount of ascorbic acid varies in the range of 3.2-4.5 mg per 100g. The content of retinol in 6 studied
species ranges from 1.7 to 3.0 mg per 100g. The highest content of tocopherol is found in the aerial part of Suaeda
microphylla - 16 mg per 100g. Ascorbic acid is also found in the greatest amount in the aerial part of Suaeda
microphylla - 4.5 mg per 100g. Retinol is found in the greatest amount in the aerial part of the species Suaeda
acuminate - 3.0 mg per 100g.

Keywords: Suaeda, ascorbic acid, retinol, tocopherol, aerial parts,Amaranthaceae.

Introduction

Micronutrients considered by us belong to the class of biologically active substances known as
vitamins.

Vitamins are compounds that cannot be synthesized in the human body, but at the same time are
necessary for the functioning of the body, which makes them a necessary part of the diet.

For example, vitamin A deficiency (retinol) is a serious public health problem in developing
countries, resulting in 130 million children with an increased risk of morbidity and mortality from
infectious diseases [1].

Vitamin-related disorders include blindness (vitamin A), vitamin deficiency (vitamin B1), pellagra
(vitamin B3), anemia (vitamin B6), scurvy (vitamin C), and rickets.

Some of the most valuable and essential are vitamins with antioxidant properties, carotenoids
(provitamin A), ascorbate (vitamin C) and tochochromanols (vitamin E, including both tocopherols and
tocotrienols) [2-6].

For this reason, an important task is to find the sources of these compounds among plants in the
interests of health and veterinary medicine.

Swede (from the Arabic “Suwedmullat” or “Suaedabaccata” ) is a large genus of halophyllous plants
of the Mud family (Chenopodiaceae), including about 100 species around the globe, except for the Arctic
zone. 25 species are described on the territory of the CIS, 17 of them in Kazakhstan. The main species of
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the genus Suaeda —SuaedaphysophoraPall.,Suaedadendroides (CAM) Moq., Suaedaaltissima (L.) Pall.,
(Suaedamicrophylla Pall., SuaedaparadoxaBge., Suaedalinifolia Pall., Suaedaeltonicaljin,). (Kar.Et. Kir)
Bge.,Suaedapygmaea (Kar. Et. Kir) lljin.,Suaedatransoxana (Bge.) Boiss.,Suaedaconfusalljin.,
Suaedaacuminata (CAM) MogSuaedaprostrata Pall., Suaedacorniculata (CAM ) Bge., Suaeda salsa (L.)
Pall.,Suaedakossinskyilljin., Suaedaheterophylla (Kar. Et. Kir) Bge.

Species of the genus Suaeda are annuals or perennial grasses, dwarf shrubs and shrubs, mostly with
alternate narrow succulent leaves with small flowers. They usually grow in masses in saline places, sea
coasts, and coast of saline reservoirs, as well as on depleted steppe and sandy soils. Most representatives
of Kazakhstani species of Suaeda are valuable winter and autumn forage plants [7].

Representatives of the genus Suaeda can serve as a source of flavanoids, alkaloids, polysaccharides,
carotenoids, saponins, coumarins, tannins and other biologically active substances [8].

Many types of Suaeda in folk medicine have long been used as raw material for the production of
potash, from which people used it for cooking the so-called “black” soap, which was used as an anti-
inflammatory and wound-healing agent for various skin diseases [9].

According to folk remedies, the aerial part of Suaedaphysophora Pall. used as an anthelmintic agent.
Broths, dry, water, alcoholic extracts and tinctures have antihypertensive properties. Aqueous extract
improves cardiac activity, is less toxic than papaverine, and is proposed as a remedy for the symptomatic
treatment of hypertension [10].

According to modern scientific data, herbal medicine based on SuaedaphysophoraPall. has a strong
hypertensive (for nonadrenaline - 55%, against 37%), antioxidant (for propyl gallate - 89.02%, against
95.5%), antibacterial (Salmonella typhi, Pseudonondsorenogenosa - for tetracycline - 55%, against 100%)
and weak anti-inflammatory (for ibuprofen - 35%, against 65%) activity [11].

Based on the literature on pharmacological agents, the aerial part of Suaedamaritima is used in
medicine as a means for the complex treatment of hepatitis. Broths, dry, water, alcoholic extracts and
tinctures have antiviral, antibacterial, hepatoprotective, laxative and antioxidant activities [12].

From the literature it is known about the presence of antimicrobial activity in Suaedamonoica. The
antimicrobial activity of the halophyte Suaedamonoica (Forsst ex Geml) was studied using the extracts of
the leaves of this plant on various test microorganisms, including several antibiotic-resistant bacteria and
pathogens. Thus, it turned out that the aqueous extract of Suaedamonoica has the highest antimicrobial
activity against the following microorganisms: Rhizopusstolonifer, Mucarrecemosus, Saccharomyces
cerevisiae, and relatively moderate activity against Bacillus subtilis, Klebsiellapneumoniaea, Bacillus
megaterium, Lactobacillus acidophilus,Escherichia coli, Enterobacteraerogenes, Enterobactercloace,
Rhizoctoniasolana.

A high level of antimicrobial activity was also shown by the methanol extract against Bacillus
megaterium bacteria, and moderate against the microorganism Lactobacillus acidophilus. Hexane extract
has the highest level of antimicrobial activity against bacteria of the species Bacillus subtilis,
Lactobacillus acidophilus, and moderate against Bacillus megaterium, Escherichia coli, Enterobacter
aerogenes, Enterobacter cloace, Klebsiella pneumonia. Chloroform extract is only effective against
bacteria Klebsiella pneumonia [13].

The study concluded that water, methanol and hexane extracts of Suaeda monoica leaves have great
potential as antimicrobial agents. As a result, they can be used as inhalation drugs in the treatment of
infectious diseases of the respiratory tract and ear canals caused by resistant pathogenic microorganisms,
as well as for wastewater treatment of infectious diseases clinics [14].

The methanol and ethanol extracts of the plant Suaeda monoica have high antioxidant activity. To
detect antioxidant activity, these extracts were tested on various model antioxidant systems. This fact
indicates a high value of the potential of the aerial part of Suaeda monoica, which can be used to treat
mediated diseases caused by free radicals [15].

In addition, Suaeda monoica is used in the complex treatment of hepatitis, as the plant has a
pronounced antiviral activity, which is explained by the presence of triterpenoids and styrenes in the
phytochemical composition of this plant [16].

Ethanol extract of the plant Suaeda baccata and, isolated from this plant, its constituent component,
triglinear alkaloid, exhibit pronounced antimicrobial activity against Staphylococcus aureus
(Staphylococcus stamp) [17].
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A significant content of biologically active substances in the aerial and underground organs of the
medicinal plant Suaeda japonica predetermined its use in medicine as a remedy with antioxidant,
antidiabetic, and anti-neuroinflammatory activities [18].

Thus, the diversity of biologically active substances in the composition of various species of Suaeda,
and the associated therapeutic effect cause the need for further research on various species of these plants.

The objects of study were selected aboveground parts of the following representatives of the genus
Suaeda: Suaeda acuminata, Suaeda microphylla, Suaeda altissima, Suaeda spicata, Suaeda vera, Suaeda
splendens.

Species of Suaeda spicata, Suaeda vera harvested in the province of Lliedia, Spain. Types of Suaeda
acuminata, Suaeda microphylla, Suaeda altissima, Suaeda splendens in 1li district of Almaty region

Herbal raw materials are harvested in accordance with the requirements of the Global Fund of the
Republic of Kazakhstan harmonized with the European Pharmacopoeia.

Materials and methods

Determination of the content of vitamin C (ascorbic acid) is carried out as follows: a sample of at
least 0.3 g (0.3 ml) is placed in a centrifuge tube, the walls of which are covered with sodium citrate
powder. After centrifuging the sample for 30 minutes at 3000 rpm, it is transferred to another tube and an
equal amount of bidistilled water and a double amount of freshly prepared 5% solution of metaphosphoric
acid are added thereto. The protein precipitate is stirred with a stick and centrifuged for 10 min at 3000
rpm. The amount of the supernatant (0.1-0.5 ml) is introduced into porcelain titration cuvettes (2 parallel
samples) and titrated with a 0.001 n-0.0005 n solution of sodium salt 2.6 of a dichlorophenol -indophenol
from a special 0.1 ml micropipette.

In parallel, a “blind” experiment is carried out with a 5% solution of metaphosphoric acid and
bidistilledwater (1: 1).

To determine the concentration of vitamins A (retinol) and E (tocopherol) using the method of
simultaneous fluorometric analysis. To 0.2 ml (g) of the sample, add 1 ml of bidistilled water and shake
for 30 seconds. After that add 1 ml of 96% ethanol and shake again for 30 seconds. Then adding 5 ml of
hexane, repeat the shaking procedure again (similar measures are carried out with the standard). After the
sample is centrifuged for 10 minutes at 1500 rpm. For spectrometry, a clearly separated hexane layer (3
ml) was taken; which can be stored for 2 hours in tightly sealed tubes in a dark place.

In parallel with the experimental samples, standard and control (blank) samples are prepared. In
standard samples, 0.2 ml of a standard solution (tocopherol and retinol acetate in ethanol) are taken instead
of the test sample. In the control samples instead of prototypes - water.

Spectrofluorimetry (Hitachi Spectrofluorometer, Japan): tocopherol is carried out at an excitation
wavelength of 292 nm and a fluorescence of 310 nm; retinol - at 335 and 430 nm, respectively.

The results are shown in Figure 1.

Results and discussion

In the aerial part of the selected representatives of the genus Suaeda, we determined the content of the
following nutrients: ascorbic acid, retinol and tocopherol.

It has been established that in all samples, tocopherol is the dominant micronutrient, not less than 10
mg per 100 g.

The highest content of tocopherol is observed in the aboveground part of the plant Suaedamicrophylla
(16 mg per 100g), and the lowest in the aboveground part of Suaeda acuminate (10 mg per 100g), these
figures are quite high for the aboveground parts of the plant, common in arid areas.

— 3 ——
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The content of ascorbic acid, retinol and tocopherol in the
aerial parts of the plant Suaeda acuminata, Suaeda
microphylla, Suaeda altissima, Suaeda spicata, Suaeda
vera, Suaeda splendens, mg per 100g

B Ascorbic acid B Retinol Tocopherol

16,00
15,00
14,00
13,00
12,00

10,00

4,50 430 410 4,40 4.00

3,20 3,00
2,00 170 2,10 230 1,80

Suaeda Suaeda Suaeda Suaeda Suaeda vera Suaeda
acuminata microphylla altissima  spicata splendens

Figure 1 - The content of ascorbic acid, retinol and tocopherol in the aerial parts of the plant Suaedaacuminata,
Suaedamicrophylla, Suaedaaltissima, Suaedaspicata, Suaedavera, Suaedasplendens, in mg per 100g%

Thus, it was revealed that the above-ground parts of the studied representatives of the genus Suaeda
can be considered as a source of ascorbic acid, and the seeds and inflorescences are a rich source of
tocopherol, based on the fact that the daily human need for vitamin E is 2-6 mg [19-21].

The content of ascorbic acid in the studied species ranges from 3.20 to 4.50 mg per 100g, which is
little, but typical for the stems of arid plant species.

Suaedamicrophylla (4.50 mg per 100g) also has the highest content.

Retinol is present in selected species in a relatively small amount, the concentration ranges from 1.80
mg per 100g in Suaedasplendens to 3.00 mg per 100g in Suaeda acuminate.

Conclusion

In 6 representatives of the genus Suaeda: Suaedaacuminata, Suaedamicrophylla, Suaedaaltissima,
Suaedaspicata, Suaedavera, Suaedasplendens, the following micronutrients were determined: ascorbic
acid, retinol and tocopherol. It has been established that in all the objects studied, tocopherol is present in
the greatest quantity.

The investigated plant species once again confirmed the importance of the genus Suaeda, as a plant
requiring attention and careful chemical study, and identifying various types of biological activity.

For the first time, a comparative analysis of the content of ascorbic acid, retinol and tocopherol in the
described representatives of the genus Suaeda.
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E.C. UxcanoB, 10.A. JInTBuHeHnko, I'.A. CeiiTumoBa, I'.I1l. Bypamesa

Kazaxckuil HarmoHaIBHBIN YHUBEPCUTET UMEHH anb-Dapaduy;
HayuHo-uccnenoBarenbCKuii MHCTUTYT HOBBIX TEXHOJIOIMM U MaTEpUajoB
Pecnyonmuka Kazaxcran, 050012, r. Anmarsr, yin.Kapacaii 6ateipa, 95a,

} AKCOPA (SUAEDA) TEKTI OCIMIIKTIH
KEWBIP MUKPOHYTPUEHTTEPIH CAJIBICTBIPMAJIBI CAPATITAY

AnHorauusi. Kentipinren makamaga Amaranthaceae tykpiMaacel, (Suaeda) axcopa TEKTI anThl ©CIMIIKTIH
KypaMbIHJaFbl KeHO1p OMOJIOTHSIIBIK OeJICeH/lI MUKPOHYTPUEHTTEpre, aTan aiTKaH/a, aCKOPOUH KbIILIKbLIbI, PETHHOI
KOHE TOKO(EPOIABIH CaHABIK MOJIIEPiHE CATBICTRIPMAIIBI CapanTay KYpri3iireH.

Byn xymeicra (Suaeda:) akcopa TeriHiH, xep OeTi OeiriHiH MbIHAa TypJiepiHe 3epTTey acairaH: Suaeda
acuminata, Suaeda microphylla, Suaedaaltissima, Suaedaspicata, Suaedavera, Suaedasplendens.

AkcopanbiH Suaedaspicata, Suaedavera mypaepi Vcnanusnan, Lliedia aliMarbiHaH, *a3ia >KUHAIFaH. Al
akcopanblH Suaeda acuminata, Suaeda microphylla, Suaedaaltissima, Suaedasplendens Typnepi AIMarbl 0OJBICHL,
Ine aynanpiHaH naiblHgaNFaH.

3epTTey HOTMXKECiHIE OapIbIK aKcopa ©CIMIIKTEpiH/Ie KETKUTIKTI Memepae Tokogepon anbikranran (100r-ma
10-mr-Han  16-Mr-ra geiiin). ACKOpOMH KBIIKBUTBIHBEIH Memmepi 100 r-ma  3,2-4,5 mr. Anm anTel 3epTTeireH
ecimaikre peruHONABIH 100 r.-1a 1,7-3,0 Mr. Menmiepi Oenrini 6oFaH.

Suaeda microphylla teriuiH xep Oeti Oemnirinne Tokodepon 100r.-na 16 mr, an ackopouH KpiukeUibl 100r.-1a
4,5mr. aHpikTanraH. AkcopaHbiH Suaeda acuminate typinmelOOr.-ga 3,0 Mr peTHHOJNIABIH KON MeJepae 0apbl
Oenrini OonFaH.

Tyiiin ce3nep:Suaeda, ackoOpOUH KBIIIKBLIBI, PETHHOI, TOKO(EpO, xep OeTi Oeiriniy, Amaranthaceae.

VK 547.99
MPHTH 31.23.23

E.C. UxcaHos, I0.A. JlurBuHenko, I'.A.CeiitumoBa, I'.I1I. Bypamesa

Kazaxckuii HarmoHaIBHBIH YHUBEPCUTET UMEHH anb-Dapadu;
Hay4Ho-uccnenoBaTenbCKuil MHCTUTYT HOBBIX TEXHOJIOTHH M MaTepHaioB
Pecnry6nmka Kazaxcran, 050012, r.Anmarter, yn.Kapacaii 6ateipa, 95a,

CPABHMTEJIbHBIN AHAJIN3 HEKOTOPBIX MUKPOHYTPUEHTOB PACTEHUM POJIA SUAEDA

AnHoTtanusi. B crarbe mpencraBiieH CpaBHUTEIBHBIA aHalM3 COAEPXKAHUS HEKOTOPHIX OHOJIOTMYECKH
AKTHBHBIX MHKPOHYTPHUEHTOB, a HMMEHHO AacCKOpPOMHOBOH KHCIIOTBI, PETHHOJIA W ToKodepona B 6 IecTu
npeacTaBuTeNsX poja Suaeda cemeiictBa Amaranthaceae.

B nanHO# pabote n3yyaroTcsi MUKpOHYTPUEHTHI HaJ3eMHBIX dacTeiipactennii poaa Suaeda: Suaedaacuminata,
Suaeda microphylla, Suaedaaltissima, Suaedaspicata, Suaedavera, Suaedasplendens.

Buner Suaedaspicata, Suaedavera 3arorosnensl B npoBuHImu Lliedia, Wcnanus.Buner Suaeda acuminata,
Suaeda microphylla, Suaedaaltissima, Suaedasplendens B Unuiickom paiione, AiIMaTHHCKOI obmacTi

B pesysibrare ycTaHOBIIEHO, YTO BO BCEX H3y4aeMbIX OOBEKTaX B HAMOOJBIIEM KOJIUYECTBE MPHUCYTCTBYET
tokodepos (ot 10 mo 16 mr B 100r).

KonuecTBo ackopOMHOBOW KHUCIIOTHI Bapbupyercs B npezeiax 3,2-4,5 mr B 100r. Cozaeprxanue peTrHona B 6
u3ydaeMbIX BHIax koseonercs ot 1,7 mo 3,0 mr B 100r.Haubosnbiiee comepxanue TOKoeposia yCTAaHOBICHO B
Ha/3eMHo yactu Suaeda microphylla - 16 mr B 100r. AckopOHHOBasi KUCIIOTa TaKk)Ke B HaHOOJIBLIEM KOJHYECBE
BBISBJICHA B HaJ3eMHOU yactu Suaeda microphylla- 4,5 mr B 100r. Petunon B HanOoubIeM KoiaudecTBe 0OHapyKeH
B Haa3eMHOH yactu Buaa Suaedaacuminate- 3,0 mr B 100r.

KuaroueBsie ciioBa: Suaeda, ackopOUHOBAsI KACIIOTA, PETHHOI, TOKO(EPOI, HAJI3eMHAas 4acTh, Amaranthaceae.
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PREPARATION OF POLYMERIC NANOPARTICLES OF ALBUMIN
AND IMMOBILIZATION OF THEM WITH
THE ANTICANCER DRUG “CYCLOPHOSPHANE”

Abstract. Nanoparticles based on biodegradable and biocompatible polymers allow to attain the targeted drug
delivery to the specific organ, without affecting healthy cells of the body and prolonging the therapeutic effect of the
drug substance. This study is devoted to the development of the method for the preparation of nanoparticles of
human serum albumin (HSA) immobilized with the anticancer drug Cyclophosphamide. Albumin nanoparticles with
the sizes of 150-170 nm and narrow particle size distribution (PDI 0.069-0.116) were obtained by coacervation. The
yield of nanoparticles is 88.5%. The degree of binding of the drug to polymer nanoparticles was within the range of
54.6% to 92.4%. The drug release was prolonged. After 42 hours 68-77% of the biologically active substance was
released from the polymer matrix. It is concluded that the development of HSA-based nanocarrier is promising for
the Cyclophosphamide preparation.

Keywords: nanoparticles, drug carriers, human serum albumin, cyclophosphane, cyclophosphamide, anticancer
drug.

Introduction

One of the serious diseases leading to death worldwide is cancer. Traditionally, cancer is treated using
methods of radiation therapy, chemotherapy and surgery [1]. In order to solve the problems associated
with reducing the dosage of the drug and minimize side effects, it is important to use the method of
targeted drug delivery using the polymeric nanoparticles and nanocapsules. Nanotechnology-based cancer
therapy became one of the promising areas of biomedicine that has been widely studied over the past few
decades.[2] The use of nanoparticles in the treatment of cancer overcomes the disadvantages of
conventional drug delivery systems, such as nonspecific biodistribution and targeting, insufficient
solubility in water, poor oral bioavailability and low therapeutic parameters [3, 4, 5].

Among the main requirements for polymer carriers, the stability and inertness to the blood
components should be outlined; also the polymer should protect the drug substance from degradation
[6,7]. Human serum albumin was chosen as the polymeric carrier in this work. Albumin is a favorable
macromolecular carrier and is widely used in medicine owing to its biodegradability, non-toxicity and
non-immunogenicity [8,9]. The incorporation of a drug into albumin nanoparticles is an attempt to carry
out the targeted delivery of drug to tumor cells to reduce side effects of the drug. Presently the antitumor
drug preparations based on albumin nanoparticles have already been created, but their price is so high that
it makes them inaccessible. One of the reasons for the inaccessibility of anticancer drugs created on the
basis of nanoparticles is complex synthesis techniques, high energy consumption and instability of
nanosystems [10]. To overcome these difficulties, in the framework of this study an attempt was made to
develop a relatively simple method for producing albumin nanoparticles, to achieve a high degree of drug
immobilization, and to obtain a drug with the potential for prolonged release.
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Cyclophosphamide was chosen as a model preparation for immobilization. Cyclophosphamide is a
cytostatic antitumor chemotherapeutic drug of an alkylating type of action; a derivative of bis-
chloroethylamine and simultaneously a derivative of oxazaphosphorine or a derivative of
diamidophosphate (the so-called "phosphoramide mustard"). It is recommended for the treatment of many
forms of cancer, including small cell lung cancer, cancer of the ovary, cervix and body of the uterus,
breast cancer and others. The drug has many side effects and limitations due to its toxicity and effects on
healthy body cells, etc. Thus, ensuring the safety and effectiveness of treatment with this drug is relevant
and can be solved using polymeric drug carriers.

Methods

Synthesis of polymer nanoparticles by the incorporation method

Albumin-based nanoparticles of Cyclophosphamide were synthesized using the incorporation method.
To an aqueous solution of albumin (2%) was added with a certain speed (not more than 1 ml/min) a
solution of the drug in ethanol with concentrations of 2; 4; 8 mg/ml (pH of the solution is 8.0-8.5). The
particles formed in this process are small in size (within the range of 50-300 nm). To crosslink the
particles glutaraldehyde (6.25% solution) was added to the solution, which stabilized the size and the
structure of the particles. Incubation was carried out for 2 hours on a mechanical stirrer (650 rpm). The
solution of unreacted serum albumin was purified by washing it three times with deionized water and
centrifuging for 15 minutes at 14500 rpm. The obtained nanoparticles were separated by centrifugation
(MiniSpin Plus 14500, Eppendorf, Hamburg, Germany). The yield of nanoparticles was determined by
gravimetry.

Determination of particle size and polydispersity

The average size of nanoparticles and their polydispersity were determined using photon correlation
spectroscopy (FCC) at a Malvern Zetasizer Nano S90 instrument (Malvern Instruments Ltd., UK) at a
temperature of 298 K and a scattering angle of 90°. Each nanoparticle sample was properly diluted with a
non-solvent immediately after preparation. The average size and polydispersity index were measured three
times for each batch.

Analysis of Nanoparticles Morphology

Nanoparticles’ morphology was analyzed by scanning electron microscopy (SEM) using a MIRA 3
LM TESCAN electron microscope (Czech Republic). Carbon was sprayed onto the surface of the samples
using magnetron sputtering of carbon fiber to increase conductivity. The measurements were carried out in
high vacuum using an SE detector at an accelerating voltage of 420 kV.

Investigation of the binding degree of cyclophosphamide with the polymeric nanoparticles

To determine the binding degree of drug to albumin NPs, the obtained particles were separated from
the supernatant by ultracentrifugation at 14500 rpm and washed with water. The content of unbound drug
was determined spectrophotometrically using a UV-1800 SHIMADZU instrument (Japan) (A = 247.5 nm).

The Study of Cyclophosphamide Release

The kinetics of drug release from serum albumin NPs was studied using standard methods in
phosphate buffered saline at a temperature of 310 K (pH = 7.4). For this, a weighed portion of
nanoparticles loaded with cyclophosphamide was dispersed in 10 ml of a phosphate buffer solution.
Within 2 days, 2 ml samples were taken from the dispersion at certain time intervals, which were
centrifuged at a speed of 14500 rpm. The concentration of the drug in the solution was determined using
UV spectroscopy at 247.5 nm [12].

Results and discussion

According to the method described above, an alcoholic drug solution was added to the albumin
solution.

The concentration of the drug ranged from 2 to 8 mg/ml. To stabilize the nanoparticles they were
crosslinked with glutaraldehyde. The physicochemical characteristics of the particles were determined by
photon correlation spectroscopy (PCS). The results of measurements of particle size and polydispersity
index are presented in Figure 1 and Table 1. As can be seen from the figure, the obtained nanoparticles
have satisfactory physicochemical characteristics: the average particle size was at the range of 148 - 171.5,
and the value of polydispersity index is in the interval of 0.0038-0.098. The formation of large particles is
not observed in the system, and the particles are uniformly distributed.
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Figure 1 - PCS data and electron microscopic photographs of serum albumin nanoparticles immobilized
with cyclophosphamide at concentrations of a) 2 mg / ml; b) 4 mg / ml; ¢) 8 mg / ml

To confirm the data obtained by the PCS the electron microscopic images of polymeric nanoparticles
loaded with cyclophosphamide were made using a scanning electron microscope (Figure 1 a, b, c).

From electron microscopic images (Figure 1), it can be seen that the polymeric nanoparticles have
spherical shape and they are uniformly distributed in size and shape: the average particle size of
nanoparticles of all concentrations varies from 100 - 300 nm. It was found that with increasing the
concentration of the drug the size of the polymeric nanoparticles increases, but their meanings meet the
requirements to the nanoparticles for invasive administration. These parameters indicate that the obtained
nanoparticles can be used as transporting systems.

The binding degree is an important quantity that characterizes the quantification of the immobilization
of a drug substance in a polymer matrix. Therefore, the next step in our study was to determine the
binding degree of the cyclophosphamide with albumin nanoparticles. It was found that the binding degree
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of cyclophosphamide in the samples reached 92.4% depending on the concentration of the drug (table 1).
In this case, the increase in the concentration of the drug in the solution leads to the increase in its content
in the polymeric nanoparticles.

Table 1 - Physicochemical characteristics of albumin nanoparticles immobilized with cyclophosphamide

Cyss d, nm PDI The yield of the The binding degree,% | The degree of release,% The yield of
mg/ml particles with the nanoparticles,%
size up to 1000
nm,%
140.9 0.154 100 54.6 68.2 70.5
2 148.9 0.085 100
143.8 0.116 100
152.4 0.038 98.5 79.4 71.5 75.3
4 149.1 0.085 100
151.2 0.086 99.5
172.6 0.134 100 92.4 77.1 88.5
8 171.5 0.098 100
168.8 0.116 100

At the next stage, the release of cyclophosphamide from albumin nanoparticles was studied. The
release kinetics was studied under conditions close to physiological (in phosphate-buffered saline at a
temperature of 310 K, pH = 7.4) for 2 days. The results of this study are presented in Figure 2.
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Figure 2 - Kinetics of cyclophosphamide release from NPs

All release curves of cyclophosphamide from the albumin matrix are characterized by the presence of
several sites. The first four hours are characterized by the highest speed, when 24-34% of the drug is
released which probably characterizes the release of an unbound drug from the surface layer of albumin
1This indicates the retention of the drug in the albumin nanoparticles via non-chemical bonds, possibly via
hydrogen, van der Waals, and other bonds. Only after 42 hours the concentration of the drug reaches
saturation in solution and its amount is 68-77% depending on the initial concentration. These results point
on promising further studies in the field of the creation of prolonged forms of the drug.
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Conclusion

It was possible to develop a method for the synthesis of nanometric polymer carriers based on a
biocompatible and biodegradable albumin polymer for transporting the anticancer drug
Cyclophosphamide. Nanoparticles with satisfactory physicochemical characteristics have been
synthesized using incorporaton method. It makes them promising systems for targeted drug delivery. The
use of such new dosage forms in the form of nanoparticles will reduce the daily dose of the drug, increase
its effectiveness and minimize its side effects.
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AJIBBYMHWHHIH INOJIUMEPJII HAHOBOJIIHIEKTEPIH AJIY KIHE OJIAPIbI KATEPJII ICIKKE
KAPCBI IIPEITAPAT «HTUKJIO®POCPAHMEH» UMMOBUJIN3ALUAJIAY

AHHoOTauMs. BHOBIIBIpaMasbl JKoHE OMOYIIECIMOI MOIMMEPICPIiH HETI3IHACTI HaHOOOJIIEKTEp IOPLIiK
3aTTHIH TEPaleBTUKAIBIK oCep €Ty YakbIThIH y3apTa OTBIPBIL, COHBIMEH KaTap aF3aHblH cay >KacyllalapblH
3aKbIMJIaMail OpUTIK 3aTThl MaKcaTThl TYpIe TiKeJiedl HbIcaHa ar3ara KeTKi3yre MYMKiHAik Oepeni. byn 3eprrey
Karepii icikke Kapcbl «lluxnodochan» mpenaparbiMeH MMMOOWMIM3ALMSIIAHFAH aJaM CapbICYJbl aabOyMHHIHIH
HAHOOOJIIIIEKTEPIH ATy >KOJIIApPbIH JKacall IibiFapyra apHanrad. Koauepsanus omicimen 150-170 M esmemeri,
MOJHUIAMCIEPCTINK MOHI TeMeH (monuaucnepcerinik uapaekci 0,069-0,116) ansOymMuH HaHOOOIIIEKTEP] abIHIIBI.
HanoGemmexrepain mbFbiMbl 88,5%-161 Kypansl. Jopinik 3aTThIH HOJHMMEpIi HaHOOONIIEKTEpMEeH OaiyiaHbICy
nopexeci 54,6% xone 92,4% apanbiFbiHaa 6onabl. Jopimik 3aTThIH 60call MWIBIFYBI MPOJIOHTALMSUIBIK TYPAE KYPAI.
42 caraTTaH KeHiH TOJIMMEpPJi MaTpUIanaH OWONOTHSUIBIK OeiceHni 3arThlH 68-77%-bI oprara Oocall MIBIKTHL
«uxmodocdan» mpenapaTeiHa alaM CapBICYIIB ATEOYMUHI HETi31HAETi HAHOTAChIMAJIIayIITBIHBI JKACAaIl IIBIFapYIbIH
Oonanrarbl 30p AereH KOPBITHIH/IBI )KacaJIbIHIIBI.

Tyi#lin ce3mep: HaHOOeNIIEKTEp, AOPI TackIMANAAayIIbUIap, axaM CaphICyibl ansOyMuHI, THKIO(OCchaH,
ukodochamum, KaTepi iCiKKe Kapehl Mpernapar.
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IOJIYYEHME ITOJIMMEPHBIX HAHOYACTHUII AIBBYMHWHA 1 UX UMMOBWIN3ALIUA
NPOTUBOOITYXOJIEBBIM ITPEIMTAPATOM «HUKJTO®OCPAH»

AnHoTtauus. HaHowacTursl Ha OCHOBE OHOZETPAagHpPYyEMBIX M OHOCOBMECTUMBIX IIOJIHMEPOB JAfOT
BO3MOXKHOCTh LEJICHANPABJICHHO JIOCTABJIAThH JIEKAPCTBEHHOE BELIECTBO HENOCPEACTBEHHO B OpraH-MHIIEHb, MPU
3TOM HE Iopakas 3/I0pOBbIe KJIETKH OpraHM3Ma W MpOJUIeBasl CPOK TEPANEeBTUUECKOTO AEHCTBHUS JIEKAPCTBEHHOTO
BellecTBa. Hacrosiiee uccieoBaHue MOCBALICHO pa3padOTKe criocoda IMOJy4eHHs HAHOYACTHIl YEJIOBEUYECKOTro
ceiBopoTouHOro anboymuHa (HCA), ”MMOOHIM3MPOBAHHOTO NPOTHBOOIYX0JEeBbIM TpenapaToM «L{uxnodocdany.
MeronoM KoalepBallMM IOJIy4eHbl HAaHOYACTHLBI anbOymuHa ¢ pasmepamu 150-170 HM, y3KOH mosumuc-
nepcTHOCThIO (MHAeKe mnonumuctepctHoctd 0,069-0,116). Brxox Hanowactun coctaBun no 88,5%. CremneHn
CBSI3BIBaHMSA JIGKAPCTBA C MMOJUMEPHBIMU HAHOYACTUIIAMHA HaXoAwiIach B mpenenax 54,6% mo 92,4%. BricBoOOX-
JISHHe TpernapaTa IpONCXOIIIO IPOIIOHTHpoBaHHO. Yepes 42 yaca U3 MONMMEPHOW MATPHUIBI BBICBOOOAMIOCH 68-
77% OnONOTHMYECKU-aKTUBHOTO BemmecTBa. ChaenaH BBHIBOJ O NEPCHEKTHBHOCTH CO3JaHUS HAHOHOCHTENS Ha OCHOBE
YCA s npenapara «Iluxmodochany.

KiroueBble cji0Ba: HaHOYACTUIBI, HOCHUTEIH JIEKApCTB, YEIIOBEUECKHI CHIBOPOTOYHBIN ambOyMHH, IHKIIO-
docdan, nukodochamu, MPOTUBOOMYXOJIEBBIN Ipenapar.
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SYNTHESIZING NITRILE-CONTAINING
GLYCONITRILE (CO) POLYMERS

Abstract. The article presents the results of studying the production of new nitrile-containing monomers by
acylation of unsaturated N- and N,N’ - a-aminoacetonitrile chlorides (meta) acrylic acids using acrylamide. The
initial unsaturated N- and NN’ - o-aminoacetonitriles were synthesized by interaction of glycolic acid nitrile
(glyconitrile) with amines of various classes. The ability of new monomers to radical (co)polymerization was
studied, namely, the possibility of producing polyacrylamides based on N,N' nitrile derivatives of (meta) acrylamide
and vinyl ester (N - acetonitrile) monoetholamine (VEEAN) with acrylamide in bulk in the presence of radical
initiators and organic solvents with formation of carbochain polymers. The formation of nitrile-containing
polyacryamides is confirmed by the data of the elemental analysis, viscometry, IR spectroscopy. Viscometric data
[M] = 0.10 - 0.29 dl/g of polymers indicate low reactivity of the synthesized nitrile acrylamides compared to
acrylamide that is associated with the steric effect of the chain length. The synthesized copolymers were studied as
modifiers of urea-formaldehyde binders (UFB) used to strengthen unstable rocks. The samples strengthened with
UFB solutions without a modifier showed low strength indices for 62 and 77 % concentrations, respectively, while
introduction of nitrile-containing copolymers in the amount of 1-5 % wt. improved strength characteristics of the
samples by 1.2-1.8 times. The good strength results for mine rocks are explained by the increased flexibility and
elasticity of the urea-formaldehyde binder chains with new functional groups responsible for the resin adhesion to the
rock.

Keywords:a-aminoacetonitriles, glycolic acid nitrile (glyconitrile), monoethanolamine vinyl ester, acrylamide,
polyacrylamide, N,N'- acrylamide nitrile derivatives, copolymers, urea-formaldehyde binder modifiers.

Introduction

Recently the scientific and practical interest in the directed synthesis of nitrile-containing
polyfunctional polymers has been steadily growing. This is caused by a wide range of useful properties of
these (co)polymers that can be further used as promising flocculants, coagulants, polyelectrolytes,
modifiers for urea binders, semi-synthetic soil structures. Great prospects in this direction are opened by
studying the interaction of glyconitrile with various compounds cuased by its extremely high reactivity
and associated with it rich possibility of obtaining a wide variety of organic compounds. Among the
variety of compounds synthesized from glyconitrile, the most interesting are its N- and N,N’-a-amino
derivatives, which is associated with the ease of their preparation, the possibility of chemical
transformations and their practical significance. Many of them can be proposed as polyfunctional
monomers for polymerization or polycondensation, which will allow obtaining new types of interesting
polymers both in practical and in scientific terms.

Nitrile-containing polyfunctional polymers described in the article were obtained by joint radical
(co)polymerization of monomers of nitrile derivatives N,N’- (meta) acrylamide that were synthesized by
acylation of unsaturated N- and N,N’- a-aminoacetonitriles (meta) acrylic acids, acrylates.

— 4y ——
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The obtained (co)polymers based on derivatives of glycolic acid nitrile are assigned to carbochain
polymers of linear structure with long side groups. New nitrile-containing (co)polymers are characterized
by a low molecular weight and a significant number of functional groups capable of further
transformations and predetermining various fields of their application [1-2].

Experimental Part

Synthesizing a-aminoacetonitriles (I-VI)

Aminoacetonitrile NH,CH,CN (I). 16 ml of the 70% aqueous glyconitrile solution (0.2 mol) are added
dropwise to 13.6 ml of the 23% aqueous ammonia solution (0.2 mol) with cooling at the temperature of 0-
5 °C so that the temperature of the reaction mixture does not exceed 10 °C. After that, the synthesis
temperature is raised to the room temperature and held within 1.5 hours. 20 ml of concentrated HCI (0.2
mol) are added to the reaction mixture. The mixture containing aminoacetonitrile in the form of
hydrochloric acid salt is evaporated. HCI-'NH,-CH,-CN crystals are washed with ester and dried.

N-methylaminoacetonitrile CH;NHCH,CN (II). The synthesis is carried out analogously to (I) with 2
moles of amine. At the end of the synthesis, the reaction mixture is saturated with sodium sulfate and
extracted repeatedly with diethyl ester. The solvent is distilled off, the residue is subjected to vacuum
distillation.

N-allylaminoacetonitrile CH,=CH-CH,-NH-CH,CN (11l). To 22.8 ml of the 50 % aqueous solution of
allylamine (0.2 mol) there are added dropwise 16 ml of the 70 % aqueous solution of glyconitrile (0.2
mol) while the reaction mixture is cooled to 5 °C. Upon completion of adding the glyconitrile solution, the
mixture is heated to 35 °C and kept at this temperature within 2 hours. The separated oil layer of
aminonitrile is separated from the aqueous solution using a separatory funnel. An additional amount of
aminonitrile is extracted from the aqueous layer with diethyl ester. The ester extract and the organic layer
are mixed, dried over anhydrous sodium sulfate, diethyl ester is distilled off, the residue is subjected to
vacuum fractional distillation.

Vinyl ester of (-N-acetonitrile)-ethanolamine CH,=CH-O-CH,CH,NH-CH,CN (IV).The synthesis is
carried out similarly to (III) with 0.2 moles of amine at 35-40 °C.

N-benzylaminoacetonitrile CsHsCHNHCH,CN (V-VI). The synthesis is carried out similarlyto (III)
with 0.2 moles of amine at 35-40 °C (Table 1).

Table 1 - Synthesizing o — aminoacetonitrile - RHNCH,CN

Compounds R Yield, % Thoit,’C dz° n3?

I H 80 The165-166 - -

11 CH; 65 45/0.4 0.9300 1.4199
111 CH,=CH—CH, 78 85-88/0.4 0.9281 1.4486
v CH,=CH—CH— 90 91-93/0.4 1.0060 1.4691

—O—CH,—CH,

\% C¢HsCH, 90 130-133/0.4 1.0460 1.5388
VI C¢Hs 50 145/1 - -

Synthesizing N,N’-derivatives of glycolic acid nitrile (VII-XI)

N,N'-substituted acrylamides: a) a mixture of 200 ml of benzene (diethyl ester or acetone), 7 g of dry
K,CO; and 0.2 mol of a-aminoacetonitrile is cooled to 8-10 °C, a solution of 0.2 mol of acrylic acid
chloride is added dropwise in 60 ml of benzene (diethyl ester or acetone) at such a rate that the
temperature of the reaction mixture does not exceed 10 °C. After 45 minutes, another 7 g of dry K,COsare
added and stirred within 1 hour at 10 °C, then 1 hour at the room temperature. The inorganic precipitate is
filtered off, washed twice with 60 ml of hot benzene (diethyl ester or acetone). The solvent is distilled off,
the residue containing nitrile-substituted acrylamide is subjected to fractional vacuum distillation in the
presence of the copper chip polymerization inhibitor (Table 2).

b) In the aqueous medium synthesizing N,N’-substituted acrylamides is carried out according to the
following procedure: an equimolar amount of acrylic acid chloride in benzene and the 50 % aqueous
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NaOH solution are added from two dropping funnels to the reaction mixture of o-aminoacetonitriles
obtained by the above procedure II-VI with vigorous stirring and cooling (-5 °C). Then the reaction
mixture is kept within 1 hour at the room temperature. The final product is extracted with benzene, the
solvent is distilled off, nitrile-substituted acrylamide is subjected to vacuum distillation. Their
characteristics are given in Table 2.

Table 2 —Characteristics of N,N'-substituted acrylamides

Compound No. R R’ Yield, g Thoi» °C; 0,4 MPa
VI CH, H 15.0 (54) 115-118
VI CH; CH; 19.0 (75) 117-120
VI CH; CH; 20.3 (80)* 117-120
IX CH,=CH-O-CH,CH, H 19.0 (62) 140-142
X CH,=CH-0O-CH,CH, CH; 30.6 (90) 147-149
XI CH,=CH-O-CH,CH, CH; 28.0 (85)* 147-149

*-in the aqueous medium

Homopolymer of N,N’-derivatives of acrylamide (XII)

~TT TT —

0 =C—N(R) CH) CN

The synthesis is carried out by radical polymerization in bulk or in dimethylformamide (DMF) in the
presence of radical initiators: dinitrile azobisisobutyric acid (DAA) or benzoyl peroxide in the amount of
0.5-1 % of the total weight of the monomer at 70 % within 6-10 hours, in argon atmosphere. The
copolymers obtained are reprecipitated from solutions in dioxane, acetone, dimethylformamide (DMF),
water or methanol and dried at the room temperature in a vacuum oven to the constant weight.

(-N-acetonitrile) ethanolamine vinyl ester copolymers (XIII)

—[.—CH — CH;}—[ CH,— CH—]—
- | n | m
NCCH,NHCH , CH,0 R

a) with alkyl acrylates (R = -OR ', where R’-CH;-; C,Hs-; C4Hy-) are obtained in bulk in the presence
of 0.5 % DAA at various ratios of monomers, the synthesis temperature is 70 °C, and the duration is 6
hours. The copolymers are reprecipitated according to procedure (1);

b) with acrylamide:
P
{ R—C—NH, }

is obtained by copolymerization of components in DMF, in the presence of DAA in the amount of 0.5 %
of the monomer weight at the temperature of 70 °C within 6 hours, the ratio of the starting reagents is
equimolar. The copolymers are reprecipitated according to procedure (1).

Urea-formaldehyde binders UFB modifications (XIV-XV). Synthesized copolymer (XII) was
diluted with water-dioxane (2:1) to the 50 % concentration, the specific gravity of the solution was 1.078
g/em’, and copolymer (XIII) was diluted to the 70 % concentration with the specific gravity of 1.073
g/em’.

Resultsanddiscussion

The subject of our studies were copolymers and polymers of nitrile derivatives of N,N’(meta)
acrylamide with acrylamide that were studied as new modifiers for urea binders used to strengthen
unstable rocks, semi-synthetic soil structures, foaming agents in flotation concentration of sulfide copper
ores.

—— Y4 ——
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Unsaturated N- and N,N’- a-aminoacetonitriles were used as starting monomers for synthesizing the
above polymers. The synthesis of a-aminoacetonitriles is based on the reaction of glycolic acid nitrile
(glyconitrile) interaction with amines of various classes according to the scheme:

RR’NH + HOCH,CN — RR’NCH,CN + H,O0,

where R and R’ are alkyl, aryl, alkenyl, heterocycle.

The specific structure of glyconitrile, namely, the close proximity of OH and CN - groups determines
the features of its interaction with primary and secondary amines. The synthesis of glyconitrile with
amines was studied at the equimolar ratio of the starting reagents, various temperatures, durations,
solvents, and the concentration of the starting reagents. The optimum process parameters were found (40-
60 °C, 1-2 hours, amine concentration 50-100 %, glyconitrile concentration 50-70 %, water). Above 60 °C
side reactions begin to occur with participation of C=N and NH - groups of products of imines or resins
formation. In organic solvents the yield of final products is significantly reduced.

Their structure is confirmed by the data of the elemental analysis, IR and NMR spectra. IR spectra of
aminonitriles are characterized by the presence of a number of absorption bands, groups: 2250 - 2240 cm’’
- C=N; 3400 - 3320 cm™ — NH; 1640 cm™ — CH,= CH- .

The new N,N’ derivatives of acrylamide were synthesized by acylation of unsaturated R-o-
aminoacetonitriles obtained by the above procedure with (meta) acrylic acid chlorides:

RINHCH:CN + CH: = CR1 -COCL— CH:=CR2-C-NCH:CN D
1
O R

where R = H, - NH-CH,CH,OCH=CH,; R’ = H, - CH;.

The physical-and-chemical constants of the obtained N,N’-derivatives of acrylamide are presented in
Table 2. Their composition and structure were confirmed by the elemental analysis, IR and NMR spectra.

The IR spectra of these compounds contain absorption bands in the region of 2300 cm™ (nitrile
group), 16501680 cm™ (amide group), 1800—1860 cm™ (vinyl group). The NMR spectra show absorption
bands of methylene protons of the — CH,CN group (region 4.26—4.67 ppm) and vinyl protons at 5.9-6.9
ppm and 5.25-6.03 ppm.

We investigated the possibility of producing polymers based on N,N’- nitrile derivatives of (meta)
acrylamide and vinyl ester (N - acetonitrile) - monoetholamine (VEEAN) with acryamide with formation
of carbochain polymers of the following structure:

- copolymers of N,N’- nitrile derivatives (meta) of acrylamide with acrylamide:

Ffo

NC—C —HN—C—O O—C—NH2
H

)

- copolymer of vinyl ester (N-acetonitrile)-ethanolamine with acrylamide

Ptk

HL—0 O=—=C——NH,
H

H,
NC——C —HN——CH,
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The viscometric data [f] = 0.10 - 0.29 dl/g of polymers indicate low reactivity of the synthesized
nitriacryamides compared to acrylamide that is associated with the steric effect of the long chain and the
nature of the R, substituent. For the obtained polymers, an anomalous dependence of viscosity on solution
concentration is observed, which is associated with the presence of ionogenic groups in the composition. It
allows attributing them to polyelectrolytes.

The synthesized copolymers were investigated as modifiers for urea binders (UFB) used to strengthen
unstable rocks.

Modification was carried out by combining aqueous solutions of UFB with the copolymers taken in
the amount of 1-5 % of the UFB weight. It was noted that copolymers combine well with UFB and do not
stratify over time. The presence of active functional groups (CO =, C=EN, NH2, -C-O, CONH,) in the
modifiers contributed to increasing the adhesive ability.

In order to establish the modifying effect of the copolymers based on synthesized (co)polymers for
compressive strength, the mixtures with a hardener, oxalic acid, and with a filler, ground mine rock,
represented by medium strength mudstone, were compiled. The resin to rock ratio was 1: 6, the mixture
was loaded into molds and pressed at 10 atm within 3 minutes. Testing the strengthened samples for
compressive strength was carried out after 7 and 21 days of storage in the air at 15 °C. The results of
testing the rock samples reinforced with modified solutions of UFB depending on the concentration of
resin and modifier are presented in Table 3.

Table 3 - The use of polymers based on copolymers of nitrile derivatives
of N,N’(meta) acrylamide with acrylamide as bindersfor mine rocks

. Concentration, Modifier Compression s.trength of the samples, kp/cm’
No. Modifier o C Storage time days
0 concentration % > 21

UFB without a modifier 77 0 18.4 31.1

XIV | (N-acetonitrile)-ethanolamine 77 1 26.9 41.0
vinyl ester copolymer with 77 3 - 38.2
acrylamide 77 5 - 39.6

62 5 19.8 26.9

XV | Methylacetonitrile acrylamide 77 - - 53.8
copolymer with acrylamide 77 3 - 56.6

77 5 - 56.6

62 5 - 26.2

From the data of Table 3 it follows that the samples strengthened with UFB solutions without a
modifier have low strength indicators for 62 and 77 % concentration, respectively. The introduction of
nitrile-containing copolymers in the amount of 1-5 % wt. increases the strengthened samples strength by
1.2-1.8 times in comparison with the samples strengthened with unmodified UFB. It has been shown that
with decreasing the concentration of UFB in the binder, the samples strength decreases. Increasing the
modifier concentration from 1 to 5 % wt. does not lead to a substantial increase in strength properties.

Conclusions

Thus, as a result of studies performed, by the acylation reaction of N- and N,N’- a- aminoacetonitrile
chlorides of (meta)acrylic acids with acrylamide, new monomers of (meta)acrylamide were obtained and
characterized. The initial unsaturated N- and N,N’- o- aminoacetonitriles were synthesized by the
interaction of glycolic acid nitrile (glyconitrile) with amines of various classes. The ability of new
monomers to radical (co)polymerization in bulk and in organic solvents with formation of nitrile-
containing polyacrylamides has been shown.

According to the results of laboratory tests, the synthesized copolymers have shown that they are
good binders for mine rocks, providing relatively high mechanical strength compared to unmodified
binders. The strengthening effect of modifiers is caused by increasing the flexibility and elasticity of urea-
formaldehyde binder chains (UFB) with the advent of new functional groups CO =; C=N; CONH2; C-O-C
that are responsible for the resin adhesion to the rock.
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HUTPUI K¥YPAM/IbI IVIMKOHUTPHUJI CO MOJIMMEPJIEPTHIH CUHTE3I

Annoranusi. Makamana N - u NN’ - o - aMHHOAETOHHTPWIAEPI XJIOPaHTHIPUATEPMEH (MeTa) akpui
KBIIIKBUIIAapBIMEH, aKpHJIaMUATICH allMIIICy KOJIBIMEH JKaHa HUTPWII Oap MOHOMEPJIEPAI ally bl 3epTTeY HATHXKeIepi
kenripiared. bacrankel kyrnereH N - sxone NN’ - o - aMHHOAQILETOHUTPHIIIEP SPTYpJi KJIACThl aMHUHIEPMEH
TJIMKOJIb KBIIKBUTEl (TIMKOHUTPWI) HUTPWIIHIH ©3apa opeKeTTecyiMeH CHHTe3nenreH. JKaHa MOHOMEpIepIiH
panuKkanasl (co)momuMepIieyre KaOneTTiiri 3eprrenyi, atam aitkagaa N,N' — HUTPWI TYBIHABI (MeTa) aKpIIaMET
med BuHHI >pupi (N — ameroHutpmin) MmonodtomamuH (BDDAH) Herisimme pamgukanmsl OacTamMammbriapAbIH
KaTBICYBIMEH KOHE KapOOIeNT] MoJIMMepIIep TY3UIETIH OpraHUKaIbIK ePITKIIITepAe aKpUIaAMHIICH MOTHAKPUIAMHET
any MyMKinairi 3eprrengi. KypambiHga Hutpua Oap TONMAKpWIAMHATEPIIH TY3UIyl OSJEMEHTTIK Tajjuay,
Buckosumerpust, MK — cmekrpockomus pepektepimer pacrairad. [] = 0,10 - 0,29 mn/r noamMepiepai
BUCKO3UMETPUAIIBIK ,uepeKTepi CHUHTE31CJIICH Hl/ITpI/IJIaKpl/IJIaMI/II[TepI[iH AKpHUWIaMUIIICH CaJIbICTBIpFaHia
peaKUMsUIBIK KaOUIeTIHIH TOMEHJITH KepceTeli, Oyl Ti30eK Y3bIHIBIFBIHBIH CTEPHJIbII oCepIMEH OalIaHBICTHI.
CuHTE3ZIeNreH  CONOJIMMEpIIep TYPaKChl3 Tay JKbIHBICTApBIH HBIFANTy YLIIH MaiilalaHbUIaTBIH MOYEBHHO-
tdopmanpaerunti Oaitmansicthiprpin (M®C) momudukatopiap peringe 3eprrenai. Moandukaropess M®PC
epiTimiciMeH OekituireH yirizep 62 jxoHe 77% KOHIEHTpauusfa apHAFaH TOMEH OEpiKTIK KepCeTKIITepiH
KepcerTi, 1-5% canMak MemmiepiHae HATPWI Oap cOMOJIMMEpINepAl eHTidy. yirinepain Oepikririn 1,2-1,8 ecere
kakcapTThl. IllaxTamblK >KBIHBICTap YIIIH OEpIKTIK KepceTKimTepi OOWBIHIIA KAKCHl HOTIKENEep IMarbIpIIbIH
JKBIHBICKA a/I'€3MSCHIHA JKAaYalThl )KaHa (YHKIMOHAIIBIK TONTAPMEH HECETTHOp(hOPMaNbICTHATI OaliTaHbICTRIPYIIBI
TI30eKTepiHIH MKEM/IUIIrT MEH MKeMIUTITIHIH apTybIMEH TYCIHIIpLIe/].

TyiiiH ce3mep: o —aMHHOALETOHUTPWIACP, [NIUKOJIb KbIIIKBIIBIHBIH HUTPUII (ITTMKOHUTPHUIT), MOHOITAaHOJIAMUH
BUHMI 3¢wupi, akpwiamug, nonuakpuiaamun, N, N' — HUTPHI TYBIHABI aKpUIAMHJ, CONOJUMEPIEP, MOYEBHH-
(hopmanbaeruaTi 6GalnaHbICTHIPFBILITAPABIH MOAU(UKATOPIIAPHL.

K.B. Paxumbepsnnosa’, I'.A. MyCTa(bmlaz, A.T. Taku6aea’,
N.B. Ky.naKOB3, A. P. Mckakos', O.'. Hazaposa'
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*TOO «KAZ-OPTIMUMpy, Kaparauna, Kasaxcran;
TrOMeHCKHii rOCY1apCTBEHHBIH YHUBEpcHTET, TIoMeHb, Poccust

CUHTE3 HUTPUJICOJAEPXKAIIIUX (CO) NIOJUMEPOB I''ITUKOHUTPUJIA

AHHoTanusl. B cratbe mnpuBeneHBl pe3yNbTaThl HCCIEAOBAHMM IOTY4YEHHS HOBBIX HHUTPHICOIEpPIKAIIUX
MOHOMEPOB MyTeM alrInpoBanus HenpeAaeabHbIX N- 1 N,N' - 0 — aMUHOalEeTOHUTPUIIOB XJIOpaHTUApUIaMu (MeTa)
AaKpPWIOBBIX KHCIIOT, akpuiamugoM. HMcxomuele HenpepenbHble N- m NN - o — aMHHOANETOHUTPHIIBI
CHUHTE3UPOBAHbI B3aMOJICHCTBIEM HUTPHIIA TIIMKOJIEBOH KUCIIOTHI (ITIMKOHUTPWIIA) C aMHHAMH Pa3IMuHOro Kiacca.
N3yyena ciocoOHOCTH HOBBIX MOHOMEPOB K paJIMKaJIbHOM (CO)IMOTMMEpH3alii, 8 UMEHHO BO3MOXKHOCTB HOJTyYSHHUS
MOMMAKPWIAMUAIOB Ha ocHOBe N,N' — HUTPHINPOM3BONHBIX (MeTa) akpmiamuga W BHHWIOBOro »dumpa (N —
aneToHUTpIi) MoHodTONaMuHa (BODAH) ¢ akpuimamMunoM B Macce B MPUCYTCTBUU PAaTUKAIBHBIX HHUIIHATOPOB U
OpPTaHMYECKHX PACTBOPUTENSAX C 0Opa3oBaHHMEM KapOOIEHBIX MmonuMepoB. OOpa3oBaHWE HHUTPHICOAEPIKAIINX
MOJMAaKPUAMHUIOB TOATBEPKICHO JAHHBIMH JJIEMEHTHOIO aHanwu3a, BHu3Kosumerpuu, MK — crnekrpockonuu.
Bucko3zumerpudeckue panubie [1] = 0,10 — 0,29 /T moauMepoB CBHIETENBCTBYIOT O HEBBICOKOH pEaKIMOHHON
CHOCOOHOCTH CHHTE3MPOBAHHBIX HUTPHIAKPIIAMUIOB MO CPABHEHUIO C aKPUIIAMUIOM, YTO CBSI3aHO C CTEPHUECKUM
BIIMAHUEM JJIMHBI I1ICIIN. CHHTeSHpOBaHHbIe COITIOJIMMEPDBIL 6I)IJ'II/I HUCCJICAOBAHbI B Ka4ye€CTBEC MO[[I/I(i)l/IKaTOpOB
MOYEBHHO-(popMabIeruaHbIX cBsazyromux (M®C), nCnonb3yeMbIX Uil YKPEIUIEHHs HEYCTONYMBBIX TOPHBIX TOPOI.
O06pasiisl, ykperuieHHbIe pacTtBopamMu M®DC 6e3 MmoaudukaTopa, moka3aid HU3KHE MPOYHOCTHBIC MTOKa3aTesu i 62
n 77% KOHIEHTpPAILMK COOTBETCTBEHHO, BBEACHHE K€ HUTPUIICOJEPIKAIIMX COMOJIMMEPOB B KonndecTBe 1-5% Bec.
YIIyUYIIWIN TIPOYHOCTHBIE XapaKTEepUCTUKH oOpa3uoB B 1,2-1,8 pasa. Xopomme pe3ynbTaThl MO IMPOYHOCTHBIM
MOKaszaTelsiM Ul INAXTHBIX IOPOA  OOBSACHAETCS YBEJIMYEHHEM T'MOKOCTM M 3JacTHYHOCTH  Lemed
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MOUYEBHHO(OPMAITBICTUAHBIX CBS3YIOIINX HOBBIMH (D)YHKIMOHAJIHHBIMH TPYIIIAMH, OTBETCTBEHHBIX 3a aATE3UI0
CMOJIBI K TIOpOJIE.

KiroueBsble ci10Ba: o — aMAHOALIETOHUTPIIIBL, HUTPHIT TIIUKOJICBON KUCIOTHI (TTTUKOHUTPIT ), BAHUIIOBEIHA 3(Up
MOHO3TaHOJAMUHA, aKpwiIaMua, nonmuakpwiamun, N,N' — HUTPHWINPOU3BOIHBIE AaKpWIAMUIA, COIOIUMEPHI,
MO (PUKATOPBI MOUYEBUH-(DOPMAITBICTHHBIX CBS3YHOIIHUX.
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IRIDOIDS FROM PHLOMIS SEVERTZOVII AND ITS
IMMUNOSTIMULATING AND ANTITOXIC ACTIVITY

Abstract. From the aerial parts of Phlomis severtzovii (Lamiaceae) growing in Uzbekistan, five known iridoid
glycosides were isolated for the first time. On basis of UV, IR, 'H and "?C NMR spectroscopy the isolated substances
were identified as 6f-hydroxypolamid (1), loganin (2), pulchelloside (3), shanshiside methyl ester (4) and
phlorigidoside C (5). Additionally, noticeable immunostimulating and antitoxic activity of the sum of iridoids and
6B-hydroxypolamid (1) were revealed.

Keywords: Phlomis severtzovii, iridoid, 6B3-hydroxypolamid, loganin, pulchelloside, shanshiside methyl ester,
phlorigidoside C, immunostimulating activity, antitoxic effect.

Introduction. Among the various low-molecular biologically active substances synthesized by plants,
iridoids occupy a prominent place. At present time, it is clear, that this type of compounds are widespread
in plant world [1]. Presence of important biological activities (antitumor activity, antimicrobial activity,
etc.) of these compounds is main perspective practical reason for further investigation [2].

Iridoid glycosides have great theoretical importance as in terms of chemistry and due to their
participation as precursors in alkaloid biosynthesis [3].

Therefore search of novel iridoidcontaining plant sources, development of rational scheme of
isolation of these compounds, determination their chemical structure, revealing of physical, chemical
parameters and useful properties of novel compounds are actual problems of the modern bioorganic
chemistry [4].

The aim of our study is investigation of iridoids from Phlomis severtzovii (Lamiaceae) and their
biological activity.

Materials and methods. Phlomis severtzovii (Lamiaceae) growing in Middle Asia, Tashkent and
Fergana regions.

NMR spectra were acquired on a Bruker, 500 MHz, spectrometer using standard pulse sequence at
ambient temperature. Chemical shifts are given in 6 (ppm), and coupling constants are reported in Hz. The
samples for NMR analysis were diluted in CsDsN.

Results and discussion. Five known iridoid glycosides were isolated from the aerial parts of Phlomis
severtzovii collected during vegetation phase. Their chemical structure were determined on basis of
analysis of UV, IR, 'H and "C NMR spectra and identified as 6B-hydroxypolamid 1, loganin 2,
pulchelloside 3, shanshiside methyl ester 4 and phlorigidoside C 5 (Fig.1).
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1:R,=0H,R,=OH,R;=H, R,=O0OH
2:R,=H, R,=H, Ry=OH,R,=H
3:R,=OH,R,=O0OH, R;=OH, R, =H
4:R,=H, R,=OH,R;=H, R,=O0OH
5:R,=H, R,=OH,R;+R,=0

Figure 1 — Chemical structures of iridoid glycosides isolated from the aerial parts of Phlomis severtzovii

6p-Hydroxypolamid (1). Compound 1 was isolated as pale yellow crystals, C;7H»cO,,, ESI-MS m/z
445.15 [M + Na]’, mp 76°C, UV (CyH5OH) Apay 235.5 nm. IR (KBr) vina, 3388 (OH), 1639 (C=0), 1551
(C=0). Yield 0.031 %.

'H NMR (Bruker 500 MHz, CsDsN): 6.05 (1H, s, H-1), 7.77 (1H, s, H-3), 5.55 (1H, d, H-6), 2.19
(1H, d, Ha-7), 2.55 (1H, d, Hb-7), 2.99 (1H, d, H-9), 1.44 (3H, s, H-10), 3.68 (3H, s, H-12), 5.67 (1H, d,
H-1%), 4.34 (1H, t, H-2"), 4.29 (1H, t, H-3"),4.22 (1H, t, H-4"), 4.45 (1H, ddd, H-5"), 4.37 (1H, dd, , Ha-
6"),4.28 (1H, dd, Hb-6"), 6.52 (H, br.s., OH);

BC NMR (126 MHz, CsDsN: 93.91 (C-1), 154.92 (C-3), 115.73 (C-4), 74.4 (C-5), 72.39 (C-6), 48.58
(C-7), 73.88 (C-8), 57.59 (C-9), 26.82 (C-10), 168.64 (C-11), 52.04 (C-12), 99.01 (C-1°), 74.49 (C-2"),
78.18 (C-3"), 71.81 (C-4"), 78.67 (C-5"), 63.65 (C-6") [6].

Loganin (2). Compound 2 was isolated as white crystals. C,7Hc010, ESI-MS m/z 413.39 [M + Na]",
mp 222.2°C, UV (C,H50H) Apax 234.72 nm. IR (KBr) vy 3440 (OH), 1642 (C=0), 1446 (C=C). Yield
0.021 %.

'H NMR (Bruker 500 MHz, CsDsN): 5.87 (1H, d, H-1), 7.72 (1H, s, H-3), 3.59 (1H, dd, H-5),
2.07(1H, dd, Ha-6), 2.35 (1H, dd, Hb-6), 4.04 (1H, ddd, H-7), 2.59 (1H, m, H-8), 3.13 (1H, dd, H-9), 1.16
(3H, s, H-10), 3.60 (3H, s, H-12), 5.69 (1H, d, H-1"), 4.27 (1H, t, H-2"), 4.33 (1H, t, H-3"), 4.22 (1H, t, H-
4%),4.11 (1H, ddd, H-5%), 4.19 (1H, dd, Ha-6"), 4.34 (1H, dd, Hb-6"), 6.82 (H, br.s., OH);

BC NMR (126 MHz, CsDsN): 96.04 (C-1), 151.64 (C-3), 111.46 (C-4), 32.71 (C-5), 37.71 (C-6),
74.57 (C-7), 40.42 (C-8), 43.36 (C-9), 14.18 (C-10), 168.69 (C-11), 51.73 (C-12), 100.72 (C-1%), 75.07
(C-2Y), 78.60 (C-3"), 71.81 (C-4"), 78.40 (C-5"), 63.65 (C-6") [7].

Pulchelloside (3). Compound 3 was isolated as yellow crystals. C;7H»5015, ESI-MS m/z 445.13 [M +
Na]", mp. 124,6°C, UV (C,HsOH) Apax 235.76 nm. IR (KBr) vina, 3437 (OH), 1640 (C=0), 1443 (C=C).
Yield 0.073 %.

'H NMR (Bruker 500 MHz, CsDsN): 5.86 (1H, s, H-1), 7.77 (1H, s, H-3), 4.48 (1H, d, H-6), 3.72
(1H, dd, H-7), 2.41 (1H, dd, H-8), 2.90 (1H, dd, H-9), 1.22 (3H, d, H-10), 3.72 (3H, s, H-12), 5.70 (1H, d,
H-1%), 4.32 (1H, dd, H-2"), 4.32 (1H, d, H-3"), 4.22 (1H, dd, H-4"), 4.46 (1H, ddd, H-5"), 4.36 (1H, dd,
Ha-6"),4.21 (1H, dd, Hb-6"), 6.57 (H, br.s., OH);

5C NMR (126 MHz, CsDsN): 97.29 (C-1), 152.93 (C-3), 112.78 (C-4), 73.54 (C-5), 77.19 (C-6),
75.39 (C-7), 38.22 (C-8), 51.35 (C-9), 14.44 (C-10), 168.84 (C-11), 52.35 (C-12), 100.91 (C-1%), 74.94
(C-2Y), 78.55(C-3"), 71.81 (C-4"), 78.38 (C-5"), 63.65 (C-6") [8].
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Shanshiside methyl ester (4). White crystals, C;7HycO,;, ESI-MS m/z 429.38 [M + Nal’, mp 94.8°C,
UV (C,H50H) Amax 236.97 nm. IR (KBr) vinax 3437 (OH), 1642 (C=0), 1438 (C=C). Yield 0.013 %.

'H NMR (Bruker 500 MHz, CsDsN) 6.28 (1H, s, H-1), 7.81 (1H, s, H-3), 3.33 (1H, dd, 6.48, H-5),
4.51 (1H, ddd, H-6), 2.20 (1H, dd, Ha-7), 1.80 (1H, dd, Hb-7), 2.64 (1H, dd, H-9), 1.51 (3H, s, H-10),
3.60 (3H, s, H-12), 5.77 (1H, d, H-1"), 4.30 (1H, dd, H-2"), 4.28 (1H, t, H-3"), 4.22 (1H, t, H-4"), 4.44
(1H, ddd, H-5"), 4.30 (1H, dd, Ha-6"), 4.38 (1H, dd, Hb-6"), 6.28 (1H, br.s., 6-OH);

C NMR (126 MHz, CsDsN) 93.62 (C-1), 152.48 (C-3), 111.72 (C-4), 41.08 (C-5), 70.95 (C-6),
48.65 (C-7), 78.79 (C-8), 49.87 (C-9), 26.95 (C-10), 168.69 (C-11), 51.78 (C-12), 100.92 (C-1), 74.81
(C-2%),78.54 (C-37), 71.81 (C-4"), 78.35 (C-5"), 63.65 (C-6") [9].

Phlorigideside C (5). Colourless, Ci;H,40;1, ESI-MS m/z 427.11 [M + Na]’, mp 66°C, UV
(CoH50H) Amax 238.3 nm. IR (KBr) vy, 3418 (OH), 1637 (C=0), 1549 (C=C). Yield 0.028 %.

'H NMR (Bruker 500 MHz, CsDsN) 6.08 (1H, d, H-1), 7.83 (1H, s, H-3), 2.81 (1H, dd, H-5), 4.17
(1H, dd, H-6), 3.48 (1H, s, H-7), 2.43 (1H, dd, H-9), 1.49 (3H, s, H-10), 3.60 (3H, s, H-12), 5.45 (1H, d,
H-1%), 4.28 (1H, d, H-2"), 4.29 (1H, dd, H-3"), 4.19 (1H, dd, H-4"), 4.44 (1H, ddd, H-5"), 4.28 (1H, dd,
Ha-6"), 4.38 (1H, dd, Hb-6"), 6.08 (1H, br.s., OH);

C NMR (126 MHz, CsDsN) 93.07 (C-1), 152.55 (C-3), 106.18 (C-4), 38.20 (C-5), 73.09 (C-6),
64.23 (C-7), 65.05 (C-8), 46.80 (C-9), 16.67 (C-10), 168.47 (C-11), 51.92 (C-12), 101.46 (C-1"), 74.78
(C-2%),78.45(C-37), 71.81 (C-4"), 78.35 (C-5"), 63.65 (C-6") [10].

Investigation of the biological activity. Experiments were set on white outbred mice (18-20 g).
Reaction of Jerne, Nordin was used for evaluation of the preparation influence to the humoral immunity
[11]. Mice were immunized with red blood cells (RBCS) of sheep and in the same day of immunization, in
biological active dose the water-alcohol solutions of the iridoids sum were injected intragastric (10 mr/kT.
Mice of the control group received the water-alcohol solution in the same volume. On the 5™ day after
immunization, the number of antibody-producing cells (APC) was determined in the spleens of mice.

Studies were performed on intact mice and mice subjected to stress. The state of stress was caused by
the N. Selye “swim stress” model. To do this, mice for 45 min were placed in a tank with water, so that the
water level did not allow mice to jump out.

The research results are presented in table 1.

The table shows that the SI in mice causes a pronounced (p<0.001) enhancement of the process of
antibody formation in response to sheep RBCS.

In the control group of immunized mice, 11,800 + 928.08 APC accumulate on the spleen and 132.8 +
2.49 APC per 1 million nucleated spleen cells (NSC). The SI increases the number of APC on the spleen
t0 21,400 £ 1,369.18, the number of APC per 1 million of NSC - to 242.0 + 2.83.

Table 1 — The effect of sum of iridoids from the plant Phlomis severtzovii on immunity indicators

Group | Control | SI
Immunized mice
APC on spleen 11800+928,08 21400+ 1369,18
APC on 1 million of NSC 132,8+2,49 242,0+2,83
Immunized mice + stress
APC on spleen 6400+314,11 13200+461,88
APC on 1 million of NSC 75,7+3,33 151,0+£2,67

Under the influence of “swimming” stress, the sum of APC in mice decreases to 6400 + 314.11 per
spleen and to 75.7 = 3.33 per 1 million NSC. The sum of iridoids increases the number of APC per spleen
to 13,200 £ 461.88, by 1 million splenic cells - to 151.0 £ 2.67.

Under the influence of the SI, there is a tendency to increase the mass and cellularity (total cell
content) of the spleen, the mass of the thymus and lymph nodes, a significant increase in the cellularity of
the thymus and lymph nodes.

As a result, it was shown that the SI obtained from the plant Phlomis severtzovii possesses
immunostimulating activity, and is not immunotoxic.

It was previously established, that iridoids obtained from the aerial part of Phlomis severtzovii have
hepatoprotective properties and a positive effect on the functional state of the liver [12]. Given this fact,
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we investigated the effect of the SI and iridoid 6B-hydroxypolamide on acute alcohol intoxication.
Experiments were performed on white outbred mice - females weighing 20-22 g. Ethanol in the form of a
24% solution was injected intraperitoneally at a narcotic dose (4.8 g/kg). The test substances were
administered orally using an atraumatic metal probe at doses of 10-25-50 mg/kg 60-70 minutes before the
introduction of ethanol. Evaluation of the effectiveness of the compounds was determined by the duration
of the lateral position of the animals. The control group of animals under similar conditions of experience
instead of the drug was injected with sterile distilled water. The results of the research are presented in
table 2.

Table 2 — The results of the influence of drugs on the narcotic action of ethanol

No Name of preparations dose Thepii);lirgggr;?g;iitseral Effect in %
1 Et(glgol 4.8 g/kg 110 100%
2 *EeOH i glg%ﬁ;g » 28
3 EIE Ol 245’ gng%{(kgg 62,7 43%
s J6rB];}tlg)(goxypolamid 140’ ;15{( kgg 72.4 34,2%
6 iﬁé}tlgli;oxypolamid 245’ gng%{(kgg 53,9 51%
, iﬁéltq(})f(goxypolamid 540’ S;ngg/i( kgg 60,5 45%

The results of the studies (table 2) showed that in the control group of animals after applying EtOH at
a dose of 4.8 g/kg in all mice came the state of anesthesia (lateral position) with an average duration of
110 minutes. Preliminary application of the SI and 6B-hydroxypolamide at doses of 10-25-50 mg/kg
shortened the state of the lateral position of the experimental mice by 22.8%-43%-42% and 34.2% -51%-
45%, respectively, compared to with a control group of animals.

Consequently, the compounds studied, depending on the dose administered, have an antitoxic effect
during acute alcohol intoxication.

Experimental. Air-dried and grinded plant material was extracted with MeOH three times at room
temperature. After filtration, the solvent was partly removed by rotary evaporation and the extract residue
was diluted with equal quantity of water. The formed precipitate in the extract was filtered. Residues of
MeOH were removed by rotary evaporation. The obtained water part of the extract was extracted in
consecutive order with CHCl; and n-BuOH. n-BuOH extract was evaporated on rotary evaporator and the
n-BuOH fraction was obtained. The n-BuOH was set to column with silica gel and obtained several
fractions. Re-chromatography isolation of these fractions by elution with solvent systems CHCl;+MeOH:
1) 100+1; 2) 50+1; 3) 40+1; 4) 30=1; 5) 20+1; 6) 15+1; 7) 9+1 and 8) 4+1 yield the individual
compounds: 6B-hydroxypolamid 1, loganin 2, pulcheloside 3, shanshiside methyl ester 4 and florigidoside
CSs.

In order to get novel immunomodulating preparations dried aerial parts of Phlomis severtzovii were
extracted with EtOH at room temperature. EtOH extract was filtered and the solvent was removed on
rotary evaporator. The obtained extract was diluted with water and the water mixture was treated at first
with CHCI;, then with n-BuOH five times. The solvents were removed on rotary evaporator. Yellow
powder were get in yield. Enriched SI were obtained from n-BuOH fraction by treating with the solvent
system CHC]; - EtOH 6+1.

Conclusion. In this study, we investigated the iridoid constituent of Phlomis severtzovii growing in
Uzbekistan and for first time we have isolated known iridoids identified on basis of UV, IR, 'H and "*C

— 50 ——
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NMR spectra as 6B-hydroxypolamid 1, loganin 2, pulchelloside 3, shanshiside methyl ester 4 and
phlorigidoside C 5.

Immunostimulating activity of the sum of iridoids obtained from Phlomis severtzovii was revealed.

It was determined that the sum of iridoids and iridoid 6B-hydroxypolamide have an antitoxic effect
during acute alcohol intoxication.
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'OP FA Ocimaix 3aTJIaphIHBIH XUMUSICHl HHCTUTYTHI, TalllKeHT, ©30eKCTaH;
2A171Ma1<Tbn< QJICyMETTIK-MHHOBANUSIBIK YHUBepcuTeT, [lIsiMkenT, Kazakcran;
3«OHTYCTiK—Ka3aI<CTaH menunuHa akagemusice» AK, IllsiMkenT, Kazakcran

PHLOMIS SEVERTZOVII NPUJONATAPBI )KOHE OJIAPJIBIH HUMYHUTETTI
BIHTAJIAHIBIPYIIBI )KOHE YBITTBIJIBIKKA KAPCBI BEJICEHAIVIIKTEPI

AnHoTauusA. O30ekcranga ecetin Phlomis severtzovii (Lamiaceae) >kep YCTi GenikrepineH OipiHmii per Oec
upugony rukosuarepi Gemin amsmasl. YK, MK, 'H xome 'C SIMP crekTpockorms KeMmeriMeH omap 6f-
rugpokcunonamuy (1), noranun (2), mynuenosdun (3), mwanmmsug metin 3¢upi (4) xone ¢uopurugoszun C (5)
eKeHJIr aHbpIKTaAbl. KochIMIa HWPWAOMATAP O KBIUBIHTBIFBl JKOHE OB-THAPOKCHIIONAMUATHIH HWMMYHHTETTI
BIHTAJIAHBIPYLIBI )XOHE YBITTBUIBIKKA KAPChl OCJICEHALTIKTEP] aHBIKTaI/IbI.

Tyiiin ce3nep: Phlomis severtzovii, npunoun, 6B-ruApOKCUIIONAMU, JOTAHHUH, ITyJTYEI03H, INAHITH3UI METHI
a¢upi, pnopurunoznn C, IMMYHHUTETTI BIHTAIAHABIPYIIBI OEICEH K, YBITTBIIBIKKA Kapchl OEICEHALTIK.

JI.Yemanos', H.IIL.Pamasanos', ¥.FOcynosa', K./l Kyuep6aes™

! WuctutyT XuMuu pactutenbHbIX BemecTB AH PY3, Tamkent, Y306ekucras;
PervoHaNbHbIIH COLMAIbEHO-WHHOBAIIMOHHBIN yHIBepcHuTeT, LIIpmvkenT, Kazaxcras;
3AO «lOxHO0-KasaxcTaHcKas MeuIiHCKas akagemus», llIeimkenT, Kazaxcran

UPUAONABI U3 PHLOMIS SEVERTZOVII 1 UX UMMYHOCTUMYJINPYIOIIAS
N AHTUTOKCHUYECKASA AKTUBHOCTD

AnHotanusi. Brepsble w3 HajzemMHbIX uacteit Phlomis severtzovii (Lamiaceae) mnpouspacramomei B
V30eKiCcTaHe BhIIENCHBI ISTh PaHEee M3BECTHBIX MPHIOMIHBIX TIHK03u10B. Ha ocrose YO, UK, 'H u “C SIMP
CHEKTPOCKOIIMM BBIZIEJICHHBIE BellecTBa ObUTM MAeHTH(UIMpoBaHbl ¢ 6B-runpoxcunonamunoM (1), moranun (2),
mymaeto3un (3), MeTwnoBblii »¢up manmmisuna (4) u gmopurngosun C (5). JIOmOTHUTENBHO, BBHIABICHEBI
3HAUMTEIbHAsT HWMMYHOCTHUMYJHUPYIOIIAass W  aHTUTOKCHYECKas aKTUBHOCTh CyMMBI HPHIOHIOB H  6f-
ruapokcunonamuaa (1).

KiroueBble cioBa: Phlomis severtzovii, npugonni, 6B-THAPOKCUIIONAMU/, JOTaHUH, ITyJTYeTI03H ], METHIOBBINA
3¢up wanmmsnga, Gropuruaosuy C, IMMYyHOCTHMYJIUPYIOIIAs aKTUBHOCTh, aHTUTOKCHYECKU 2 deKT.
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INVESTIGATION OF VACUUM-ATMOSPHERIC DRYING
OF CAMEL AND MARE'S MILK

Abstract. The relevant problem of dehydration of dairy products is a subject of research in this issue. Camel
and mare's milk are of interest in this regard. Actually, for these products energy-intensive methods of vacuum and
vacuum-sublimation drying are usually used, that is explained by high preservation of biochemical composition of
dried materials. It causes the problem of further study and improvement of various aspects of drying processes. A
method of vacuum-atmospheric drying of camel and mare's milk is proposed, based on their dehydration in a drying
plant where these processes are carried out in a parallel way. Combining processes should be based on the selection
of modes of the above-mentioned drying methods. Experimental studies of vacuum-atmospheric drying of camel and
mare's milk depending on pressure and temperature of heating the medium in the vacuum chamber, as well as the
speed and temperature of drying agent in the device for atmospheric drying have been conducted. Empirical
equations allowing describing quite adequately processes of heat and mass transfer at vacuum-atmospheric drying of
dairy products are received.

Keywords: vacuum, drying, camel, mare, milk, method, atmospheric.

Introduction

The issue in developing of new and innovative drying techniques is still actual one [1, 2]. Main
reasons to accelerate attempts for development of advanced drying techniques are: making the process
cost effective, reducing the energy consumption, intensifying the drying rates, improving the quality of
dried food products, increasing safety in operation and making the drying process easy to control [3, 4].
Particularly relevant in this aspect is solution of problem of dehydration of dairy products. Camel and
mare's milk are of interest in this regard. In practice, for these products energy-intensive methods of
vacuum and vacuum-sublimation drying are usually used, that is explained by high preservation of
biochemical composition of final product. It causes the problem of further study and improvement of
various aspects of drying processes. In the aspect of solving this problem, a method of vacuum-
atmospheric drying of camel and mare's milk is proposed, based on their dehydration in a drying plant in
which these processes are carried out in a parallel way.

The essence of the developed process of vacuum-atmospheric drying of liquid materials is consists of
combination into a single process of separate experimentally obtained processes of vacuum and
atmospheric drying. The developed method includes vacuum drying of milk to a certain intermediate
humidity and its atmospheric drying to the final humidity. In this case, the drying process is accelerated
due to the parallel implementation of vacuum and atmospheric drying processes. Since atmospheric drying
is carried out by using the condensation heat of the working substance of a refrigeration machine included
in the drying plant according to heat pump scheme. A moderate temperature difference is created,
equivalent to temperature head during vacuum drying. Also, by using condensation heat of refrigerant to
heat the dried material, a gentle mode of milk drying in the vacuum chamber is achieved. Drying of the
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material is carried out by air heated by waste heat of condensation of refrigerant, which saves the energy
of heating the drying agent.

The developed experimental drying plant implementing the developed method of vacuum-
atmospheric drying of dairy materials includes units of vacuum drying, heat pump and atmospheric drying
[5]. In the installation, the vacuum drying unit provides the drying process of materials in a rarefied
medium from the initial moisture content to the intermediate one. The heat pump unit provides high-
potential heat to the atmospheric drying unit and low-potential heat to the moisture defroster of the drying
unit. The unit of atmospheric drying of materials provides the process of atmospheric drying of
thermolabile materials from the intermediate humidity of the material to the final one, regulated by
technical requirements for the finished product.

Experimental methods

The study of vacuum and atmospheric drying processes in order to further combination them into a
single process of vacuum-atmospheric drying was carried out under the following conditions:

- vacuum drying: pressure of medium — (6+10) kPa; temperature of heating of medium - (35+45) °C;
height of dried layer is 0.01 m.

- atmospheric drying: drying agent temperature - (36+40) °C; drying agent velocity - (0,35+0,45) m/s.

Selection of temperature and pressure intervals during vacuum drying was substantiated by necessity
for maximum preservation of biochemical composition of investigated drying materials at a sufficiently
high intensity of drying process. The choice of temperature intervals and drying agent velocities during
atmospheric drying of materials was determined by the same reasons.

The necessary of combination and selection of optimal modes of vacuum and atmospheric drying was
carried out in such a way as to ensure a uniform character of the drying process of the material, which
would take place only in vacuum or only in atmospheric drying. In practice, the combination of drying
modes was carried out by studying the nature or kinetics of vacuum and atmospheric drying processes, the
selection of humidity and temperature of material in the process of dehydration, as well as selection of
material moisture to which it is advisable to carry out the vacuum drying process. Accordingly, when the
dried material reaches that humidity level, the process of atmospheric drying begins.

Processing of results of experimental studies of vacuum and atmospheric drying showed that for the
developed vacuum-atmospheric process it is recommended to combine the following drying modes:

- vacuum drying at pressure of medium 6 kPa and heating temperature of medium 40 °C with
atmospheric drying at air temperature 40 °C;

- vacuum drying at pressure medium 10 kPa and a heating temperature of medium 40 °C with
atmospheric drying at air temperature 36 °C;

- vacuum drying at pressure medium 8 kPa and a heating temperature of medium 45 °C with
atmospheric drying at air temperature 38°C.

Under these conditions, there is not only a high intensity of the drying process, but also the absence of
kick of milk from a container. Also, the optimal velocity of the drying agent in the atmospheric drying
device was determined experimentally, which was equal to 0.35 m/s at heating temperatures (36+40) °C.

Experimental studies of vacuum-atmospheric drying of camel and mare's milk depending on pressure
and temperature of heating the medium in the vacuum chamber, as well as the velocity and temperature of
drying agent in the device of atmospheric drying have been conducted. As it known, drying is a complex
operation involving simultaneous heat and mass transfer processes [3].The results of experimental studies,
processed in the form of heat and mass transfer coefficients for camel and mare’s milk are shown in
figures 1-4.

Results and discussions

The figure 1 shows that when the heating temperature of medium increases from 35 to 45 °C, the
values of heat transfer coefficients increase by 11.4+14.2 %. At the heating temperature of vacuumed
medium 45 °C with a deepening of rarefaction of medium from 10 to 6 kPa, the values of the heat transfer
coefficients increase from 3.55 to 4.89 W/(m’K), i.e. by 27.4 %. With deepening of rarefaction of
medium, the values of mass transfer coefficients, as well as the heat transfer coefficients, increase (figure
2). The greatest break is observed when the degree of rarefaction of medium decreases from 10 to 6 kPa at
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temperature of heating 45 °C, when values of mass transfer coefficients increase from 0.11 to 0.17 s/m or
by 35.3 %. At 40 °C this figure is increased b 26.4%, at 35 °C by 32.9%.

A similar change in heat and mass transfer coefficients from the drying modes is observed during
vacuum drying of mare's milk.

In view of the above, the optimal mode of vacuum drying of camel and mare's milk should be
considered as medium pressure 6 kPa and heating temperature 45 °C.

For atmospheric drying (figures 3 and 4), it can be concluded that in the temperature range (36+40)
°C, the nature of change in heat and mass transfer coefficients for camel and mare's milk is almost
identical. Thus, the value of heat transfer coefficient increases from 3.10 to 4.75 W/(m’K) and the mass
transfer coefficient from 0.10 to 0.15 s/m, which is 34.7 and 33.3% for each case.
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Figure 1 — Dependence of heat transfer coefficient from pressure at various temperatures
of heating of medium at vacuum drying of camel milk.
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Figure 2 - Dependence of mass transfer coefficient from pressure at various temperatures
of heating of medium at vacuum drying of camel milk.
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Figure 3 — Dependencies of heat and mass transfer coefficients from temperature
of drying agent at air velocity 0.35 m/s at atmospheric drying of camel milk

heat transfer coefficient, W/(m2K)

Figure 4 — Dependencies of heat and mass transfer coefficients from temperature
of drying agent at air velocity 0.35 m/s at atmospheric drying of mare’s milk

For mare's milk in a given temperature range, the heat transfer coefficient increases from 3.35 to 4.52
W/(m’K) or 25.9%, and the mass transfer coefficient — from 0.11 to 0.16 s/m or 31%. Analyzing figures 3
and 4, it can be concluded that the optimal mode of atmospheric drying should be considered the

gmass transfer coefficient, s‘fm

temperature range of the drying agent (38+40) °C.

Based on analysis of experimental data on heat and mass transfer during vacuum - atmospheric drying
of camel and mare's milk for the vacuum drying process, the equations of thermal Nu and diffusion Num

of the Nusselt criteria are obtained:

mass transfer coetficient,
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Nu=5,25 Pr’** Re®" Gu®,
Nu,,=0,056 Pr,,, “**Re™*'Gu *'°.

Also, on the basis of experimental data on heat and mass transfer during vacuum - atmospheric drying
of these dairy products, the equations of thermal Nu and diffusion Nu, of the Nusselt criteria for the
atmospheric drying process are obtained:

Nu=0,638 Pr’** Re*'*Gu"*,
Nu,,=0,7 1Pr, " PRe™® Gu™™,

Conclusion

So, the method of vacuum-atmospheric drying of camel and mare’s milk is developed; it includes
vacuum drying of material to intermediate humidity and atmospheric drying till final one. It allows
achieving good quality of the product and promotes significant decreasing of energy consumption for
drying. Also empirical equations are obtained allowing describing the processes of heat and mass transfer
at vacuum-atmospheric drying of dairy products.

B.T. Aﬁmmcannaponal, H.C.Xamlcaposz, B.O. Ocnaﬂosl,
M.A.Ilanknna >, J.K. Kaman6ex', 7K.M. Axmeros'
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TYWE )KOHE BUE CYTTEPIH BAKYYM/IbI-ATMOC®EPAJBIK KEITIPYII 3EPTTEY

AHHoOTanus. bepuiren Makaiaaa 3epTTe€y HbICAHBI CYTTI OHIMACP/I bUIFAJICHI3IaHBIPY ©3€KTI MOcelie OOJIBII
tabbuTazbl. OChI Opaiiia Tyiie koHe Oue CYTTepi KbI3bIFYIIBUIBIK TybIpaabl. Toxipuodeae OyJ1 oHIMIEp YIIiH deTTe
SHEPrHsl HIBIFBIHBI KOI KENTIPYJIiH BaKyyMIbl JKOHE BaKyyM-CyOJMMAlMsUIBIK SJicTepi NaijanaHbuiaibl, Oy
KENTIpTynni MaTepuaiiapAblH OHOXMMUSIIBIK KYPaMBIHBIH TOJBIK CaKTalybIMeH TyciHmipineai. bynm kentipy
IIPOLIECCTEPiHIH TYpJIi acIeKTTEepiH api Kapail 3eplelniey KoHe JKeTUIIipy MacelieciH Kosraiinel. Tyile xone Owne
CYTTEpiH KEeNTipy KOHIBIPFBICHIHJA BUIFAJICHI3JaHIBIPYFa HETi3AenreH api Oyil mpoueccTep MapauieNbai KYpPeTiH
BaKyyMIbI-aTMOC(epalbIK KenTipy Tocisi YCHHBUIABL. [IporeccTepi KHIONACTRIPY KOFaphlaa KOPCETUITeH KeNnTipy
TYPJEPIHIH PSKUMICPiH TaHIayFa Herizaenyi tuic. TeMmepaTypa MeH KBICBIM TOYeINIiirine 6aliTaHbICTHl BAKYYMIBI
KaMepaJarsl OpTaHbl KBI3ABIPY, COHMai-ak aTMocepaiblK KenTipyre apHAIFaH KYPBUIFBIIAFBl KEMTIPTill areHTTiH
KBUIIAMIBIFBI MEH TeMIIepaTypachl apachlHOarbl TOYEJNIUIIKKE COoMKec Tyile »oHe Oue CyTTepiH BakKyyMJbl-
aTMocdepanblK KenTipy OOWBIHINA 3KCIEPHUMEHTTIK 3epTreynep kyprisimmi. CyTri eHiMzmepli BaKyyMIbI-
aTMoc(epanbIK KeNnTipy Ke3iHAeTi *KbBUIyMaccaaliMacy MpOIEecCTEPiH KETKUTIKTI TYpAE OoJI OpHEKTeyre MYMKIHIIK
OepeTiH SMIUPUKAIBIK TEHICYJIEP allbIH/IbI.

Tyiiin ce3nep: BakyyM, KenTipy, TyieHiH, OUeHIH, CYT, d1ic, aTMochepabk.
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UCCJIEJOBAHUE BAKYYMHO-ATMOC®EPHOM CYIIKHA
BEPBJIIOKBET'O 1 KOBBIUIBET'O MOJIOKA

Annotanus. [Ipenqmerom ucciieioBaHusi B AaHHOM cTaThe SBJISETCS aKTyallbHas MpoOiieMa 00e3BOKUBAHUS
MOJIOUHBIX TIPOAYKTOB. B 3TOM acrekre MHTEpeC MpeNCcTaBiIsIioT BepOItoXKbe U KOObIIbe MoJIoko. Ha mpaktuke st
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3THX MPOIYKTOB OOBIYHO HCIIONB3YIOTCS SHEPTOEMKHE METO/IbI BAKyYMHOH U BaKyyM-CyOJIMManMOHHOHN CYIIKH, YTO
0OBSCHSIETCSI BBICOKOI COXPaHHOCTHIO OMOXMMHYECKOTO COCTAaBa BBICYIIMBAEMBIX MATEpHAlOB. OTO BBI3BIBACT
npoOiieMy NaJbHEWIIero M3y4eHHss M COBEPLICHCTBOBAHMUS Pa3JIMUHBIX acIEKTOB IPOIECCOB CYIIKH. [IpemmoxeH
croco0 BaKyyMHO-aTMOC(HEPHOH CYIIKH BepOIIOKbEr0 U KOOBUILETO MOJIOKA, OCHOBAHHBIH Ha HX 00€3BOKMBAHUH B
CYHIMIBHON YCTaHOBKE, TJI€ 9TH MPOLECCHl OCYIIECTBIAIOTCS NapanieiabHo. KoMOuHIpOBaHNE MPOLIECCOB OKHO
OCHOBBIBAaThCS Ha BBIOOPE PEXHMMOB BBIIMICYKA3aHHBIX CHOCO00B CymKH. IIpoBeneHBl 3KCIEpUMEHTAIbHBIC
UCCJIEJOBAHHSI BAKYYMHO-aTMOC(EPHON CYIIKH BEPOJIIOKBEr0 U KOOBUILETO MOJIOKA B 3aBUCHMOCTH OT JIaBJICHUS U
TeMIepaTypbl HarpeBa cpelbl B BaKyyMHOH KaMepe, a Takke CKOPOCTH M TeMIepaTypbl CYIIMIBHOTO areHTa B
ycrpoiictBe 1uist arMocdepHoii cymky. [lomydeHsl SMIupHYecKrue ypaBHEHHs, TTO3BOJISIOLIME JJOCTATOYHO aIeKBaTHO
OIMCBHIBATH MPOLECCH TEIIOMACCOOOMEHA NP BaKyyMHO-aTMOC(HEPHOH CyIIIKe MOJIOYHBIX MPOIYKTOB.
Ki1ioueBble c10Ba: BakyyM, CyIIKa, BEpOIIOKbE, KOOBUIBE, MOJIOKO, METO]I, aTMOC(EPHBIH.
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RESULTS OF VACUUM-ATMOSPHERIC DRYING
OF LARGE-DISPERSED FOOD MATERIALS

Abstract. In the given article the results of researches of heat and mass transfer for vacuum-atmospheric drying
of large-dispersed food materials as crushed tubers of topinambour, potato, apple and peas are considered. Optimal
regimes of vacuum-atmospheric drying of the given materials are developed. Results of vacuum and atmospheric
drying of large-dispersed materials are studied. Depending on height of layer of drying material, pressure of medium
into vacuum camera, temperature level of drying the numerical values of coefficients of heat and mass transfer and
equations of heat and diffusion Nusselt criterions are received. Comparison on adequacy to real conditions is
conducted in order to check the criterion equations. Meanings of experimental and calculated data of heat and mass
transfer coefficients have satisfied convergence.

Keywords: vacuum, drying, large-dispersed, method, heat, mass, transfer, atmospheric.

Introduction

Currently, advanced areas for development of technology of food drying are: study of heat and mass
transfer in drying, development and improvement of existing designs of drying plants and optimization of
technological parameters of drying [1].

The analysis of results of modern researches shows that the most preferable method of dehydration of
large-dispersed food materials is vacuum sublimation from the point of view of maximum preservation of
biochemical composition and useful properties of dried material. However, along with high quality,
finished product dried in a vacuum freeze dryer has an increased cost associated with high energy
consumption for implementation of drying process.

Experimental methods

Development of dryers for large-dispersed food materials which implement a method of vacuum-
atmospheric drying is assigned to improve efficiency and reduce energy consumption of dryers.

Vacuum-atmospheric drying includes combination of separate processes of vacuum and atmospheric
drying. Combination of the processes is carried out in such a way as to ensure a uniform nature of drying
process of studied material, i.e. implemented method of vacuum-atmospheric drying includes vacuum
drying the material to certain intermediate moisture content and its atmospheric final drying to final
moisture content. The processes of vacuum and atmospheric dehydration in drying plant are carried out
simultaneously by including a heat pump in it scheme. In this case, the drying modes are selected by such
way that identical drying curves should be peculiar to dried material at the moment of its transition from
vacuum to atmospheric dehydration.

The developed experimental vacuum-atmospheric dryer includes the following units [2]: unit of
vacuum drying, in which the process of vacuum dehydration from initial moisture content of the material
to intermediate one is conducted; unit of atmospheric drying - for drying the material from intermediate
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humidity to the final one; heat pump [3-5] unit on the basis of a single-stage refrigeration machine
designed for heating and cooling the elements of drying plant and reduce the load on a vacuum pump.

Studies on vacuum and atmospheric drying of large-dispersed food materials were carried out on the
experimental dryer. Crushed topinambour (Jerusalem artichoke) tubers, potato tubers, apples and green
peas were selected as materials for investigation.

It is revealed that intensity of drying mainly depends on the height of bulk layer of dried material.
Generalization of research results of influence of height of bulk layer of material being dried on drying
kinetics during vacuum dehydration shows that changing the layer height from 0.01 m to 0.04 m leads to a
decrease in the rate of drying of apples by 175 %, potatoes - by 195 %, topinambour tubers — by 205 %,
and green peas - approximately 210 %. Analysis of drying curves obtained in the process of atmospheric
drying at the heights of bulk layer of material 0.01; 0.02; 0.03 and 0.04 m shows that they have a drying
kinetics similar to drying curves with same heights of bulk layer during vacuum dehydration. Therefore, it
is concluded that during vacuum-atmospheric drying of large-dispersed material, the optimal height of the
bulk layer should be 0.01-0.02 m.

Results and discussions

As experimental data show, the pressure in vacuum chamber is also one of the main factors
determining the drying rate of large-dispersed materials. Changing the pressure in vacuum chamber leads
to a corresponding change in drying rate of the materials. Thus, when the pressure increases from 2 to 10
kPa, the drying time of Jerusalem artichoke tubers increases from 3.5 to 10 hours. At the same time,
reducing the pressure in vacuum chamber from 4 to 2 kPa leads to less significant increase in drying rate
than with other pressure changes. Therefore, it can be recognized that the most optimal for vacuum drying
are the pressure interval from 4 to 6 kPa.

The temperature level of vacuum drying process also directly affects the drying rate. In this regard,
taking in mind analysis of experimental results on quality of finished product and duration of vacuum
drying process, the recommended temperature intervals for heating the vacuumed medium were
determined. The recommended lower limit for heating the medium in a vacuum chamber, which provides
a sufficiently high drying intensity, is 40 °C. Drying of materials at a temperature 60 °C and above leads to
deterioration sensory characteristics, and therefore, the offered upper limit of medium heating is 55 °C.
Results of experimental studies of atmospheric drying show that there is a significant gap between the
drying curves at 40 and 35 °C. This temperature range can be called a boundary, which separates the areas
of intensive (temperature of medium in the chamber above 40 °C) and low-intensive (temperature of
medium below 35 °C) drying. Also the optimal rate of drying agent in the device for final atmospheric
drying was determined. It is established that the optimal speed of drying agent having the optimal heating
temperature (36 + 40) °C should be within (0.25 + 0.4) m/s.

Drying is a complex operation involving simultaneous heat and mass transfer processes [6]. Study of
heat and mass transfer processes in drying plants, both vacuum and atmospheric, is based on the
determination of heat and mass transfer coefficients.

Experimental studies of heat and mass transfer for vacuum-atmospheric drying were carried out
depending on pressure and temperature of medium during vacuum drying and temperature and air rate
during atmospheric drying. Figures 1-6 show the dependences of heat and mass transfer coefficients for
the above mentioned parameters. From the data shown in figures 1 and 2 it can be seen that heat and mass
transfer coefficients have the highest values at heating temperature of vacuum medium 55 °C.  This
means that compare to heating temperatures 35 and 45 “C the intensity of heat and mass transfer is higher
when it is heated at 55 °C. The analysis of experimental data shows that during vacuum drying, the change
in the height of the bulk layer of the material has a much greater impact on heat transfer intensity than
change in pressure or temperature of vacuum medium (figures 5 and 6). At the same time, the change in
height of bulk layer of material has a slightly smaller effect on values of mass transfer coefficients. Thus,
the change in height of bulk layer of topinambour tubers from 0.01 to 0.04 m leads to decreasing meanings
of heat transfer coefficients from 10.23 to 5.81 W/(m?°K) that is by 1.76 times. Accordingly, potato tubers -
from 10.01 to 5.54 W/(m’K) — 1.81 times; apples — from 9.14 to 4.4 W/(m’K) - 2.08 times, and green peas
- decrease in values of heat transfer coefficients occurs from 4.96 to 2.65 W/(m’K) that is 1.87 times. The
values of heat and mass transfer coefficients during atmospheric at height of bulk layer of material 0.02 m
drying are calculated depending on air temperatures (figures 7 and 8). It can be seen that the highest heat
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and mass transfer intensities are observed at air temperatures 40 °C. At this temperature, the numerical
values of heat transfer coefficients of Jerusalem artichoke tubers 8.78; potatoes — 8.43; apples -7.09 and
green peas - 4.16 W/(m’K). The corresponding values of mass transfer coefficients are: 0.0169; 0.015;
0.0089 and 0.0081 s/m. That is, at this pressure, values of heat transfer coefficients of topinambour tubers
are 1.04; 1.24 and 2.11, and mass transfer coefficients are 1.13; 1.9 and 2.09 times, respectively, higher
than compared products. Comparison of ratios of numerical values of coefficients of heat and mass
transfer of the materials received in processes of their vacuum and atmospheric drying shows their rather
satisfactory coincidence.
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Figure 1 - Dependences of heat transfer coefficients of dried materials on heating temperature
at a medium pressure 4 kPa and height of material layer 0.02 m.
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Figure 2 - Dependence of material mass transfer coefficients on heating temperature
at medium pressure of 4 kPa and layer height of material 0.02 m.
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Figure 3 - Dependences of heat transfer coefficients on height of layer of dried materials
at pressure of medium pressure 4 kPa and temperature of medium 55 °C.
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Figure 5 - Dependences of heat transfer coefficients of the dried materials
on the air temperature at air velocity 0.4 m/s and layer height of material 0.02 m during atmospheric drying
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Figure 6 - Dependences of mass transfer coefficients on air temperature
at air rate 0.4 m/s and height layer 0.02 m during atmospheric drying.

On the base of analysis of experimental data on heat and mass transfer drying of large-dispersed
materials for processes of vacuum drying the following equations of heat and diffusion Nusselt criteria are
obtained:

Nu=1 2]ReO,154Gu0,21Pr0,33]—0,135
Nun=0,29Re"  Gu'*Py" "
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Figure 7 - Dependences of experimental and calculated coefficients of heat transfer on height layer
of dried material at pressure of medium 4 kPa and temperature of heating 55 °C
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Figure 8 - Dependences of experimental and calculated coefficients of heat transfer
on height layer of dried material at air temperature 40°C and air rate 0.4 m/s.
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Figure 10 - Dependences of experimental and calculated coefficients of mass transfer on height layer
of dried material at air temperature 40 °C and height layer 0.02 m.

Also on base of experimental data the following equations of heat and diffusion Nusselt criteria for
atmospheric drying are obtained:

Nu = 0,54 Pr’” Re"” Gu"",
Nu, =034 Prm0'33 Re’P Gu”".




News of the Academy of sciences of the Republic of Kazakhstan

Conclusion

Comparison on adequacy to real conditions is conducted in order to check the criterion equations.
Numerical meanings of experimental and calculated coefficients of heat and mass transfer at vacuum
drying depending on height layer of dried material at pressure of medium 4 kPa and heating temperature
55 °C are given in figures 7 and 8. Meanings of heat and mass transfer coefficients depending on air rate at
air temperature 40 °C and height layer 0.02 m at atmospheric drying are shown in figures 9 and 10.

As it seen from the figures, meanings of experimental and calculated data of heat and mass transfer
coefficients have satisfied convergence. Divergence of experimental and calculated mass transfer
coefficients does not exceed 17.5%.
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IPIZUCHIEPCTI TAFAMBIK MATEPUAJIJIAP/IbI
BAKYYMAbI-ATMOC®EPAJIBIK KENITIPY AIH HOTU/KEJIEPI

AnHOTanusi. ¥CHIHBUIFAaH Makaiaaa acOypIIak, YCaKTaJFaH JKep ajIMYpThI, KapTodeib JXKOHE ajiMa CHSKTHI
ipiaucriepcTi TaraMjBIK Marepualiapibl BaKyyMIbI-aTMOC(EpalbIK KeNTipy Ke3iHZeri >KblIyMaccaaaMmacy/ibl
3epTTey HOTIXKeJepi KapacTeIpsurFaH. OChl OHTAWIB BaKyyMABI-aTMOC(HEPabIK KeNTIpyAiH peKUMAEP] o31pIeH]Ii.
Ipi oucmrepeti MaTepraInapIsl BaKyyMIBI skoHE aTMoc(hepalblK KeNTipyAiH HOTHKeIepi 3epaenermi. B 3aBucumocti
OT BBICOTHI CJIOSl BRICYIIMBAEMOTO KENTIpLTyIIi MaTeprai KaOaThIHBIH OMIKTIriHE, BAKyyMIBl KaMepanarbl OpTaHBIH
KBICBIMBIHA, KENTIPYAiH TeMIepaTypaiblK IeHreiiHe Toyenauririne OaimaHsicTel HyccempTTiH KBUTy- JKOHE
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PE3YJIbTATHI BAKYYMHO-ATMOC®EPHOM CYIIKHA
KPYITHOAUCHEPCHBIX IININEBBIX MATEPUAJIOB

AHHOTanusi. B aHHOW cTaThe pacCMOTPEHBI PE3yJbTaThl HCCIICAOBAHUM TEIIOMaccooOMeHa MpH BaKyyMHO-
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MaTepuasioB. V3y4eHBl pe3yiabTaThl BAKYyMHOM H aTMoc(epHOl CYIIKH KpPYITHOAWCIEPCHBIX MaTephalioB. B
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TEeMIIEPATYPHOTO YPOBHS CYLIKH IIOJYYSHBl YHMCJICHHBIE 3HA4E€HHS KOI(D(UIMEHTOB TEIUIO- U MAaccollepeHoca M
ypaBHEHUs TeIo- M MaccoOMeHHbIX kpuTepueB Hyccenpra. C menbio NMPOBEPKH KPUTEPHANBHBIX ypPaBHEHHH
MPOBEJCH aHAJIN3 CXOJUMOCTH HX PEalbHBIM YCIOBUSM. 3HAYEHHs 3KCICPHUMEHTAJIBHBIX M PACUETHBIX JAaHHBIX
K03 QUIMEHTOB TEIJI0- 1 MACCONEPEHOCa IOKA3bIBAIOT UX YAOBIETBOPUTEIILHOE COBIIA/ICHUE.
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METHANE CONVERSION OVER Mo/AlL,O; - CATALYSTS MODIFIED
WITH ADDITIVES OF ZEOLITE AND PHOSPHOROUS

Abstract. Mo-containing catalysts supported on a matrix consisting of alumina modified with additives of both
zeolite — HZSM and phosphorus were synthesized. The molybdenum content was varied within a range of 1-5
mas.%. The physicochemical properties of the catalysts were studied by BET, XRD, electron microscopy, and
microdiffraction analysis. The catalytic properties of the synthesized catalysts were tested in the processes of dry and
combined steam-dry conversion of methane. It was shown that the synthesized catalysts are the nanosystems with
particle sizes are 3-50 nm depending on the amount of molybdenum and the processing methods of the catalysts. The
activity of the catalysts grows with increasing of both molybdenum content and temperature. The main product of
methane conversion is synthesis gas. The H,/CO ratio increases at adding steam to an initial feed. In dry reforming of
methane the reaction products also contain C,, C¢ hydrocarbons and alcohols.

Key words: Dry and Combined Dry-Steam Conversion of Methane, Syngas, Molybdenum, Zeolite,
Phosphorus.

1. INTRODUCTION

In recent years, the processing of gaseous hydrocarbons into value-added products has attracted
attention. Conversion of methane, the primary constituent of natural gas, associated petroleum gas, biogas
is considered to be the promising one. Biogas is considered as a renewable source of energy [1].

One of the ways of conversion methane-containing feedstock to chemicals is production of synthesis
gas [2]. There are three reforming reactions that allow converting methane into syngas with different
H,/CO ratio: partial oxidation, steam reforming, and dry reforming [3]. The last one has gained a lot of
attention due to possibility to reduce the emissions of two main greenhouse gases like carbon dioxide and
methane [4]. The ratio of Hp/CO produced in the dry reforming of methane is ~ 1 which preferable as a
feed for production long chain hydrocarbons and oxygenates [5, 6].

The main challenge is that the reaction is highly endothermic and high temperatures are required to
reach considerable extent of conversion as well as surpass side reactions [7, 8]. Lack of stable catalysts
against quick deactivation because of coking and active sites sintering is another disadvantage [2,9]. To
reduce the undesirable carbon deposition process, it is necessary to create an active catalyst and
technology capable of involving the surface C,4; formed as a result of the destructive decomposition of
methane into interaction with CO, (Eq.1). Surface adsorbed carbon is the product of the complete
dehydrogenation of a methane molecule during its carbon dioxide conversion at the metal-containing
active center of the catalyst.

CO,+ Cpis — 2CO (Eq.1)

Therefore more efforts are being expended in the development of new catalysts that will represent
activity, resistance to coking, as well as, long-term stability. Non-noble metals like Ni, Co, Fe and noble
metals including Pt, Rh, Ir, Pd and etc. have been studied as a catalyst in the dry reforming of methane
[10-13]. Non-noble-based catalysts are preferable over noble metals because of the availability and low
cost. Noble metals are usually applied as a promoter in polymetallic catalysts due to their high activity and
greater resistance to coke formation compared to non-noble metals [14]. It allows overcoming the
70 ——
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deactivation of non-noble catalysts caused by excessive coke deposition, while simultaneously reducing
total cost. Other benefits of this approach are it increases the dispersion of the metal, decreases the size of
the metal particle and thus retain a good catalytic activity and stability.

Supported transition metals (or their carbides) are another type of catalysts that have attracted
attention due to their comparable activity and stability to noble metals [8,15-16]. The performance of a
catalyst does not depend not only on active metal and promoter, but also on the support. Main role of
supports is in provision of certain textural and physicochemical properties [17]. These properties give
possibility to a catalyst to stay well-dispersed and resistant to carbon deposition. Single-metal support
such as y-alumina performs very well in the reforming of methane, but it is apparent that mixed and/or
structured supports have properties that make them attractive to use in methane reforming [11]. Zeolites
with a high Si/Al ratio are considered to give better conversions, which are more basic. Their good
performance is due to the confinement of active metal particles inside their pores, providing a higher
resistance to sintering, as well as their basic character that decreases carbon deposition [18].

In this work, the new Mo-containing catalysts supported on alumina modified with additives of
zeolite (HZSM-5) and phosphorus were synthesized and tested in dry and combined steam-dry reforming
of methane.

2. EXPERIMENTAL

Catalysts were prepared by mixing AI(OH); with HZSM-5 zeolite followed by drying and forming of
the granules and their calcination. The ratio Al,O3:HZSM=7:3. The prepared by such a way matrix was
impregnated by molybdenum salt and phosphoric acid. The molybdenum content varied from 1 to 5
mas.% by weight of the catalyst, the phosphorus content — 1.0 mas. %.

The model feed corresponding to biogas composed of CH4 — 53.5 vol. %, CO, — 46.5 vol. % was used
for dry reforming of methane (DRM). For combined steam-dry conversion of methane or so-called
bireforming of methane (BRM), 20 vol.% of steam was added to an initial feed. The ratio (vol.) of the
components in the feedstock was: CH4:CO,:H,0=1.15:1.0:0.2. The process was carried out in a laboratory
flow quarts reactor operated under atmospheric pressure at varying temperature within 500-1000°C and
the gas hourly space velocity (GHSV) was varied from 500 to 1000 h™".

The physicochemical properties of the catalysts were studied by XRD, BET, TEM, and
microdiffraction analysis.

The initial and final reaction products were analyzed by on-line GC. The conversion degrees of
carbon dioxide (Xco;) and the methane (Xcps) were calculated according to formulas (1, 2) respectively.
Thus, the activity of catalysts was compared.

Xc02= ([COzJin - [CO2Jour)  100%/[CO1 ]in (1)

Xcns = ([CHylin - [CHalou) - 100%/[CHylin ()
where [CH4];, and [CO;]y, — mole fraction of CH4 and CO, in inlet stream, [CHyJoy and [COs]oy — mole
fraction of CH4 and CO; in outlet stream.

Conversion of water was not calculated.
Yields of reaction products: hydrogen, carbon oxide and hydrocarbons (Yuz, Yco and Ycu

respectively) expressed as its amount (umol) formed by gram of the catalyst per second (umol/(g-s)).
3. RESULTS AND DISCUSSION
3.1 Catalyst characterization

The specific surface area (BET) and pore volume of both fresh and spent samples of the Mo catalysts
in the dry conversion of methane were determined. The fresh catalyst samples with varied Mo content
have the same characteristics. The difference was observed between the fresh and spent samples of 2%
Mo/Al,O5-HZSM-P, which was long-term tested (for 30 hours) in BRM. Specific surface area was
decreased from 307.1 to 201.7 m*/g, while pore volume was not significantly changed: 296.8 and 290.8
ml/g for fresh and spent samples respectively (Table 1).
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Table 1 — The specific surface of 2%Mo/Al,03-HZSM-P catalysts (BET)

S,mz/g V, ml/g

fresh spent (30 h) fresh spent (30 h)

307.1 201.7 296.8 290.8

The XRD method did not show the presence of any structures except alumina in the catalysts due to
possibly high dispersed state of the catalysts and therefore they are X-ray amorphous. Other reason may
be a low metal content, the determination of which is outside the sensitivity range of the equipment.

Studies of the 2%Mo/Al,05-HZSM-P catalyst (fresh) by TEM showed an accumulation of dense
particles of a prismatic shape and translucent laminated particles with sizes of 30-70 nm (Fig. 1). The
microdiffraction pattern is represented by a small number of rings composed of reflections assigned to a
mixture of phases: Mo;Si (JCPDS, 4-814) and AlMo; (JCPDS 11-18).

200 nm

Figure 1 — TEM image of the fresh sample 2%Mo /A1,0;-HZSM-1%P catalyst

Also, the particles with a size of 30-50 nm were observed. Their microdiffraction pattern can be
attributed to Mo;Si (JCPDS, 4-814). The small particles with a size of 8-10 nm give the microdiffraction
pattern, which corresponds to SiP structure (JCPDS, 27-608). The presence of Mo;Si and SiP structures in
the catalyst indicates the entry of Mo and phosphorus into the zeolite framework.

A large aggregate composed of translucent lamellar particles of predominantly 10-30 nm correspond
to AIPO4 (JCPDS, 31-28). At low magnification, the translucent lamellar particles were detected. The
microdiffraction pattern is represented by reflections located in rings and separate reflexes and can be
assigned to a mixture of phases: AIPO, in the modification (JCPDS, 20-45) and MoOPO, (JCPDS, 18-
942). The presence of two modifications of AIPO, may be explained by the interaction of phosphorus with
aluminum in zeolite framework and aluminum in Al,Os.

3.2 Dry reforming of methane on Mo/HZSM-P-Al,O; catalyst

The effect of temperature on the performance of the 1%Mo/HZSM-P-Al,O; catalyst in dry reforming
of methane (DRM) has been studied under conditions: CH,/CO,=1.15, P=0.1MPa, GHSV=1000h" and
varying temperature within 775-1000°C. The degrees of methane and carbon dioxide conversion grow
from 1.7 to 31.1 and 21.3 to 65.2% respectively with an increase in temperature from 775 to 1000°C.

In the entire temperature range studied, the main product of DRM over the 1%Mo/HZSM-P-Al,O;
catalyst is synthesis gas. Traces of C,, Cs hydrocarbons and traces of oxygenates are also formed.
Increasing temperature leads to growing the hydrogen content in the synthesis gas formed. Thus, an
increase in temperature from 775 to 1000°C causes an increase in the H,/CO ratio from 0.5 to 1.1. At high
temperatures of 900-1000°C traces of oxygenates (C;-C, alcohols) are formed. In the temperature range of
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800-900°C, traces of C, and Cs hydrocarbons are detected. At 1000°C, ethylene is formed in an amount of
0.2% (Table 2). The formation of these products occurs due to the interaction of alkyl and methylene
surface-adsorbed fragments of incomplete methane destruction. The ability of Mo/HZSM catalysts to
convert methane to benzene is well-known [19].

Table 2 — The effect of the process temperature on DRM over
the 1%Mo/HZSM-P-AL,O; at CH,:CO,=1.15:1, GHSV=1000h"', P=0.1MPa

Conversion, % Yield of products
t,°C H,/CO
Xcha Xco2 hydrocarbons oxygenates
800 8.2 21.5 0.5 Cs (traces) -
900 19.6 42.1 0.8 C, (traces) alcohols (traces)
1000 31.1 65.2 1.1 C,H, - 0.2% alcohols (traces)

It is known that in the process of methane dehydrocyclization over the Mo/HZSM catalyst along with
the formation of benzene, significant carbonization of the catalytic surface occurs. Microdiffraction and
TEM data on Mo/HZSM-P-Al,05 studied confirm the formation of a nanosystem containing the various
surface structures due to interaction molybdenum with zeolite and alumina to form Mos;Si and Al,Mos;.
Modification of the Mo/HZSM-P-Al,O; catalyst with phosphorus leads to formation of MoOPO,
structure. Phosphorus also can be included into the zeolite framework as SiP and AIPQO,. Interaction
between phosphorus and alumina with formation of AIPO, was previously shown [20]. The
multicomponent chemical composition of the catalytic surface due to modification by phosphorus leads to
the suppression of the formation of benzene and C,- hydrocarbons. The formation of synthesis gas
becomes the main direction of carbon dioxide conversion of methane over the Mo-P-HZSM composed
catalyst.

The catalytic processing of methane and other hydrocarbons is accompanied by the appearance of
carbon deposits on the active catalyst sites. The effect of C,4s on the catalyst activity will depend on the
nature of metal. Mo is able to form carbides with C,g.

With an increase in the temperature of DRM from 800°C to 1000°C the reaction products mainly
contain synthesis gas, the H,/CO ratio increases from 0.5 to 1.2, which is associated with prevailing
destructive decomposition of methane on Mo containing centers. In this case, the C,4s formed can interact
with CO,, but at a low concentration of CO, the C, can be introduced into the molybdenum structure
with the formation of carbide — Mo,C.

Comparative analysis of data [19,21-22] and results of this study allows to conclude that the
formation and destruction of molybdenum carbide depend on the carbon dioxide content in the reaction
zone. At a low concentration of CO; in the feedstock C,4s formed can interact with molybdenum to form
carbides at high temperatures. At high CO, concentrations in the feed, carbide is destructed as a result of
the reaction (Eq.2) [21-22]. Molybdenum carbide is an active catalyst for dry reforming of methane.

Mo,C + CO, — 2CO + MoO, (Eq.2)

3.3 Bireforming of methane on Mo/HZSM-P-Al,O; catalysts

To enrich the synthesis gas with hydrogen, the steam additives (20 vol.%) were introduced into the
feed CH4-CO,. The combined dry-steam reforming of methane or bireforming of methane (BRM) was
carried out over the 1%Mo/HZSM-P-AL,O; catalyst under P=0.1MPa, GHSV=1000h",
CH4:CO;,:H,0=1.15:1.0:0.2 and varying temperature within a range of 500-1000°C.

At a temperature of 1000°C, the degree of conversion of methane and carbon dioxide reaches 43.7
and 78.2% respectively (Fig.2). Conversion of carbon dioxide is higher because its content in initial feed
is less. The main product of BRM is synthesis gas. H,/CO ratio is increased from 0.6 to 1.2 at growing
temperature from 800 to 1000°C. The addition of steam into the reaction mixture inhibits the formation of
hydrocarbons. C, and Cy hydrocarbons and oxygenates presented in small amounts at relatively low
temperature — 780°C and completely disappeared at higher temperatures (Table 3).
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Figure 2 — The effect of temperature on BRM over the 1% Mo/HZSM-P-Al,O; catalyst

at CH,:CO,:H,0=1.15:1:0.2, P=0.1 MPa, GHSV=1000h""

Table 3 — Effect of temperature on the products composition in BRM
over the 1%Mo/HZSM-P-Al,O; catalyst at CH,4:CO,:H,0=1.15:1:0.2, P=0.1 MPa, GHSV=1000h"

Conversion, % Product yield
t, °C H,/CO
Xcha Xco2 Hydrocarbons Oxygenates
780 9.1 29.0 0.6 C,Hy, Cg (traces) traces
800 9.8 323 0.6 - traces
900 20.9 48.0 0.8 - traces
1000 473 78.2 1.2 - traces

The analysis of Tables 2 and 3 shows that the participation of steam in methane conversion leads to
increase in conversion both of methane and carbon dioxide as well as to enrich synthesis gas with
hydrogen. Consumption of carbon dioxide is higher than methane i.e. CO, may actively reacts with Cyg

with formation of CO at the Mo-containing centers.

Mainly, the optimal amount of the active component of the catalyst is experimentally determined. In
this work, the Mo content ranged from 1 to 5 mas. % weight. Figure 3 shows the effect of temperature on
the conversion of CH4 and CO, in BRM over the 2%Mo/HZSM-P-Al,O; catalyst. The high activity of the
catalyst in BRM is observed at a temperature region of 800-1000°C: methane conversion was 72.4 and
carbon dioxide — 86% at 960°C. The main reaction product over the 2%Mo/HZSM-P-Al,O; catalyst is

synthesis gas, the H,/CO ratio is 1.3.
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Figure 3 — The effect of temperature on BRM over the 2% Mo/HZSM-P-Al,O; catalyst
at CH,:CO,:H,0=1.15:1:0.2, P=0.1 MPa, GHSV=1000h""
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At using higher content of Mo — 5 mas.% under the same conditions (CH4:CO,:H,0=1.15:1:0.2,
P=0.1 MPa, GHSV=1000h’1) an increase in activity of the 5%Mo/HZSM-P-AlL,O; catalyst was observed

in BRM. Methane conversion became higher than carbon dioxide (Fig. 4): Xcns=82.0%, while
Xco2=65.8% at 960°C.
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Figure 4 — The effect of temperature on BRM over the 5% Mo/HZSM-P-Al,O; catalyst
at CH;:CO,:H,0=1.15:1:0.2, P=0.1 MPa, GHSV=1000h""

Thus, systematic studies of Mo/HZSM-P-Al,0; catalysts with varying molybdenum contents from 1.0

to 5 wt.% allowed us to conclude that the activity is directly dependent on the amount of molybdenum,
which is the active phase of the system (Table 4).

Table 4 — Comparative characteristics of Mo/HZSM-P-Al,0; catalysts
in BRM at CH,:CO,:H,0=1.15:1:0.2, P=0.1MPa, t=960°C, GHSV=1000h"

Mo content, mas.% Conversion, %
Xcma Xcoa
473 78.2
2 72.4 86.0
82.0 65.8

The physicochemical properties of the 2%Mo/HZSM-P-AlL,O; catalyst were studied after its long-
term operation (30 hours) in BRM by electron microscopy and microdiffraction analysis. In addition to the
structures observed in the fresh sample the new species with a size of 10-40 nm (Fig. 5), which can be
attributed to a mixture of phases: MoO, (JCPDS, 32-671), n-MoC (JCPDS, 8-384), a-Mo,C (JCPDS, 35-

787), P (JCPDS, 18-964), SiC (JCPDS, 29-1127), AlLMos;C (JCPDS 6-7) were detected by
microdiffraction analysis.

-

| .
e

Figure 5 - TEM image of 2%Mo/HZSM-P-Al,O; spent in BRM for 30 hours
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It is more important the appearance of molybdenum carbides: MoC and Mo,C. Molybdenum carbides
are formed at temperatures above 600-650°C. Under the conditions of BRM molybdenum carbides may be
formed due to interaction between atomic carbons formed as a result of methane destruction with Mo
which is an active center of the catalyst.

It was shown in [22,23] that molybdenum catalysts coated with Mo carbides exhibit high activity in
the carbon dioxide conversion of methane. Molybdenum carbides are highly active in methane conversion
that was confirmed in this work by the long-term test of 2%Mo/HZSM-P-Al,O; in BRM. But over time,
the degree of methane conversion decreases as a result of the interaction of carbides with carbon dioxide
to form carbon monoxide and non-active molybdenum oxides (Eq.2).

The stability of the 2%Mo/HZSM-P-Al,0O; catalyst was tested for long continuous operation (30
hours). The results prove that Mo-containing catalysts are sufficiently thermally stable; no destruction of
their structure and particle agglomeration was observed by TEM. Measurement of the surface area of
2%Mo/HZSM-P-Al,0;5 catalyst by the BET method showed that some changes occur in the spent sample
— $=201.7m%g compared to the initial one —S=307m%g. Elucidation and elimination of the reasons
leading to a decrease in the specific surface area of the catalyst after long-term operation will allow the
development of methods to increase stability and activity of the Mo/HZSM-P-Al,Oj; catalyst.

CONCLUSIONS

Phosphorus modified molybdenum catalysts can be of practical interest in the production of chemical
and petrochemical products from any methane-containing feedstock including renewable biogas. The
Mo/HZSM-P-Al,0O5 catalysts developed perform the activity and selectivity in syngas production by dry
and bireforming of methane. Preliminary stability test demonstrates their stable activity and selectivity for
30 hours of exploitation. Under certain conditions hydrocarbons and alcohols are formed over the
catalysts. That allows considering the Mo/HZSM-P-Al,O; as promising base for manufacturing a cheap
stable catalyst for syngas production from methane or biogas by further appropriate modification of the
catalyst developed.

Acknowledgement: This research was supported by the Ministry of Education and Science of the
Republic of Kazakhstan, the Program # BR05236739 MES RK.
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DOCPOP KIHE HEOJIUT KOCITACBIMEH MOJU®UITUPJIEHTEH
Mo/ALO;- KATAJIM3ATOPJIAPJAFBI METAHHBIH TYPJIEHYT

Annoranus. [eomur (HZSM) xoHe dochopasiy KocnanapbiMeH MOJU(DUIMPIICHIEH aTIOMUHHUN TOTHIFbIHAH
TYpaThIH MaTpulara KOHIBIPbUIFaH Mo-Kypam/Ibl KaTajau3aTopiap cCuHTe3aenreH 0onareiH. Monubaen memuepi 1-5
Mmac.% 1maMacel apaibiFbiHAa TepOeneni. KarammzaropmapaslH Qusnka-xumusuislk  kKacuerrepi BOT, POA,
3JIEKTPOHABI MUKPOCKOI JKOHE MHUKPOIU(PPAKIMSUIIBIK aHAIN3 djicTepiMeH 3eprrenii. CHHTE3IeNnreH KarainzaTop-
JapIbH KaTaU3IiK KaCHeTTepi METaHHBIH KOMIPKBIIIKBUIIB JKOHE OYIIbI KOMIpKBIIIKBUIIE TYPJIEHY (KOHBEPCHS)
mporecTepiae TectineyaeH oTTi. CHHTE3JeNTeH KaTalu3aTropiap MOIUOICHHIH MeINIIepiHe XOHE KaTalu3aTop-
Jmapasl eHAeY TociumepiHe OaimaHbICThl Oemmektep mamackl 3-50 HM-Ai KYpaWThIH HaHOXYHere >KaTaThIHBI
kepceringi. Karanmzaropnap Gencenmimiri MonubIeH MeJIepi MEH TeMIlepaTypaHbBIH YIIFalObIHA Kapal eceni.
MeraH TypJeHyiHIH Heri3ri eHiMi cuHTe3-ra3 Oosbin TaObuIagsl. Hy/CO KaThiHACh GacTankpl ra3 KOCIAchlHA CY
OybiH Kocy ecebinen ecemi. CoHfaii-ak, METaHHBIH CyCbi3 pudopMuHri kesinme peakius eHimuaepinge C,, Cg
KOMIPCYTEKTEPAiH JKoOHE CIUPTTEP/iH a3FaHTail MeJIepi Kypanpl.

Tyiiin ce3mgep: MerannbiH KeMipKblIKbULIbl koHE bBynbl kemipkbimksuiasl Typrienyi (Konepcusichr),
Cunres-ra3, Mommb6eH, L{eomut, @ocdop.

— 76 ——



ISSN 2224-5286 6.2019

YK 544.478; 542.97; 665.612.3; 546.264-31
MPHTU 31.15.28

E.E. Hypmaxkanos', I'.JI.3akym6aesa’, III.C. Utky.08a’, JI.B.Komamxko'
'AO «MHCTHTYT TONINBA, KaTanu3a u snektpoxumun uM. JI.B. Coxonbckoron, Anmartsl, Kasaxcran

KOHBEPCHUSI METAHA HA Mo/AlLO; — KATAJIM3ATOPAX,
MOJUPUNIIUPOBAHHbBIX JOBABKAMHA ®OCPOPA U HEOJIUTA

AnHoTanus. beun cunTe3npoBansl Mo-cozepkaliye KaTann3aTopbl, HAHECEHHbIE Ha MAaTPHILy, COCTOSIYIO U3
OKCHIIa aJIOMHHUS, MoauuimpoBanHoro mpodaBkamu neonmta — HZSM u docdopa. Conmepxanne MonmdmeHa
BapbUpPOBATOCH B npezenax 1-5 mac.%. OU3NKO-XUMHIECKHE CBOMCTBA KATAIM3aTOPOB M3ydanuch meronamu bOT,
P®A, 51eKTpOHHOW MHKPOCKONHHA W MHUKpOAM(paKIMOHHOTO aHamm3a. KaTamuTwdeckwe CBOMCTBa CHHTE3HPO-
BaHHBIX KaTaJIN3aTOPOB TECTHPOBAINCH B MpOLECCAX YIIEKUCIOTHOM M NMapoOyIJIeKHCIOTHOW KOHBEPCHM METaHa.
BbI10 1MOKa3aHO, YTO CHHTE3MPOBAHHBIE KATaIM3aTOPbl OTHOCSTCS K HAHOCHCTEMAaM, Pa3MEphbl YacTHUIl KOTOPBIX
coctaBysroT 3-50 HM B 3aBUCHMOCTH OT KOJIMYECTBA MOJIMOICHA ¥ METO0B 00pabOTKH KaTain3aropoB. AKTUBHOCTh
KaTaJlM3aTOPOB BO3PACTaeT C YBEJIMUEHHEM COJep)KaHusi MojuOneHa u Temreparypbl. OCHOBHBIM HPOJIYKTOM
KOHBEpcUM MeraHa siBisiercsi cuHre3-ra3. CootnomeHne H,/CO Bo3pacraer mpu 100aBieHWH NapoB BOABI B
UCXOJHYIO cMech. [Ipy cyxoM puQOpMHUHIe MeTaHa B IPOAYKTAaX PEaKLUM TaKKe COJAEpXarcsi B HEOOJBIINX
KoJmuecTBax yraeBoaopos! Cy, Cg M CIUPTHI.

KioueBble ciaoBa: YriekucnorHas u [lapoyriekuciorHas Konsepcust Merana, Cunres-I'a3, Momubnes,
Heomut, ®ocdop.
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NICKEL-CONTAINING COMPOUNDS FOR THE CATALYTIC
CONVERSION OF METHANE TO GAS SYNTHESIS

Abstract. In recent decades, many experiments have studied the catalytic materials synthesis' that are active,
selective and stable in the conversion of gaseous hydrocarbons to organic liquids. The resulting nickel-based
catalysts are discussed in terms of their preparation, physicochemical characteristics, and internal properties that the
conversion of methane to synthesis gas.

Key words: methane, hydrogen, synthesis gas, self-propagating high-temperature synthesis, solution
combustion.

Introduction

Methane is considered the most significant source of hydrocarbons in the process of catalytic partial
oxidation, since it is the main component of natural gas, which exists on Earth in abundance. One of the
most common methods for producing catalysts today is self-propagating high-temperature synthesis
(SHS). This is an exothermic reaction, which is carried out in the modes of layer-by-layer combustion or
thermal explosion, based on the use of the internal chemical energy of the starting reagents. The
advantages of this method are - low power consumption, simplicity and a one-step synthesis cycle, high
productivity, cheap equipment, high purity of the product [1].

The use of natural gas, synthesis gas allows to obtain a wide range of chemical products [2]. For such
processes, the most common are catalysts based on nickel and noble metals. Nickel is the cheapest raw
material for the manufacture of the catalyst, but the main disadvantage of this metal is its high coke
formation, which contributes to the rapid "aging" of the catalyst.

Methane steam reforming (SR) is a well-established process for converting hydrocarbons to synthesis
gas in industry.

CH4+H20_’CO+3H2 AH2932+206 kJ/mol

Recently there has been great renewal interest in the SR process because of its potential application in
fuel cells [3]. However, this process has many disadvantages: firstly, in the process, an amusing amount of
CO2 is generated along the way, which is difficult to separate; secondly high energy demand because
SRM is a highly endothermic process.

The dry-reforming process (DR), on the other hand, produces the least amount of hydrogen per mole
of methane consumed.

CH4+C024'2CO+2H2 AH298 = +247 kJ/mol

Although this process has two major disadvantages: extremely high energy cost and rapid catalysts
deactivation through carbon deposition [4].

The search for numerous experiments over several decades to develop alternative processes led to the
process of catalytic partial oxidation of methane (POM) [5].
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CH4 + 0.502—CO + 2H2 AH173x = —23.1 kJ/mol

This process is described as slightly exothermic [6] and occurs 10—100 times faster than steam
reforming, which allows the use of small reactors.

The aim of this work was synthesis of catalysts based on Ni-Al-Pt compounds, organic part were
glycine [7] or urea [8-10]. The synthesis of nanostructure materials was do method self-propagating high
temperature synthesis (SHS) or «burning solution». That process is based on a self-sustaining exothermic
reaction of the interaction of dissolved components based on systems containing an oxidizing agent (metal
nitrate) and a reducing agent [11]. It allows one to obtain inexpensive oxide catalysts in the form of
nanosized powders (particle size less than 100 nm), which have very high catalytic activity at ambient
temperature.

Experimental

Catalyst preparation

A preliminary calculated amount of metal salts of Ni and Al crushed to a jelly-like state was injected
with a few drops of a solution containing a salt of Pt and mixed. Then placed in a quart glass and sent to a
preheated muffle furnace (600-900°C). After 5-7 minutes, spontaneous combustion occurred. Catalyst
samples were tested on an FCU-1 unit with a gradual increase in temperature from 600 to 900°C at space
velocities of 2500, 4500, 6500 h-1. Studies of the developed catalysts were carried out using various
methods: elemental analysis, X-ray diffraction analysis (XRD), transmission electron microscopy on an
EM-125K device using the "shooting in the lumen" method in the form of dry suspensions using
microdiffraction. These analyzes were performed both before and after testing the synthesized catalysts in
a flow reactor with a catalytic unit (FCU-1).

Results and discussion

It has always been believed that there are two sources of raw materials for organic chemistry, which
are a source of huge reserves - coal and gas. The possibility of obtaining hydrocarbon raw materials from
coal has long been developed, but the imperfection of the technology, economic factors and the stringency
of the conditions do not allow to introduce these processes into the industry. Whereas the processing of,
for example, acetylene from natural gas has long been put into production on an industrial scale. Although
the process is also with very low selectivity and yield at high temperatures and pressure. Moreover, the
existence in nature of enzymes that convert methane to methanol is well known. Therefore, the constant
desire to create new highly efficient and selective processes for processing natural gas into useful alkane
compounds is justified.

Currently, there is no industrial technology for producing synthesis gas by the method of carbon
dioxide conversion of methane. Available developments are most often based on nickel catalysts used in
the steam reforming process, they do not have sufficient selectivity and are quickly deactivated due to the
formation of carbon, which covers active metal centers during catalysis, and accumulate in the pores of the
catalyst, causing destructive changes and ultimately — decontamination [12].

According to the literature, it is known that the C-H bond energy in methane is approximately equal
to the H-H bond energy in acetylene, benzene, and ethylene molecules. The ionization potential of
methane is higher than that of benzene, ethylene and acetylene, but lower than the ionization potential of
hydrogen. Methane has a lower proton affinity than a benzene and ethylene molecule, but more than
hydrogen. From which it turns out that methane occupies an intermediate position between hydrogen and
ethylene. Therefore, the activation of methane and its chemical reactions can be carried out in the presence
of catalysts with 3d metals. In the periodic system, nickel is in a subgroup of elements such as palladium
and platinum, which explains the similarity of the electronic configuration, especially the outer shells, as a
result of which the elements of this group exhibit similar physical properties and chemical behavior [13].
Perhaps this explains the attempt to replace the expensive metals of the platinum subgroup with nickel.

The following are test results for the catalyst composition 50% Ni - 50% Al - (0.05%) Pt - glycine or
urea catalyst. And also given elemental composition with different variation in quantity was considered.

Various elements in the catalysts form chemical bonds of varying degrees of strength. It is likely that
someday it will be possible to explain the chemical properties of metal catalysts based on the ideas of




ISSN 2224-5286 6. 2019

quantum mechanics, but now it is necessary to establish essentially empirical correlations. As elements
used in catalysts, transition metals are of the greatest importance. In the synthesis of catalysts, glycine was
used as organic fillers, which made it possible to obtain a huge amount of particles in the form of spinels
and various frame structures.

Figure 1 - TEM images of the 50 % Ni - 50 % Al — (0.05%)Pt- glycine catalyst before tests

On the other hand, the study of literary sources of aluminum oxide indicates a huge variety of the
final compounds obtained, which is explained by the influence of everything: temperature, synthesis
method, initial structure, pH of the solution used, and even the rate of solution merging and mixing. The
influence of temperature in the range from 500 to 800°C on the structural composition of the catalyst was
considered.

According to the analysis results, it was shown that at 500°C translucent films with seal sizes from
10-30 nm to 100 nm were shown. The microdiffraction pattern is represented by reflections and can be
assigned to a mixture of phases: NiO (JSPDS, 4-835), x-Al,O; Alumina in the modification (JSPDS, 34-
493), ¢-NiAl3,O49 (JSPDS, 20-777), PtO (JSPDS , 27-1331), ALCs (JSPDS, 38-799), AIN (JSPDS, 25-
1133), NizN (JSPDS, 10-280), NiO (JSPDS, 4-835).

In the samples obtained at 600°C, translucent films were shown with compaction sizes from 10-15 nm
to 50 nm. The microdiffraction pattern is represented by reflections and can be attributed to a mixture of
phases: AI(OH); (JSPDS, 26-28), AIN (JSPDS, 25-1133), Pt;0, (JSPDS, 21-1284), NiO (JSPDS, 4-835),
¢-NiAl;;O49 (JSPDS, 20-777), NisN (JSPDS, 10-280), NiO (JSPDS, 4-835).

In the samples obtained at 700°C, translucent films were shown with compaction sizes from 10-15 nm
to 50 nm. The microdiffraction pattern is represented by reflections and can be assigned to a mixture of
phases: PtO (JSPDS, 27 -1331), Al»,O39N (JSPDS, 26-33), NiAlyO49 (JSPDS, 20-776), x-Al,O; Alumina
in the modification (JSPDS, 4-880), AlyN,O5 (JSPDS, 35-830), NiAl;,O49 (JSPDS, 35-830) Pt (JSPDS, 27
-1331), Al,Pt (JSPDS, 3-1006), NiO (JSPDS, 4-835)

Samples obtained at 800°C are translucent films with small particles on them ranging in size from 4-
15 nm to 20 nm. The microdiffraction pattern is represented by reflections and can be assigned to a
mixture of phases: NiO (JSPDS, 4-835), Al (JSPDS, 4-716), Al;Ni, (JSPDS, 14-648), NiAl,O49 (JSPDS,
20-776), Pty1 Al ( JSPDS, 38-1179), Al;(N3O; (JSPDS, 32-22), NiAl;;049 (JSPDS, 20-776), Pt (JSPDS, 4-
802), AlPt, (JSPDS, 29-69). The most common types of particles formed are shown above as they
decrease.
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Figure 2 — XRD spectrum of the 50 % Ni - 50 % Al — (0.05%)Pt- glycine catalyst before tests

As can be seen from the experimental results, the temperature significantly affects the composition of
the catalyst. At higher temperatures, metal atoms have time to recover, and also form more complex
structures in the form of various spinels. It has been proven that reduced Ni can interact at high
temperatures with the formation of NiAl,Oy spinels [14-16]. In fact, NiAl,Oy is not active in the reaction.
But its reduced form tends to inhibit the formation of carbon deposits. This shows good stability, since
reduced Ni from spinel tends to disperse, making sintering difficult. In addition, a synergistic effect exists
between the carbon fraction and the metal-based fraction, which means that the experimental CO, and
CH, conversions obtained in mixtures of carbon materials and metals are higher than the conversions
calculated according to the law of mixtures (i.e., the addition of weighted individual transformations)
[14,17].

X-ray diffraction analysis did not show significant differences between the samples. Figure 2 shows
the spectra of the catalyst for 50% Ni - 50% Al - (0.05%) Pt-glycine. As a result of the data obtained, it is
seen that the following phases are present in the catalysts: NiO (reflexes, A: 2.41; 2.08; 1.48; 1.25; 1.21 -
ASTM, 4-850); NiAI204 (reflexes, A: 4.6220; 2.8420; 2.42100; 2.0065; 1.648; 1.5430; 1.4260 - ASTM,
10-339) and Pt (low-intensity reflexes, A: 2,26 ; 1.96 - ASTM, 4-802).

Despite the fact that such catalysts have good enough activity, they all undergo coking. Over time,
this leads to the deactivation of the catalysts, which requires their regeneration and leads to an increase in
production costs. A disadvantage of the known catalysts and carriers is that they are oxidized at high
temperatures in a redox environment, which significantly reduces the contact strength between the
particles [18-20]. In the continuation of the study, analyzes were carried out for the catalyst composition
50 % Ni - 50 % Al — (0.05%)Pt- glycine (500°C) after the main multiple tests on the FCU-1 device.

Figure 3 (A, B) shows translucent films with seals 10-30 nm in size. And dense aggregates, on the
edges of which there are particles with a size of 10-20 nm. The microdiffraction pattern is represented by a
large set of reflections located along the rings and individual reflexes and can be assigned to a mixture of
phases: 3-NiAlcO4 (JSPDS, 20-776), 3-AL,Os; (JSPDS, 4-877), AlsC; (JSPDS, 38-799 ), ¢-NiAl3;,049
(JSPDS, 20-777), PtO (JSPDS, 27-1331), AlyN;0; (JSPDS, 35-83).

Figure 3 (C) shows a large and dense aggregate, along the edge of which both small particles with a
size of 20-60 nm and large ones with signs of faceting of a size of 200-500 nm are observed. The
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microdiffraction pattern is represented by rows of reflections and a large set of individual reflexes and can
be assigned to a mixture of phases: large NiAl;;O¢ (JSPDS, 37-1292) or equally 9A1,052NiO (JSPDS,
22-451), y-Al,O; (JSPDS, 29-63 ) and (JSPDS, 10-425), AIN (JSPDS, 34-679) and y-Al,O; Alimina in the
modification (JSPDS, 34-493). Small: Pt (JSPDS, 4-802), AINi (JSPDS, 20-19), Ni;N (JSPDS, 20-19),
Niz;C (JSPDS, 6-497), 8-NiAl,O4 (JSPDS, 20-776), Al (JSPDS, 4-787). However, after catalytic studies
on the known catalyst, carbon deposition is observed, accompanied by the formation of nickel carbide and
graphite-like carbon, which leads to the fact that the activity of the catalyst decreases (the catalyst is
deactivated).

Figure 4 shows the accumulation of aggregates of elastic carbon nanotubes reaching a cross section of
20-40 nm, as well as a dense aggregate, along the edge of which particles of 10-50 nm in size and dense
large round particles of 100-200 nm or more are observed . The microdiffraction pattern is represented by
rings and a small set of reflections that can be attributed to a mixture of phases: PtO, (JSPDS, 23-1306),
AlH; (JSPDS, 23-761), C - Zonsdaleite (JSPDS, 19-268) - tubes, AIPt, ( JSPDS, 29-692), AIC; (JSPDS,
35-749) Ni3C (JSPDS, 6-497), ¢-NiAls,O49 (JSPDS, 20-777), ALOC (JSPDS, 36-148).

Figure 4 - TEM images of the 50 % Ni - 50 % Al — (0.05%)Pt- glycine catalyst after tests with carbon nanotubes
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Conclusion

Based on the results of the study, the following conclusions can be drawn:

- organic fillers affect the composition and properties of the same catalysts;

- in catalysts prepared by the SHS method, temperature significantly affects the composition —
moreover, if we study the most active centers of the catalyst for this system, we can synthesize a need
composition;

- the catalyst was most active for conversion methane to synthesis gas from numerous combinations
of catalysts with the following set of catalyst components from 50% Ni - 50% Al - (0.05%) Pt-glycine
obtained by synthesis during combustion in solution at 800°C;

- the presence of carbon nanotubes in the spent catalyst samples was also revealed. The nanotubes
are elastic, often wrapped in a spiral with a diameter of 50 - 70 nm.
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HUKEJIb-COAEPKAIUE COETUHEHUS
JJISI KATAJIMTHYECKOU KOHBEPCUU METAHA B CUHTE3 I'A3A

AnHoTanusi. B mocienHue necATHNIETHS BO MHOTHX OSKCHEPHMEHTaX H3ydalics CHHTE3 KaTaMTHYEeCKUX
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DESIGN OF NEURAL NETWORK FOR FORECAST ANALYSIS OF
ELEMENTS-CONTAMINANTS DISTRIBUTION ON STUDIED
TERRITORIES (ON EXAMPLE OF PAVLODAR CITY, KAZAKHSTAN)

Abstract. In the article we are presenting results of development appropriate method including neural network
for creating predictive map of elements-contaminants distribution (on example of Cr) on the territory of Pavlodar city
(Kazakhstan). Obtained method allows to get widen data. The data from 15 points were spread out into 500 points.
The average relative error at verification process was 9.45%. Architecture of well working model of neural network
is perceptron with one input neuron, which takes values of distances between given point and several nearest points,
10 hidden neurons, and 1 output neuron, which gives value of element concentration in specified point. Obtained
data were used in QGIS for creation of IDW interpolated map, which visualizes the information about concentration
distribution.

Keywords: neural network, contaminants, distribution, forecasting, modelling, GIS, environmental.

1. Introduction

The search for ways of solving environmental problems and developing scientific methodological
approaches to studying the complex consequences of the anthropogenic activities of enterprises involves
the study of the ecological state of the region [1-3]. Environmental researches now have special
significance because environmental safety and rational use of nature resources are the most important
factors, determinant prospective of successful development of economics and social sphere.

The Pavlodar city is the large industrial city on the North of Kazakhstan. It is known, that the main
sources of environment contamination of the city and Pavlodar region are different waste of chemical-
technological processes [4]. These can be products of related processes and by-reactions not used in
subsequent processes. Also, it can be intermediates of reactions and polymerization processes, filer
materials, industrial waste water, not reacted gases (Cl,, NHj etc.) [5, 6]. Moreover, environmental
contamination occurs as a consequence of mechanical losses of raw material and products due to leakages
from equipment and communications. Effect of every kind of contaminant directly depends on its
physical-chemical properties. Many gaseous chemicals can react in atmosphere with water vapor, oxygen,
as well be affected under radiation converting into other more toxic substances.

Finding of borders of studied territory and identification of danger sources leading to damage are an
initial and important stage in the process of assessment of environmental risks. A new approach in this
field is to assess impact of factors affecting the environment of region through analysis of territorial
distribution of contaminants with creation of maps. Map allows visualizing of effects of contaminants, to
understand origin sources of the contaminants, to predict ways of distribution and meanings for prevention
of negative consequences from various factors.
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In the article we are describing a new approach for creating such kinds of maps using methods of
computer modelling, in particular neural network. New ways of data analysis allow to obtain new
generated data and are often used for solving problems when it is required to expand weak analytical data
and get on output full picture of demanded information [7-9].

Neural network receives input information and analyses it in the way analogous to our brain. During
the analysis network is trained (generates some new knowledge) and gives a new output information based
on previous experience [10—12]. The main task of analyst using neural network for solving some problem
is to design the most effective architecture of network. Namely, correctly choose the sort of neural
network, algorithm of training, number of neurons and kinds of relations between them. This work has no
formalized procedures and requires deep understanding of different architectures of neural networks, it
includes lots of research and analytical work and can take quite much time [13—15]. The most common
usages of neural networks are:

- classification — allocation of data by parameters;

- forecasting — possibility to predict following steps;

- recognition — determination of objects in a stack.

The computational item of neural network is neuron. It receives an information, makes simple
calculations with it and pass it later. There are three types of neurons with specified functions — input,
hidden and output. The principal scheme of simple neural network with two input neurons, two hidden and
one output neuron is shown on the figure 1.

Figure 1 - The scheme of simple neural network

“W” on the figure are “weights”, which are parameters of the network. They are adjusted during the
training stage for the network could be able to give correct values. In our work we use neural network for
forecasting of distribution of elements-contaminants on the studied territory. The forecast is based on the
data obtained with x-ray spectral elemental analysis of the soil samples taken from given locations. The
aim of the work was to design appropriate model of neural network for obtaining at least 500 predicted
values of element concentrations in 500 given coordinates on the territory of Pavlodar city.

2. Methods and materials

2.1 Sampling of soil

Sampling was carried out for estimation of quality and quantity analysis of elemental content of soils
on the territory of Pavlodar city. Sampling was carried out according to requirements of conventional
documents “GOST 17.4.4.02-84. Nature protection. Soils. Methods for sampling and preparation of soil
for chemical, bacteriological, helmintological analysis”, “GOST 17.4.3.01-83. Nature protection. Soils.
General requirements for sampling”, “GOST 5180-84. Soils. Laboratory methods for determination of
physical characteristics”. The positions of sampling sites are shown on the figure 2 and specified in the
table 1.
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Figure 2 - Locations of sampling sites on the ?erritory of Pavlodar city

Table 1 — Coordinates of positions of sampling sites

Number of sample Name X Y

1 Lesozavod 1 76.919125 52.313194

2 Lesozavod 2 76.9083333333 52.3077777778
3 Constitution square 1 76.9338888889 52.2966666667
4 Constitution square 2 76.9367 52.2989166667
5 CHP2 1 (TEC21) 76.9630916667 52.3196361111
6 CHP2 2 (TEC2 2) 76.9625833333 52.3125277778
7 Zhayau Musa str. | 76.9673194444 52.2497555556
8 Zhayau Musa str. 2 76.9707611111 52.2516555556
9 Railway Station 1 76.9552861111 52.3018861111
10 Railway Station 2 76.9570277778 52.235275

11 Narkodispancer 1 76.9926 52.2906138889
12 Narkodispancer 2 76.9894055556 52.290475
13 Gulliver TH 1 76.96925 52.2695777778
14 Gulliver TH 2 76.9688638889 52.27085

15 PNCP 1 76.9285722222 52.3449916667
16 PNCP 2 76.9279916667 52.3448638889
17 Usolka riv. 1 76.942475 52.2503555556
18 Usolka riv. 2 76.9501694444 52.2471638889
19 Lermontov str. 1 76.9636111111 52.2913888889
20 Lermontov str. 2 76.9553111111 52.2911972222
21 PTP 1 76.9619861111 52.3242555556
22 PTP 2 76.962475 52.3243888889
23 Satpayev str. 1 76.936725 52.292625
24 Satpayev str. 2 76.938175 52.3009916667
25 Naberezhnaya str. 1 76.9345222222 52.2815777778
26 Naberezhnaya str. 2 76.9375833333 52.2833

27 Mir str. 1 76.9444111111 52.2990027778
28 Mir str. 2 76.9447 52.2991111111
29 Toraigyrov str. 1 76.9552861111 52.2959166667
30 Toraigyrov str. 2 76.9594861111 52.2958333333

* Coordinate system EPSG:4326 - WGS 84 - Geographic

88 ——
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2.2 Elemental analysis of soil samples

The catalyst samples were studied on a low-vacuum scanning electron microscope with a thermal
emission cathode (LaB6) JSM-6610LV from JOEL. The device is equipped with an energy dispersive
microanalysis system (EDM), a wave dispersive microanalysis system, a backscattered electron diffraction
analysis system with a reflected electron detector, an Everhart-Thornley secondary electron detector, a
low-vacuum secondary electron detector and sample preparation equipment. Elemental analysis was
performed using energy dispersive x-ray fluorescence spectroscopy on an energy dispersive microanalysis
system INCA Energy 450. Spectra were obtained three times with the calculation of the average value.

2.3 Neural network designing

For creation of neural network Brain.js library was used. Brain.js is an opened JavaScript library that
allows implementation of neural networks with different architectures right in the browser or with using
Node.js. Simple browser program was prepared for implementation of developed neural net. The program
allows to input initial data for training, verification and forecasting from text file with data written in
CSV-like manner, columns are divided with commas. Moreover, average relative divergence is calculated
after verification process, as well diagram of convergence of forecast with original data is created
automatically using the Graph.js library. Using neural network based on initial data about element

concentration from 30 input points, 500 points were predicted after calculations. These 500 points were
used for plotting on the map.

2.4 Creating of element distribution map

Free geographic information system with open code QGIS 3.8.3-Zanzibar was used. QGIS is an open
source, user-friendly geographic information system (GIS) distributed under the GNU General Public
License. QGIS is a project of the Open Source Geospatial Foundation (OSGeo). It works on Linux, Unix,
Mac OSX, Windows and Android, supports many vector and raster formats, databases and has many
features. Input data were added as a layer with coordinate system EPSG:4326 - WGS 84 — Geographic.
For better visualization of information data analysis with IDW interpolation method has been
implemented. In the IDW (Inverse Distance Weighting) interpolation method, the sample points are
weighted during interpolation such that the influence of one point relative to another declines with

distance from the unknown point you want to create [16, 17]. The figure 3 demonstrates the principle of
the IDW method.

Sample Points

—

s"“'-«- Unknon_Nn value "?"
*._ (to be interpolated)

Figure 3. Inverse Distance Weighted interpolation based on weighted sample point distance (left).
Interpolated IDW surface from elevation vector points (right).
(Image Source: Mitas, L., Mitasova, H. (1999),
url: https://docs.qgis.org/2.18/en/docs/gentle _gis_introduction/spatial analysis_interpolation.html)

Interpolation was visualized as a gradient of colors, monochannel pseudocolor mode of image was
used. For map of chromium distribution following table of color distribution in dependence on
concentration was assigned (table 2).
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Table 2 — Distribution of colors in dependence on concentration in the method of interpolation visualization

Threshold concentration, % Color Color name RGB color
0.00326683 blue 43,131,186

0.082261464 green 171,221,164
0.161256098 yellow 255,255,191
0.240250732 orange 253,174,97

0.319245366 D 215,25,28

3. Results and discussion

When we are describing distribution of concentrations of elements on the territory, practically we
have to consider the data in three-dimensional space, where X and Y represent coordinates and Z is a third
parameter — concentration in our case. Thus, we have to find the dependence between coordinates and
concentration. First approach for creation of neural net, which could reveal that dependence is to give into
input layer two parameters X and Y and get from output layer the value of concentration. In order to try
the effectivity of developed neural network we have to find appropriate model with similar parameters.
The convenient, simple and available model is some picture in gray scale. In this case a picture has its X
and Y coordinates, when we are considering it as a matrix of pixels, and graduation of gray color is similar
to concentration. Graduation of gray color lies in the range from 0 to 255 in RGB scheme [18].

So, the first picture we have chosen is quite simple and has dense relatively uniform sites of different
shades of gray color (figure 4).

Figure 4 - Model image Nel for development of neural network

For this model we have taken 35 points as training data. The architecture of neural network included 2
neurons of input layer (X, Y coordinates), 3 hidden layers with 10, 20 and 4 neurons accordingly, 1 neuron
on output layer (figure 5).

e
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48 0000

Input laver Hidden lavers Output laver

Figure 5 - Architecture of neural network model Nel
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Activation function was used sigmoid (1), because this function is widely used for neural networks
aimed in prediction some values between 0 and 1 [19-22]. Graphical represent of the sigmoid function is
showed on the figure 6.

S(x) = ﬁ (1)
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Figure 6 - Curve of sigmoid function

Using neural network model Nel after training we have obtained forecast for 10 points with average
relative error 13.35%. The diagram of convergence of predicted data with original data is presented on the
figure 7.

250
200

180

100

[}
1 2 3 4 5 ] T ] 9 10
Figure 7 - The diagram of convergence of predicted data with original data on the neural network model Nel
(x axis — number of verify point, y axis — shade of gray color in RGB)

Thus, neural network model 1 has shown good results with the first picture, so we have tried to use it
with the second picture, which is more complicated and more similar to landscape distribution of some
parameter: height, depth or may be the concentration of some element (figure 8). This picture is in the
gray scale as well.
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Figure 8 - Model image Ne2 for development of neural network
With the second model picture and using the previous architecture of neural network we have
obtained the value of average relative error 20.49%. The diagram of convergence of predicted data with
original data is presented on the figure 9.
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Figure 9 - The diagram of convergence of predicted data with original data on the neural network model Nel with picture 2
(x axis — number of verify point, y axis — shade of gray color in RGB)

On the diagram we can see that convergence in this case is much lover. Thus, it can be concluded,
that the model Nel of neural network is appropriate just for simple characters of parameter distribution.
That is why we are developed the second model of neural network and changed the approach for data
analysis.

In the second model we used the interpolation method IDW for obtaining of demanded parameter
value [23, 24]. But the calculations were made by neural network. This architecture has one neuron on
input layer, which receives the values of distances between demanded point and each of 3 closest point.
The distances were calculated by formula (2)

D=(x; — %)%+ (v — 31)? 2)

— 90 ——
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In accordance to this approach we have to get training data for each demanded point and train neural
network for every point to prediction. However, taking into account the fact that training data contain only
3 input values it allows to simplify the model of neural network itself, so the second model of neural
network has 1 neuron in input layer, 10 neurons in single hidden layer, and 1 output neuron. On the figure
10 we can see the convergence diagram for this case with picture Ne2.

[ Predicted [5] Criginal
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Figure 10 - The diagram of convergence of predicted data with original data on the neural network model Ne2 with picture 2
(x axis — number of verify point, y axis — shade of gray color in RGB)

In this situation we have obtained the value of average relative error 4.97% unless the picture was
more complicated. Thus, this model of neural network was selected for using in analysis of concentration
distribution of elements-contaminants on the studied territory.

Content of Cr in soils of studied territory was estimated using X-ray spectral microanalysis (table 3).
These data were given into input of the neural network for training. On the figure 11 we can see the
convergence diagram for verification process using model of neural network Ne2. The value of average
relative error was 9.45%.

Table 3 — Data on Cr content in soils from sample sites 1-15 obtained using X-ray spectral microanalysis

Number of samples X Y C, %
1 76.919125 52.313194 0.71
2 76.9083333333 52.3077777778 0.25
3 76.9338888889 52.2966666667 0.25
4 76.9367 52.2989166667 0.19
5 76.9630916667 52.3196361111 0.13
6 76.9625833333 52.3125277778 0.3
7 76.9673194444 52.2497555556 0.15
8 76.9707611111 52.2516555556 0.03
9 76.9552861111 52.3018861111 0.05
10 76.9570277778 52.235275 0.15
11 76.9926 52.2906138889 0.06
12 76.9894055556 52.290475 0.06
13 76.96925 52.2695777778 0.31
14 76.9688638889 52.27085 0.30
15 76.9285722222 52.3449916667 0.06

* Coordinate system EPSG:4326 - WGS 84 - Geographic
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Figure 11 - The diagram of convergence of predicted data with original data on the neural network model No2 with data on Cr
content in soils (x axis — number of verify point, y axis — concentration of Cr, %)

For prediction we have taken 500 points according to map represented on the figure 12. The batch
process was performed with creation of prediction for every of 500 points. The obtained data with forecast
of Cr distribution was plotted on the map in QGIS software. IDW interpolation was used in order to
visualize the character of concentration distribution. The obtained interpolated map is represented on the
figure 13. From the map it can be seen the large site with higher content of Cr. It is not necessary mean
that the level exceeds the MPC level, but it gives the information about areas with higher and lower levels
of the metal content. Control about MPC levels was not aimed in this research.
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Figure 12 - Points where concentrations were calculated based on developed model of neural network
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Figure 13 - Map of Cr concentration distribution in soils of Pavlodar city obtained on the basis
of calculations of neural network model Ne2
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Conclusion

Thus, during this work two models of neural network were developed. The method of calculating
"point by point" using IDW approach and neural network Ne2 allows to predict complicatedly distributed
data, which are usual when we are considering various geographical data: geochemistry, chemistry of
environment, geology etc. That complexity is due to territorial distribution is influenced with many factors
in very complex dependences. Using the developed method, it was possible to obtain 500 predicted points
with values of chromium concentration on the different sites on the territory of Pavlodar city. The
developed method allows to diminish level of error up to 9.45% (average relative error). The calculated
data were inputted as a layer in QGIS. Based on the layer a new interpolated layer was created using IDW
method. Thus, the colored map of chromium distribution on the territory of Pavlodar city was obtained in
GIS. It allows to scale the map, get, print and save various views of the map.
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%. ApxuTekTypa paboueil Moaenu HEHPOHHOM ceTH MpesCTaBIseT coO0H MEePLUENTPOH C OAHUM BXOIHBIM HEHPOHOM, KOTOPHIi
MPUHUMACT 3HAYCHUS PACCTOSHHUNA MEXIY 3aJaHHOW TOYKOW M HECKOJNBKUMH OMIKaWMMMHU TOYkaMH, 10 HEHPOHOB CKPBITOTO
cinost U 1 BBIXOTHOH HEHpOH, KOTOPBIA BBIAAET 3HAUCHHE KOHLEHTPALWHU dJIEMEHTA B 3aJaHHON Touke. IlomydeHHBIE maHHBIE
ucrionp3oBauch B QGIS mnst co3mammst IDW  uHTeprnonmpoBaHHOW KapThl, KOTOpas BH3yaln3WpyeT HH(OpPMAIHIO o
KOHLICHTPALIUOHHOM paclpeIeICHUN.
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THE REGIMES OF THE REALIZATION OF DESUBLIMATION
METHOD FOR ULTRADISPERSE POWDER PRODUCTION

Abstract. The paper deals with the investigation of the method of obtaining the ultrafine powders by the
desublimationprocess. In the course of the experiments, the effect of temperature, pressure, and degree of
supersaturation on the process kinetics and the dispersion size distribution function was investigated. The existence of
the stage of the phenomenon of multiple coagulation with a high concentration of nucleates in a supersaturated
vapor-gas mixture has been experimentally confirmed. Namely, it was established that with a large initial super-
saturation, when a large number of embryos (monomers) of the dispersed phase are rapidly formed per unit volume
of the apparatus, the contribution of multiparticle collisions is great. The obtained data may be very important for
working out the engineering method for calculating and optimizing the regimes of aggregation processes to create
highly homogeneous stable nanodispersions.

Keywords:desublimation, ultradisperse, nanodispersions, method, nano-powders, super-saturation,
multiparticle.

1. Introduction

Currently, the use of chemical apparatus and reactors with the formation, aggregation and
sedimentation of insoluble phases in the working volume of the apparatus is becoming increasingly
widespread, especially in a number of modern technological processes [1-8]. Chemical equipment and
reactors in which the formation, aggregation, and sedimentation processes of insoluble phases are carried
out, especially in modern thin and nano-technologies, are widely used. In many cases, the processes of
chemical technology are accompanied by the formation of a new solid dispersed phase. These can be
phase transitions, as in the case of crystallization or desublimation, or processes of formation of slightly
soluble substances during chemical reactions [9- 12].

Applications of dispersed media, namely: emulsions, suspensions, ultrafine materials and powders in
modern industry cover a wide range of technologies. In particular, the following directions can be
distinguished in the chemical industry [1-8]:

- obtaining nanodispersed powders of oxides and noble metal dioxides for structural, instrumental and
functional bioceramics;

- creation of sorbents, catalysts and molecular sieves with a given nanostructure;

- development of methods for producing nano-dispersed rheological additives to create suspensions
with desired rheological characteristics.

Nano-objects are characterized by small size, complex internal organization, the ability to very dense
packaging, strong interactions with neighboring structures; on their basis, it can be created materials with
new physical and chemical properties.
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The most important features of the processes associated with dispersed media is the need for highly
homogeneous and stable dispersions. These indicators play an extremely important role in modern
pharmacopoeia, the production of high-quality fuel materials and in many other processes.

For the preparation of nano-powders with a high homogeneity of the fractional composition,
desublimation methods seem to be very promising. The production of nano-powders in the gas phase is
facilitated by the relatively low surface tension at the solid-gas interface [13]. An increase in surface
tension leads to compaction of the nanoparticles in the aggregate. At the same time, high temperature
accelerates diffusion processes, which contributes to the growth of particles and the formation of solid
bridges between particles. The main problem of the method under consideration is the separation of
nanoparticles from the gas phase under conditions where the concentration of particles in the gas stream is
low and the gas temperature is sufficiently high. For trapping nanoparticles, special filtering devices are
used (for example, metal-ceramic filters, electric precipitators), centrifugal sedimentation of solid particles
in cyclone devices and hydrocyclones, special gas centrifuges.

In this paper, the method of obtaining the ultrafine powders by the desublimationprocess has been
described.

2. Experimental method

Experimental studies were conducted to verify the adequacy of the theoretical concepts previously
developed in our works [13], as well as to work out ways to optimize regimes of aggregation processes in
dense dispersed systems with sources of the new phase. The desublimation method of obtaining ultrafine
silica powder was chosen as objects for the study. In the course of the experiments, the effect of
temperature, pressure, and degree of super saturation on the process kinetics and the dispersion size
distribution function was investigated.

The experiment was organized on the well-known method of enriching high-silicon phosphorites
[13]. The essence of this method is in the heat treatment of the raw material with ammonium fluoride
followed by the conversion of silica contained in the raw material into ammonium silicofluoride. As next
stage the sublimation of the obtained product was carried out.

For obtaining SiO,, the especial reaction which at a certain temperature is carried out in the opposite
direction with the rapid release of silicon dioxide was used [13]:

SIOQ + 6NH, F < (NH4)2 SiFé'i‘ 4NH3 +2H, O. (1)
Earlier, in the work [13], the temperature threshold at which SiO2 emission prevails was determined .

This threshold is 4500C.
A schematic diagram of the experimental setup and its photograph are presented in Figures 1 and 2.

/

1- compressor, 2- Drexel flasks (for drying), 3- electric furnace, 4- boat with sample,
5- Drexel flasks (for capturing solid particles), 6- temperature conroller, 7- pressure gauge, 8- heat exchanger, 9- thermometer.

Figure 1- Scheme of the experimental installation.

— 100 ——
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Figure 2- Photograph of the experimental installation

The installation is operated as follows.

A ceramic tube is inserted into the furnace 3 where the boat (tube) 4 is placed with a sample prepared
in accordance with the methodological recommendations indicated below. Next, the connection is made
with the help of hoses of all elements of the installation, in accordance with the circuit diagram. Then the
furnace is turned on and when the set temperature is reached (400-8000C) the compressor 1 is turned
on.Compressor supplies the surrounding air in the room through the system of absorption flasks 2, which
prevent moisture from entering the ceramic tube.

The resulting vapors from the sublimates (NHy),SiFs from the furnace 3 enter the successively
installed Drexel flasks 5, where they are desublimated.

Further the remaining fumes of silicon oxide go to the heat exchanger 7, where their final
desublimation takes place, and then they go to the hood. The temperature in the furnace is maintained
from 400 to 8000C. In the course of the experiment, the temperature in the furnace 3 is recorded, as well
as the readings of the thermometer 1 at the exit from the refrigerator, and in addition, pressure is
controlled at the inlet using a manometer 6. Sampling is performed periodically at each fixed temperature
in the furnace.

The finished product is collected in glass cups and sent for analysis of the chemical and dispersion
composition. The crystal structure is also analyzed.

A scanning electron microscope JSM-6490LV(SEM) is used as equipment for electron microscopic
studies of the dispersion composition of desublimate. The appropriate method is based on scanning the
surface of the sample with an electronic probe and detecting (recognizing) the broad spectrum of radiation
arising from this.

Research and determination of measurement errors is carried out by standard methods.

The procedure for sample preparation is described below.

Investigating samples are prepared, then sublimated in a furnace and subject to desublimation. It
makes in the following sequence:

a) the river sand is taken in an amount of 1 kg, it is sifted in order to separate from large impurities,
and then it is washed with distilled water;

b) then it is washed with hot hydrochloric acid HCI with a concentration of 15-20% for 15-20 minutes
and boiled for 15 minutes. Then the sample is defended in the flooded state for 2 hours, after which the
liquid is drained;

c) the resulting sludge is washed with distilled water for 30-40 minutes in order to wash out the
remaining impurities and acid residues;

g) then it is dried at a temperature of 105 © C until the moisture content is in the range of 0.5-1%. The
obtained sample should be gray;
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e) then 1 part (weight) of the sample is mixed with 6 weight parts of ammonium fluoride;

e) the mixture is poured into a boat, which is placed in a furnace and sublimated at the temperature of
400-6000C until the strong smell of NH; appears;

g) white-colored vapors that are formed intensively are captured by their desublimation on a cooled
surface for 1.5-2 hours in order to estimate the temperature of sublimation and desublimation, as well as
for the most complete desublimation of the vapors.

The previous operation is repeated for 3-4 times. The sampling plan is shown in Table 1.

Table 1-The sampling plan while experiments on sublimation

Ne Vapour Sampling numbers by interval, min
temperature
(©) The numerator is the first sampling stage, and the denominator is the
second sampling stage
1 2 3 4 5
1 T1=400 5 10 15 20 30
20 0 40 0 60
2 T2=420 5 10 15 20 30
20 0 40 0 60
3 T3=450 5 10 15 20 30
20 0 40 0 60
4 T4=500 10 20 30 40 60
5 T5=510 10 20 30 40 60
6 T6=520 10 20 30 40 60
7 T7=550 10 20 30 40 60
8 T8=570 10 20 30 40 60
9 T9=600 10 20 30 40 60
10 T10=650 10 20 30 40 60
11 T11=700 10 20 30 40 60

3. Results and discussion

Some of the most illustrative images obtained as a result of the examination of samples using a
scanning microscope are shown in Figure 3.

Inscriptions on photographs should be understood as follows. The first number is the temperature at
which the sampling process is conducted, the next digit is the number of the Drexel flask in the capturing
system.The obtained in the course of experiments characteristics and parameters of fractional composition
of the silica dispersions, as well the microscope zoom, are automatically written in the fields of
photographs.

The conducted investigations convincingly show that with a large initial super-saturation, when a
large number of embryos (monomers) of the dispersed phase are rapidly formed per unit volume of the
apparatus, the contribution of multiparticle collisions is great [11, 14]. This is clearly seen in Figure 3,
made at high magnification. Namely, large clusters of particles consist of many small embryos. Moreover,
the shape of large clusters-globules is rather rounded, which is possible only with simultaneous attachment
of many small particles over the entire surface of larger clusters [15].
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20kV. X250 100um. =4 1058 BEC A X500 50um '10_'5_8 BEC.

20KV 4 «X1,000°"  10um 10 568 BEC X1,000 #10pm

B) 300-1 _ ' 300-2

20KV X250, «100pm " -0 1068 BEC, - 0 X50G-%:50jm 0 58 BEC

C) 500-1 500-2
& _—

X2,000 * qopm 40 58 BEC

D) 500-3 500-4

20kV " %4,000 10um % 10.58 BEC

Figure 3 - Images of the desublimated samples
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Then there is a sharp decrease in super-saturation, and the aggregation process begins to be limited by
diffusion resistance in the gas phase. This leads to a sharp decrease in the value of coagulation nuclei, the
intensity of the aggregation process drops sharply, and as a result, a dispersion of a fairly homogeneous
fractional composition is obtained. The fact is that the characteristic time of the process is of the order of
time, which is optimal for multiparticle aggregation.

At low initial super-saturation, the aggregation process is “eroded” in time, since binary collisions
prevail. Therefore, the fractional composition of the resulting dispersion is very heterogeneous.

Conclusions

The existence of the stage of the phenomenon of multiple coagulation with a high concentration of
nucleates in a supersaturated vapor-gas mixture has been experimentally confirmed. The results of
experimental studies are well interpreted from the theoretical considerations. It can be the basis of the
engineering methodology for calculating the operational parameters of the process. Especially, this
conclusion is important for the aggregation in dense disperse systems and optimization of this process in
order to create highly homogeneous stable nanodispersions.

The results of experimental studies of silicon dioxide desublimations confirmed the theoretical
conclusion about the presence of a stage of rapid formation of primary nucleates and a subsequent stage of
slow, diffusion-controlled growth of aggregates.

A.O. KazenoBa', A.M. Bpenep', B.I'. FostyGes’,
II.K. Illanaxos?, JI.P. TopTﬁaeBal, I'.J1I. Kemxkammesa', I'.K. UBaxuiok

M. Oye30B ateiHgarbl OKMY, IllsimkenT, Kazakcran;
*SILKWAY XanbIKapassIK YHHBEPCHTETI;
3Cank- ITeTepOypr MeMIICKETTIK TEXHONOTHSIBIK HHCTHTYThI (TEXHOIOTHSUIBIK YHHBEPCHTET),
Cank-IlerepOypr Kanacel

YJIbBTPAIUCHEPJIIK YHTAK OHAIPYTE APHAJIFAH
JECYBJIMMALIUA 9JICIHICKE ACBIPY PEXKUMJEPI

AHHoTanus. Makana necyonmumanus 9JiCIMEH yIbTpa IUCHEPCTI YHTAKTapAbl Iy OfiCiH 3epTTEyre apHAIFaH.
DKcnepruMEHT OapbIChIH JIaTeMIIePaTyPaHblH, KbICBIMHBIH JKOHE KaHBIFY JIOPEXKECIHIH MPOIecC KNHETUKACHIHA KOHE
JTUCTICPCHUSIHBIH MOJIIIIEpi OOMBIHIIA Tapairy (DYHKIHSICHIHA dCePi 3€PTTEIII.

KanbIKnaranOy-ra3 KOCIachlH/1a HyKJIeaTTap/AblH )KOFapbl KOHIEHTPALMSCH 0ap KeIlle KoaryJsiuus KyOblIbIChI
Ke3eHiHIH OO0JIybl SKCIIEpUMEHTAIbl PacTalIbl. ATan alTKaHJa, YJIKEH OacTanKpl KaHBIFY Ke3iHAE JUCIEepPCHSIIBIK
(hazaHbIH SMOPHOHAAPBIHEIH (MOHOMEpJIEPIHIH) KOl caHbl anmnapar KejleMiHiH OipjiriHe Te3 TY3UIETIH Ke3ne, Kell
0eJIIIeKTi KaKThIFBICTAP/IbIH YJIeCI YIIKEH.

AnpiaFaH MomiMeTTep OipTekTi (PaKuMsIIBIK KypaMbl Oap TYPakThl HAHOAWUCHEPCHSUIApABl KYpy VIIiH
arperamisUIbIK MPOLECTEPAiH PEKUMACPIH OHTAWIAHIBIPY KOHE €CEeNTeYIiH MHKEHEPIIK 9ICIH 93ipiey YIIiH eTe
MAaHBI3BI OOTYBl MYMKIH.

Tyiiin ce3nep: mecyOnumanus, yabTpaAuCIepCchsi, HAHOANUCIICPCHIAP, 9AIC, HAHOYHTAKTap, aca KaHBIFy, KOl
Geutik.

Kazenosa', A.M. Bpenep', B.I'. To1y6es’,
HI.K. HJarlaJmBz, J.P. ToprﬁaeBal, .. Keﬂmannenal, I'.K. UBaxuiok’

'FOsxmH0-KasaxcraHckuii rocyiapeTBeH bl yauBepcuter nm.M.Aya3osa, Illsivkent, Kasaxcran;
* MesxayHapoanbii yaupepeuter SILKWAY Ilbivkent, Kazaxcran;
3 Cank-IleTep6yprekuii rocy1apcTBEHHbIH TeXHOTOTNYECKHH HHCTHTYT
(TexHonornyeckuil yauBepcuter), r.Cank- [lerepOypr

PEXKUMBI PEAJIM3AIIMA METOJA JECYBJINMALINN
VIS MTPOU3BOACTBA YJIBTPAAUCIHEPHOI'O TIOPOLIKA

AnHoTanus.CTaThs MMOCBAIIEHA MCCIECAOBAHNIO METO/A TIOJIyYEHHUs YIIbTPaIUCIIEPCHBIX TOPOLIKOB CIIOCOOOM
necyOnnmanuu. B Xome 3KCIepMMEHTOB OBUIO HCCIIENOBAaHO BIMSHHE TEMIEpaTyphl, AaBICHUS U CTEICHH
MEpPEChHIEHNs] Ha KWHETHKY Mporecca W (YHKIMIO paclpeleleHus] Jucnepcun 1o pasmepam. CyliecTBOBaHHE
CTaUM SIBICHHUS MHOYKECTBEHHOW KOAryJsiLMM C BBICOKOM KOHIEHTpAlUel HYKJIEaTOB B IEPECHILICHHON
Mapora3oBoil cMecH OBIIIO MOATBEPKICHO SKCIHEPHUMEHTAIFHO. A UMEHHO, OBUIO YCTAHOBJIEHO, YTO HPH OOJIBIIOM
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HaYaJbHOM TMIEPECHIIICHUH, KOTJa OONBIIOe KOJIHMYECTBO SMOPHOHOB (MOHOMEpPOB) AMCIEPCHOW (as3pl OBICTPO
oOpasyercsi Ha eIMHUIy Oo0beMa ammapara, BKJIaJ MHOTOYaCTHYHBIX CTOJIKHOBEHHUH BeNUK. [loiydeHHBIE NaHHBIE
MOTYyT OBITh OYEHb BaXKHBI Ui pa3pabOTKH HWHXXEHEPHOrO MeEToJa pacueTa M ONTUMH3ALUH PEKUMOB
arperanydoHHbIX MPOLECCOB IS CO3NaHHUs CTaOMIBHBIX HAHOJIMUCIIEPCHI ¢ OMHOPOIHBIM (PPAKIIOHHBIM COCTAaBOM.

KnloueBble  cioBa:pecyOnuManus,  yiabTpajuclepcus,  HAHOMUCIEPCHHM,  METOX,  HAaHONOPOLIKH,
CBEPXHACHIICHIE, MHOTO9aCTHUIIA.
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