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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
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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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DEVELOPMENT OF COMPOSITE MATERIALS
BY COMBUSTION SYNTHESIS METHOD FOR CATALYTIC
REFORMING OF METHANE TO SYNTHESIS GAS

Abstract. In the modern world, natural gas is the main source for obtaining synthesis-gas from methane.
Production of synthesis-gas is constantly improved, as the demand for this raw material in the petrochemical industry
is growing every year. Also, synthesis gas is used as an environmentally friendly source of heat and energy.
Therefore, finding ways to activate CH, for synthesis of products is an important task of petrochemical industry. La —
Mg — Mn — Ni - Al catalysts were prepared by the self-propagating high-temperature synthesis method, namely its
modern modification - the solution combustion synthesis. The optimum content of metals in the catalyst was
determined by varying the ratio of elements in samples. The conditions for conversion of methane to synthesis-gas
were determined. It was found that the highest results on oxidative conversion to synthesis-gas can be obtained at
900°C and a space velocity of 2500 h™' over 5% La + 10% Mg + 5% Mn + 20% Ni + 10% Al + 50% glycine catalyst.
The catalysts were examined by a complex of physical and chemical methods, as a result of which it was established
that a number of changes occur in the catalyst structure during the testing in a flowing catalytic installation. It has
been shown that simple and mixed oxides, metal aluminates and spinel-type structures, the presence of which
promotes the active work of catalysts for the oxidative conversion of methane, are present in the catalyst. In addition,
elastic carbon nanotubes wrapped in a spiral with diameters of 40 - 50 - 70 nm were detected on the surface.

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

Introduction

Continuous increase in fuel consumption in the energy sector, in various branches of the chemical,
petrochemical industry and transport leads to an increase in the volume of harmful substances entering the
atmosphere. This is becoming more urgent due to the toughening of the requirements to the quality of the
produced base and raw intermediate products of the petrochemical industry [1-4]. Therefore, studies
aimed at developing of various catalysts for the complex treatment of gas emissions of industry, as well as
catalysts that work effectively in the field of synthesis-gas production under more favorable conditions,
are strategically important [5-9].

It is known that the activity of multicomponent catalysts is a complex function of the chemical
composition and parameters of the micro- and macrostructure. Nature of the active centers, dispersion of
the active components, morphology of the surface, presence of microstrains and defects in the structure
are determined by the conditions of synthesis and subsequent heat treatment of the samples. Therefore, an
intensive search of new methods for the preparation of catalysts for production of synthesis-gas has been
carried out recently [10-14].

Solution combustion synthesis (SCS), self-propagating high-temperature synthesis (SHS) and other
methods of preparation, in which the energy of exothermic reactions is used to prepare the active
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components of catalysts, relate to such promising methods [15-19]. The main advantages of these methods
are: low energy costs, short synthesis times, no need for expensive equipment, the possibility of a one-
stage conversion of inorganic materials to final products using chemical reaction energy, an increase in
non-stoichiometric phases of products due to high thermal gradient and rapid cooling rate [20-22].

Experimental

Catalyst preparation

Nitric acid salts of various metals, in particular: lanthanum (III) nitrate, manganese (II) nitrate,
magnesium nitrate, nickel nitrate, aluminum nitrate, and glycine were used to synthesize the desired
catalysts. Preliminary calcination and treatment of salts were not performed. All used salts were weighed
and thoroughly mixed in an agate mortar. Then the mixture of salts was placed in a quartz glass, into
which 10 ml of distilled water, preheated to 80°C, was poured. The glass with the solution was transferred
to the muffle furnace, preheated to 500°C, after complete dissolution of all salts. After 5-8 minutes,
enough heat is generated to ensure the propagation of the combustion front, advancing with high speed
and self-generation of heat. This leads to a sharp increase in temperature. The temperature inside the
reaction front is so high that impurities with a low boiling point is evaporated, facilitating the production
of more pure products. As a result, structures with a high concentration of defects of intermediate and non-
stoichiometric compounds, which are one of the reasons for the high activity of SCS catalysts, are formed.
After cooling, the catalysts were placed in a glass weighing bottles for storage.

Characterization techniques

Studies of the developed catalysts were carried out by various methods: elemental analysis, X-ray
phase analysis (XRD), transmission electron microscopy on an EM-125K device. These analyzes were
performed both before and after the tests of the synthesized catalysts in reactor of the flowing catalytic
unit (FCU-1). Composition of the initial reaction mixture and reaction products was studied on the
"Chromos GC-1000" chromatograph with "Chromos" computer software. XRD analysis was carried out
on a DRON-4-0.7 diffractometer with CoKa radiation in the range of angles 26 = 6 - 100°. Conditions for
conducting of the XRD analysis: initial angle = 6.00; end angle = 100.00; step = 0.020; exposure dose =
0.6; speed = 2 g/min; the maximum number of pulses is 821. Samples were studied by the method of
shooting to lumen in the form of dry suspensions using microdiffraction on the EM-125K transmission
electron microscope.

Catalytic reaction

A series of samples with various components in the La — Mg — Mn — Ni - Al catalyst was prepared by
solution combustion synthesis method. The activity of the developed catalysts in the reaction of oxidative
conversion of methane by oxygen was determined in a flowing catalytic unit FCU-1 at atmospheric
pressure in a quartz reactor at the temperature range from 600 to 900°C. For the studies, a mixture of gases
CH;:0,:Ar=2:1:28,CH;:0,: Ar=34%:17 % : 49 % was used.

Results and discussion

The following optimal conditions: a space velocity (GHSV) 2500 h™ in the 600 - 900°C temperature
range were selected to determine the activity of La — Mg — Mn — Ni - Al catalysts after careful study of the
literature data. In the process of repeatability tests, it was established that the maximum yield of methane
to synthesis-gas is reached at 900°C. Table 1 shows the results of CO and H, yields for each catalyst with
a specific set of metals. It is seen from the Table 1 that 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 %
Al + 50 % glycine catalyst is the most active with CO and H, yield up to 21 % and 65 %, respectively.

Table 1 - Catalysts prepared by SCS method for the oxidation of methane to synthesis gas

No Chemical composition of catalysts, % wt. Yield, %
CO H,

1 5%La+20%Mg+10% Mn+5%Ni+ 10 % Al + 50 % glycine 3 7

2 5%La+10% Mg+20% Mn+ 5 % Ni+ 10 % Al + 50 % glycine 11 44

3 5% La+10% Mg+ 5 % Mn + 20 % Ni+ 10 % Al + 50 % glycine 21 65

4 5%La+10% Mg+ 10 % Mn + 5 % Ni+ 20 % Al + 50 % glycine 10 42

— ] —



Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

Effect of the variation of space velocity on the process indicators was investigated on the most active
5% La+ 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst. The results of the
experiments are shown in Figure 1. As can be seen from Figure 1, the increase in space velocity does not
promote the growth of conversion of methane to synthesis gas. This may be due to the fact that the gas
does not have time to come into contact with catalyst to convert organic molecule to the target products in
the process of increasing the space velocity.

—
(=) (=] (]
] = =]

L " 1

40 1

Comversion of CH4,%

600 650 700 750 800 850 900
Temperature, ©C

GHSV, h'': 1 —2500, 2 — 4500, 3 — 6500.
Figure 1 - Conversion of methane over the 5 % La + 10 % Mg+ 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst at
different space velocities

The following graphs in Figure 2 show that the highest yields of H, (65 %), CO (21 %) with
selectivity for H, (98 %) and CO (63 %) are achieved at a space velocity of 2500 h™'. Optimal yields and
selectivities were recorded in the temperature range 800 - 900°C and pressure 0.39 MPa.

=0 a b
70 1 1
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o 50 1 o
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a—yield: 1 — H,, 2 — CO; b — selectivity: 1 — H,, 2 — CO.
Figure 2 - Effect of the reaction temperature on the yield and selectivity of process over 5 % La + 10 % Mg+ 5 % Mn + 20 % Ni
+ 10 % Al + 50 % glycine catalyst

Figure 3 shows the XRD spectra of 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 %
glycine catalyst. As a result of the obtained data, it was shown that the following phases are present in the
catalysts: Ni (reflexes, A: 2,0335; 1,8955; 1,7612; 1,2604; 1,2455 — ASTM, 4-850); MgO periclase (reflexes,
A: 2,5154 2,415; 1,4855; 1,3656; 1,3304; 1,2150 - ASTM, 4-829); La,NiO, (reflexes, A: 3,787s; 3,1240;
2,901s; 2,72¢6; 2,1871; 2,09¢7; 1,6877; 1,650 — ASTM, 34-314); and Mn;0, (low-intensity reflexes, A:
5,0411; 2,5334; 3,3303 - ASTM, 4-732)




ISSN 2224-5286 Cepus xumuu u mexronoeuu. Ne 6. 2018

i <+ Ni
1400 - s o Mz0
| & LagMNiOy
& © 1200- & Mn304
£1000 "
s 800 M g : o &
" N . = =
:l”:.: a %0 Eﬁ 0;? g+ ? i 0 ° 30
g 600 ST ““ai AL 8 )| > %E iFE
= - s ﬂ q o '.- I, .— E - - .I -
= 4007, W'W‘"“'\' *-’ ! N A i Mﬁm
200 - .
1 ] ] ] | ] | ] ]
O 10 20 30 40 50 60 70 80 o0 100

Figure 3 - XRD spectrum of the 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst

In the course of the study, the transmission electron microscope showed the results for the 5 % La +
10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst before and after investigations on flow
catalytic unit FCU-1. Figure 4a shows the accumulation of large particles isothermal shape with a size of
100 - 500 nm. The microdiffraction pattern is represented by a small set of reflexes, which can be
attributed to MgNiO, (JSPDS, 24-712). Figure 4b shows an aggregate of large semitransparent particles
with a size of 70 - 100 nm or more. However, small amorphous particles with a size of 10 - 15 nm are
visible inside these particles on translucent edges. The microdiffraction pattern is represented by a small
set of reflexes arranged in rings, which can be attributed equally to AlyN;05; (JSPDS, 35-830) or possibly
to LaAIMOlg (JSPDS, 33-699)

a

SO0 HM

Figure 4 - TEM images of the 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst before the tests

Properties of catalysts after testing on the FCU-1 installation were studied repeatedly. The presence of
carbon nanotubes was detected during the transmission electron microscope analysis. Nanotubes are
elastic, often wrapped in a spiral, whose diameters reach 40 - 50 - 70 nm, Figure 5.
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Figure 5 — TEM images of the 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst after tests

Figures 5a and 5b, presented at low magnification, show the accumulation of carbon nanotubes and
dense round-shaped particles with a size of 50 - 70 - 100 nm. The microdiffraction pattern is represented
by a large set of rings and reflexes corresponding to 3-MgAl,O4 (JSPDS, 20-660), it is possible presence
of the La,03 (JSPDS, 24-554) and LaN (JSPDS, 15-892) in mixture. Figure 5b shows a small aggregate of
dense particles 60 - 100 nm in size (there are nanotubes), which can be attributed to LaAl;;0,5 (JSPDS,
33-699).

Figures 5c and 5d show aggregates of various shapes and densities with particle sizes from 10 - 20 to
50 - 100 nm. The diffraction pattern is represented by a large set of rings and reflexes and can be
attributed to phase mixtures of Mg,NiH, (JSPDS, 36-916), NiLa,O4 (JSPDS, 11-557), HNi, (JSPDS, 33-
606), Mg,C; (JSPDS, 1-1138), ALL,O; (JSPDS, 33-699), La,MnAl;;0,9 (JSPDS, 36-1317) and MgO
(periclase) (4-829).

5% La+10% Mg+ 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst was investigated on a
scanning electron microscope; the elemental composition of sample was established during the analysis.
Figure 6 illustrates the results of these analyzes.

— 10 ——
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Figure 6 - SEM images of the 5 % La + 10 % Mg+ 5 % Mn + 20 % Ni + 10 % Al + 50 %
glycine catalyst before the tests

The results of elemental analysis for catalyst at the points indicated in the images correspond to the
experimental data. It was shown that the surface of catalyst is not homogeneous.

Figure 7 shows the results of the sample analysis on a scanning electron microscope after the tests.
According to elemental analysis, only a decrease in oxygen was detected, as well as a lack of nitrogen in
the sample. This is connected, apparently, with the fact that their volatilization from the catalyst occurs at
high temperatures. The percentage of nickel and lanthanum increased, which indicates the compaction of
these components in the mass of catalyst.
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Figure 7 - SEM images of the 5 % La + 10 % Mg+ 5 % Mn + 20 % Ni + 10 % Al + 50 %
glycine catalyst after the tests
Conclusion

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

- 5%La+10%Mg+5% Mn+20 % Ni+ 10 % Al catalyst was the most active for conversion of
methane to synthesis gas from numerous combinations of catalysts with the following set of La — Mg —
Mn — Ni - Al components prepared by solution combustion synthesis;

- space velocity of 2500 h™' at temperature of 900°C are optimal conditions for the active operation
of this catalyst;

- the presence of simple and mixed oxides, metal aluminates and spinel-type structures in the
catalyst, the presence of which promotes their active work in the process of oxidative conversion of
methane, was established by TEM and SEM research. The presence of carbon nanotubes was also
established. Nanotubes are elastic, often wrapped in a spiral with diameters of 40 - 50 - 70 nm.
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METAH/AbI CUHTE3 I'A3FA KATAJIMTUKAJIBIK PUO®OPMUHI'VIEY IE
KAHY 9ICIMEH KOMIIO3UTTI MATEPUAJIZAPJBI KKACAY

Annoranus. Kazipri 3amaHna MeTaHHaH CHHTE3-ra3 alyblH HEri3ri Ke3i TaOuFu ra3 OOJIbI TaObUIAJIBL
MyHali-XUMHsi ©HEPKACIOIHAE CHHTE3-Ta3bl OHJIPY YHEeMi OChl MIMKI3aTKa AEreH KaXKETTUIIKTIH JKbUI CalblH
aprybiHa okenyae. COHBIMEH KaTap, CHHTE3-Ta3 SKOJIOTHSJIBIK Ta3a IKbUTy IKOHE OHEeprusi Ke3i periHze
naiinananeiia pl. COHIOBIKTAH MYHal-XMMHUSI ©HEPKICIOIHIE OpraHMKaNbIK CHHTE3JIH JKapThulail eHIMJEpiH aiy
MaKcaTbhlHa OarbITTaNIFaH )KOHE METaH[Ibl OCJICEHAIPY KOIJapbiH Taby MaHbI3bl MiHAET 00JIbIN TaObuIaAbl. OChIFaH
OaiiaHbICThl JKOFapbITEMIIEpaTypajia O3AIriHeH »aHy CHHTE31 oJicCi, ocipece OHbBIH 3aMaHayH TYpPJCHIIpLIreH
epitiHaige xxaHy ypaici Ooiibiaina La — Mg — Mn — Ni — Al karanuzaTtopiapbl naiiblHIanIbl. 3epTTey METaHHBIH
KOHBEPCHUSICBIHBIH CHHTE3-T'a3fa aifHaIybIHbIH OHTAMJIbI JKaFAaiiaphl XKOHE IEMEHTTEeP/IIH KAThIHACKIH TYPJICHAIDY
HOTH)KECIHJIE KaTaIN3aTOP/bIH KYPaMbIHIIaFbl METAIIAp/AbIH MOJIIIEep] aHbIKTANIbl. MeTaHHbIH CUHTE3-Ta3Fa TOThIFa
aifHamy GapsiceiHaa 5% La + 10% Mg + 5% Mn + 20% Ni + 10% Al + 50% raunuH KaTaau3aTopbIHa TeMIIepaTypa
900°C Gonranma xone 2500 car! KemeMmiK JKBUIIAMIBIKTA AQHAFYPIBIM JKOFapbl HOTWKEJEepAl aimyra OOJIaTBIHBI
aHbIKTaabl. KaranuzaTopiapiasl arbIM/ibl KaTaJIMTHKAJIBIK KOHABIPFaJa 3€PTTEreHHEH COH, (H3HKa-XUMHSIIBIK
ozicTepiMeH 3epTTey OapbhIChIHIA KATaln3aTOpJIapblH KYpPbUIBIMBI ©3repiCKe YINbIPAUTHIHBI KEIISH I aHBIKTAJIJIbI.
3eprrey GaphIChiHIA KAaTaIM3aTOPJIApAbIH KYpaMblHIA METAIT AlFOMUHATTAPbl MEH KYPbUIBIMBI IIIMHHENb TYPIHIET]
KO KOHE apanac OKCUATEPiHIH 0ap OOJybl aHBIKTAIIBIHBII, OJAPIbIH METAHHBIH TOTBIFA aliHaJIybIHA OEJICeH Il acep
ereringiri kepcerinren. CoHbIMEH Kartap, OeTki KabarbiHma muamerpi 40 - 50 - 70 HM-00JaThIH CHHpaIbFa JKHI
OpaJIFaH ULTIM/II KOMIPTEKTI HAHOTYTIKIIEASPIiH TY3UIr€HI aHbIKTaIbI.

Tyiiin ce3aep: MeraH, CyTeK, CHHTE3-Ta3, JKOFaphITeMIIepaTypajia e3/irHeH )KaHy CUHTEe31, epiTiHAiAe KaHy.
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PA3PABOTKA KOMITIO3UTHBIX MATEPUAJIOB METOJ0OM I'OPEHUSA JJISA
KATAJIMTHYECKOI'O PUOOPMHUHI'A METAHA B CUHTE3-T'A3

AHHoTanus. B coBpeMeHHOM MUpe MPUPOIHBIHN ra3 ABISETCS OCHOBHBIM HCTOYHUKOM IOJTYYEeHHUS CHHTE3-Ta3a
n3 MeraHa. [IponW3BOACTBO CHHTE3-Ta3a IIOCTOSHHO COBEPIICHCTBYETCS, TaK KakK CIPOC Ha 3TO CBHIPhE B
HEe(PTEXUMHUIECKON MMPOMBIIIUIEHHOCTH PACTET C KaXIbIM TogoM. Kpome Toro, cHHTE3-ra3 NCHOIb3YeTCsl B Ka4eCTBe
9KOJIOTHYECKH UYHUCTOTO HCTOYHHMKA Terua W SHeprud. llostomy mowmck myrteil akrtuBammm CHy mnst cuHTe3a
MPOAYKTOB SIBISETCS BAKHOW 3ajmadeil He(YTEXUMHUYECKOW NPOMBIIIICHHOCTH. METOIOM CaMOpacipOCTPaHSIO-
IIETOCS BBICOKOTEMIIEPATYpPHOTO CHHTE3a, & UMEHHO COBPEMEHHOW ero MoAuQHKanueil - MpoLeccoM TOpeHHs B
pactBope Obutn TpurotoBieHsl La — Mg — Mn — Ni - Al karanuzaropsl. B pe3ynbraTe BappupoBaHUs] COOTHOILICHHUS
AJIEMEHTOB B 00pa3iax ObUIO yCTAaHOBJICHO ONTHMANBHOE COJCpPKAHME METAJIOB B KaTaJM3aTOPE M OIPEAEICHBI
yCIIOBHsS KOHBEpPCHH MeTaHa B cuHTe3-ra3. Haiinewo, uto npu 900°C u ob6wemHo#i ckopoctn 2500 u' Ha
katanu3arope 5% La + 10% Mg + 5% Mn + 20% Ni + 10% Al + 50% runuH BO3MOXHO HOJydeHHe Haubosiee
BBICOKHX PE3YJIbTATOB MO OKHCIHTEILHOMY IPEBPAICHUIO B CHHTe3-ra3. Karanu3aTopbl ObUIM HCCIEI0BaHbBI
KOMIUIEKCOM (PH3UKO-XMMHUYECKUX METOJIOB, B pPE3yJIbTaTe YEro YCTAaHOBJIEHO, YTO B IIpoIlecce MPOBEICHHS

—— |4 ——
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WCIBITAHUN HAa NMPOTOYHOM KAaTAIUTUYECKOM YCTAHOBKE B CTPYKTYpE KaTalu3aTropa IPOUCXOAMT Psii U3MEHEHHUHU.
[ToxazaHo, 94TO B KaTaIM3aTOPE MPUCYTCTBYIOT MPOCTHIE M CMEITAHHBIE OKCH/BI, ATIOMHUHATHI METAJUIOB M CTPYKTYPHI
LIIMTUHEIBHOTO THUIA, MPHCYTCTBHE KOTOPBHIX CHOCOOCTBYET aKTHBHOW padOTe KaTauu3aToOpOB OKHUCIHTEIBHOTO
mpeBpaimeHust MetaHa. KpoMe Toro, Ha TOBEPXHOCTH OOHAPYKEHBI AMACTHYHBIC, YACTO 3aBEPHYTHIE B CIIUPAIH C
nuamerpamu 40 - 50 - 70 HM yraepoaHbIe HAHOTPYOKH.

KiroueBble c10Ba: MeTaH, BOAOPOJ, CHHTE3-Ta3, CaMOPacIPOCTPAHSIOMINIACS BEICOKOTEMITEPaTyPHBII CHHTE3,
TOpPEHHE B pacTBOpE.
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BIOLOGICAL TREATMENT OF WASTE WATER:
THEORETICAL BACKGROUND AND EXPERIMENTAL RESEARCH

Abstract. Recent years have seen a rising interest in biofilters. This is due to the application of new materials
for particles in the charge and small energy expenditures. Biological purification before other methods has a number
of significant advantages. Microorganisms complete the decomposition of domestic sewage to neutral products (gas
and water), while ensuring the circulation of substances in nature. Thus, biological purification, unlike other
methods, does not extract and does not transfer contamination to other forms, which ensures practically no-waste
production. At the same time, biological methods are less expensive, since, with the exception of capital investments,
they almost do not require operating costs. All methods of biological purification are mainly divided into aerobic and
anaerobic. In aerobic method, microorganisms use dissolved oxygen in waste water, while in anaerobic process,
microorganisms do not have access to oxygen.

The further development of the bio-purification technology will be promoted by the elaboration of effective
methods for simulating the processes in purifying plants.

In the present paper, a model for calculating the bio-purification in a continuous reactor supported by
experiments on a laboratory facility is developed. Below, instead of empirical assumptions about the exponential
dependence of the decrease in the substrate concentration on the distance from the inlet to a reactor with parameters
having no clear physical meaning and determined from experiments, this law is calculated directly with the use of the
kinetics and mass transfer.

Key words: biofilm, water purification, modeling, biofilter.

Introduction

Environmental biotechnology uses microorganisms to improve environmental quality. This
improvement includes preventing the discharge of pollutants into environment and cleaning up the
contaminated mediums.

Nowadays there are sorbents, both natural, and artificial, which allow to clear waters from variety of
pollutants simultaneously, for example from ions of heavy metals and petroleum. Below we explore a
modified sorbent based on the use of one of a sol — gel process [1].

One of them is the biological treatment. Microorganisms capable of water remediation occur in nature
as suspended flocs and attached biofilms. Flocs are formed without a solid substratum, while biofilms
adhere to a solid substratum, i.e. on the surface of minerals.

Biofilms, which are naturally immobilized cells, occur ubiquitously in nature and are increasingly
important in processes used in pollution control, such as trickling filters, rotating biological contactors and
anaerobic filters. On the surface of the granules, microorganisms form a film into which the water-
dissolved contaminants diffuse to serve as substrates for microbial proliferation.

— 16 ——
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A mathematical modelling by a biofilm under steady state conditions is discussed. The nonlinear
differential Equations in biofilm reaction is solved using the Adomian decomposition method [2].

Biofilters are used successfully in cleaning water from various pollutants [3-5].

In works [6-8] some modern methods of sewage treatment are presented. However, in these works,
water purification is not related to the activity of living microorganisms, which is characteristic of
biological water treatment technologies.

The analysis of traditional (nitrification-denitrification) and the latest biotechnology wastewater from
inorganic nitrogen has been done. Current status of the present key technologies of nitrogen removal from
wastewater has been formulated. The main advantages and disadvantages of these biotechnologies are
described in [9].

Biofilm formation and adherence properties of bacterial strains commonly found in wastewater
treatment systems were studied in pure and mixed cultures using a crystal microtiter plate assay. These
results on attachment and biofilm formation can serve as a tool for the design of tailored systems for the
cleaning of municipal and industrial wastewater [10].

The stable effective operation of the biofilter is determined by a number of factors both promoting
reproduction of microorganisms (conditions of the biochemical reaction, transport intensity of impurities
and metabolic products) and inhibiting this process (film erosion by water flow, filling of charge pores,
inhibition of bio-reactions by products of their own vital activity).

The further development of the bio-purification technology will be promoted by the elaboration of
effective methods for simulating the processes in purifying plants.

In the paper, a model for calculating the bio-purification in a continuous reactor supported by
experiments on a laboratory facility is developed. This approach was proposed in describing the processes
proceeding in the biofilm [11].

Figure 1 -Schematical representation of the water purification process:
a) biofilter: I, inflowing water; O, outflowing water; A, air inflow;
b) part near the ring surface: 1) ring; 2) biofilm of thickness Lg; 3) water film of thickness Lj;,. ¢) Laboratory-scale plant

Experimental facility

Below we describe measurements of the efficiency of purification of an artificially prepared water
representing a low-concentration meat broth (the total inlet content of carbon in the aqueous solution was
varied from 5 to 58 mg/1). Experiments were performed on a drop biofilter representing a vertical pipe
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(Fig.1) with a working section length equal to 268 cm. The diameter of the pipe was 15 cm. The charge
grains represented Raschig rings of height 1.67 mm, inner diameter 1.23 c¢cm, and outer diameter 1.47 cm.
Water was supplied to the reactor through a sprinkler in the form of a downflow of drops equidistributed
over the reactor cross-section, and the trickling filtrate was removed upon reaching the bottom hole.
Microorganisms on the particle surface represented mixed cultures.

Samples of water were taken at both the reactor inlet and outlet and also at two other points at a
distance of 78 and 173 cm from the inlet.

The following indices were measured:

1. Total organic carbon. Hard balls of the biofilm carried out by the flow were filtered off from the
samples, and the water was investigated for the total organic carbon with the use of a TOC-analyzer of the
Groeger&Obst company (Germany).

2. Specific mass of the biofilm. At the same sampling points as for the analysis of water, ten rings
were taken out. The weight difference of rings covered with the biofilm and without it gives the mass of
the biofilm. Knowing the surface of the rings and measuring the biofilm density, we determined its total
volume. On the assumption of a uniform distribution of the biofilm over the surface of the rings its
average thickness was calculated.

MODEL OF WATER PURIFICATION IN THE BIOFILTER

Water running down in the biofilter flows over the biofilm surface on particles (Fig. 1a). The flow
rate of water is selected so that it flows around the porous charge grains in the form of film and there is
enough air between grains to provide aerobic microorganisms with oxygen.

1. Through the biofilm-water layer interface transport of the substrate into the biofilm occurs, so that
in the direction of the flow (y’) the substrate concentration in the water decreases:

d
0.5 — . (5,0)-5,0). m
Y

where the value of the substrate concentration on the biofilm surface S, is not known in advance.
2. The distribution of the substrate concentration in the biofilm is described by the equation

o°S, S,
ox’ qK+&

D; X 2)

with the boundary conditions:

oS oS
8_xf= 0 at x =0, and BW(Sl —Sf(Lf)): Dfa—xf at x=L;, S$;(L;(») =S, (»). 3)
The biomass production rate is equal to the death rate of microorganisms taken, as in proportional to

the squared concentration of the active biomass:

S
mK;S&=M7 4)
£
Equations (2) and (4) lead jointly to the relation
2
D d’s, _ g’Y( S, )
Ydx® b (K+S,

3. The biofilm thickness is determined by the equality of the production rate of biomass across the
whole width and the rate of its ablation:

YqL’ S
[ Xdx =1L, (6)
p o K+S;
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In view of (4)—(6) the biofilm thickness is defined as
Y
Ly =—B, (Sl_Sb)’ (7
rp

A major quantity found from the calculation is the quantity of substrate taken up from the water by
the film.

ds
Finding the diffusion flow of the substrate into the film J = Dfd—f from Eq. (5) at the boundary

X z=L¢
conditions (3) and equating it to the substrate flow from the water into the film J =_(S,(»)—S,), we

obtain equations for finding S, .

Analysis of problem (3), (5) shows [12], that two reaction regimes can be distinguished: 1) in a
relatively thick film, substrate consumption occurs not across its whole width, but only in the water-
contacting layer (diffusion regime, unsaturated biofilm); 2) a relatively thin film is saturated with substrate
due to the diffusion and its consumption occurs across its whole width at an approximately equal rate
(kinetic regime, saturated biofilm).

For calculations, the following diffusion kinetic parameters were taken: Dyjq= 0.8 cm?/ day, D¢=0.64
cmz/day, K =0.01 mg/day, g =8days ', Y=0.5b=0.5 cm3/(day/mg), R =7.5cm, R=0.6775 cm,
H=1.67cm, ¢=0.704.

COMPARISON OF CALCULATIONS AND MEASUREMENTS

Calculations were performed with varying rate of substrate flow through the reactor O and substrate
concentration Sjiq(0) in water at the reactor inlet (column at y = 0). Measurements were made at the O
values given in the Tablel.

Table 1 - Various variants of the flow velocity measurements

Variant number 1 2 3 4 5 6 7 8 9
Q, cm/min 328 | 447 | 526 | 532 | 5.82 | 589 | 6.56 | 10.63 | 11.32

The change in Siio(y) along the working channel of the biofilter was measured.

Figure 2 presents the results of the calculations (curves) and the experimental values (dots) for all
variants of the values of substrate flow rates given in table 1. In all cases, there is a fairly good agreement
between the experimental and calculated data.

Stig(2) Stig(7/). Siiq()
0.015F 0.010
0.010p 0.008
0.0051 0.006
n
0.004
0 100 200 70 100 200 Y 0 100 200 7

Figure 2 - Substrate concentration in the liquid Sjq(v) versus the distance y down the bioreactor column
(curves show calculations, dots — experiments): a) relatively low flow rates of the substrate solution;
b) moderate flow rate of the substrate; c) relatively high flow rates of the substrate solution.

The curve number corresponds to the variant number in the table.
Both the experiment and the numerical calculation show that for high flow rates O the efficiency of
water purification, 1i.e., the ratio between the carbon concentrations at the reactor outlet and inlet,
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decreases. This is likely to be due to the reduction of the residence time of the substrate solution in the
reactor in spite of some increase in the mass transfer intensity.

The calculations provide an additional possibility of judging the behavior of other, not measured,
variables defining the process of water purification such as the substrate flow into the biofilm and the
biofilm thickness in each section of the biofilter.

However, comparison between measured and calculated thicknesses of the biofilm (Fig. 3) does not
always give a satisfactory result for several reasons, including the following ones:

1. Modeling of the biofilm as a smooth layer characterized by the thickness alone is obviously
insufficient. Models describing two-dimensional films are rather complicated and are under development
[13].

2. Measurements were taken after about a weak upon variation of the feed rate of the substrate
solution or its concentration. During this time, probably, the microflora concentration and, accordingly,
the substrate flow in the film manage to adjust themselves to the new conditions, and the corresponding
change in the biofilm thickness strongly depends on the erosion intensity and requires much more time.

3. Measurements of the thickness of the biofilm through measurements of the mass or its volume may
not be accurate enough, since they do not take into account the non-uniformity of the film distribution
over the surface of grains.

It is important to know the film thickness, because this characteristic correlates with the substrate
flow into the film. Figure 3 shows the curves reflecting the change in the biofilm thickness along the
working channel of the biofilter. It is seen that the biofilm thickness decreases with decreasing
concentration of the substrate in the liquid flow.

L) 0 o1
-2

0.1 L{y) o4
] -7

0.001

0.0001 s . : . . 0.01 .
0 100 200 Uy 0 100 200 Y

Figure 3 - Comparison of some of the calculated and measured thicknesses of the biofilm L in various sections along
the reactor y and under various flow conditions: 1, 2, 3, 4, 5, 6, 7) variant number. y, Ly, cm

The decrease in Ly with y happens due to the decrease in the substrate concentration in water. On the
other hand, a decrease in Ls leads to a decrease in the working volume of the biofilm, which in turn
decreases the intensity of water purification.

Conclusions

The developed theoretical model of water bio-purification in the biofilter agrees well with the
experimental data obtained on a laboratory bio-column. The agreement between calculations and
measurements of the decrease in the substrate concentration down the column is much better than the
corresponding comparison for the film thickness.
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AKABA CYJIAP/IbI BHOJIOT USJIBIK OHJIEY:
TEOPHMSIJIBIK HET'I3/IEPI )KOHE DKCIMEPMUEHTTIK 3EPTTEYJIEP.

AHHoTanusi. Bys ®KyMbICTa aFbIHABI peaKTop/a OUOJNOTHSIIBIK Ta3apTyAbl €CENTey YIIIH TEOPHSUIBIK MOJEIb
YCBIHBUTFaH. MOJIENb Cy arbIHBIH/IAFbl KOHTAMUHAHTTAP/IbIH KOMIPCYTEKTEpPl CyOCTpaT peTiHAe KhI3MET aTKapaThIH,
OMOIJICHKAHBIH TY3UIyiH ecerke aixyFa HerizjenreH. Ecenrteysep TazapTy mpolieci Ke3iHJe OMOIUIeHKAHbBIH ©CYiH
KaMTaMachl3 €TCTiH, Pammr cakdHajJapbIMEH TOJTHIPBUIFAH 3CPTXAHAIBIK TYTIKTI pPeakTopaa Kypri3iireH
IKCIIEPUMEHTTEPMEH KaCaNIbl.

AFBIHMCH IIBIFAPBUIFaH, OWOIUICHKAHBIH KATThI OOJIIIEKTEpi YJITUIepIeH CY3UIi, *OHE Cy ChlHAMa ayra
apHaJiFaH TepT HykTelneH anbinbin, Groeger & Obst (I'epmanums) dupmacsiabiy TOC-aHamM3aTOpbIH KOJIJIAHBIIL,
JKaJITIbl OPraHUKAJIBIK KOMIPTETIHIH KYpaMbIHa 3€PTTEIII.

BuorieHKaHbIH MEHIIKTI calMarbl aHBIKTAIIbL. J[o7 COJl Cy ChIHAMACHI AlIBIHATHIH HYKTENIEPJCH OH CaKHHA
KANTBIN aNbIHABL. BHOIUIEHKaMeH jKaOblIFaH CAaKUHATAP/IbIH CAIMAFbIHBIH allbIPMAIIbLIBIFGI, ONOTIIEHKAHBIH CaliMa-
FiH Oepeni. CakWHAHBIH OCTiH OUTIN JKOHE OMOTUICHKAHBIH THIFBI3ABIFBIH OIIIICH OTHIPHII, 013 OHBIH KBl KOJIEMIH
aHBIKTaAbIK. CakuHaIapAblH OeTiHAe OWOIUICHKAHBIH OipKeNKi eKeHIITiH eCKepil, OHBIH OpTalla KaJBIHIBIFBI
eCerTeni.
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BUOJIOI'NYECKASA OBPABOTKA CTOYHbBIX BOJ:
TEOPETHYECKASA OCHOBA U OKCHEPUMEHTAJIBHBIE NCCJIEJOBAHUA

Annoranusi. B nanHoii pabore npeioxkeHa TeopeTHYecKasi MOJEINb JUIsl pacueTa OMOOYUCTKU B MIPOTOYHOM
peakrope. Mozenp OCHOBBbIBaeTCsl Ha pacuyére oOpa3oBaHHs OHWOIUIEHKH, CyOCTpaTOoM Majisi KOTOPOH ciiyxar
YIJIEBOJIOPO/BI KOHTAMHHAHTOB B ITOTOKE BOJBL Pacy€Tel CONMPOBOXKIAIMCH IKCIIEPUMEHTaMH Ha J1a00paTOPHOM
TpyO4aTOM peaxTope, 3alI0JIHEHHOM KoJlbllaMy Paminra, Ha KOTOPBIX B ITPOLIECCE OYHCTKH HapacTalia OMOIIIEHKa.

TBepable yacTUUKK OMOIUICHKH, BEIHECEHHBIE TOTOKOM, OT(QHIBTPOBBIBAINCE M3 00pa3loB, H BOAA B YETHIPEX
TOYKax oTOOpa mpob MccienoBaiach Ha CoAepikKaHHe OOIIETO OPraHWYeCKOTo yriepona ¢ ucmois3oBanueM TOC-
ananmzatopa pupmel Groeger & Obst (I'epmanms).

Omnpenensiack  ynenbHas Macca OWOIUIEHKH. B Tex jke Toukax oTOopa mpod, 9To M UL aHaIM3a BOJEIL,
M3BIMANIOCh 110 JlecATh Kojel. Pa3Huila B Bece KoJjel, MOKPHITHIX OHOIUIEHKOH M 0e3 Hee JaeT MacCy OHOIUICHKH.
3Has MOBEPXHOCTh KOJIEI U U3MEPSISI TUIOTHOCTh OMOTIEHKH, MBI ONIPEISIIUIIN e 00muii o0beM. B mpenmonoxennn
PaBHOMEPHOT'O PACIIPEAEICHNs OMOIUIEHKH Ha IOBEPXHOCTU KoJIel] Oblla paccunTaHa €€ CpeHss TONIINHA.

Pa3paboranHass Teopernueckas MoOJeNb OWOOYMCTKH BOJABI B OMOQHIBTPE XOpOIIO COINACyeTcsi C
9KCIIEPUMEHTAILHBIMU JIaHHBIMH, MOJYY€HHBIMU Ha J1abopaTopHol OmokosionHe. Coriacue MeXIy pacueTamu U
W3MEPEHUSIMH T1aJIeHUsI KOHLEHTPALUK cyOcTpara BIOJIb KOJIOHHBl HAMHOTO JIy4Ile, YeM IPU COOTBETCTBYIOLIEM
CPaBHEHHUH TOJIIMHBI TICHKH.
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RISK ASSESSMENT OF LEAD IN MILK AND DAIRY PRODUCTS

Abstract. In the present study, a quantitative dietary exposure assessment of lead was conducted using the
contamination data of milk and dairy products. Milk and dairy products (n = 120) were analyzed for the presence of
toxic elements, such as lead. Milk and dairy products were collected in markets and supermarkets of Shymkent, in
accordance to structured sampling plan and analyzed, during the period from January 2016 till October 2017. The
usual intake of these food groups was estimated from the results of a social survey of consumption of dairy products.
According to a probabilistic exposure analysis, the mean (and P95) lead for milk and dairy products was 0.00138
(0.00318, P95) mg kg body weight day™. These values were below the tolerable daily intake (TDI) levels for lead
(0.007 mg kg™' body weight day™). The absolute level exceeding the TDI for milk and dairy products was calculated,
and recorded 0.1% of population.

Key words: risk, lead, hazard, milk, dairy products, heavy metals.

Introduction

Exposure to toxic elements (“heavy metals”) causes health problems such as toxicity of the liver,
kidneys, hematopoietic system, and nervous system. Metals differ from other pollutants in that they are
neither created nor destroyed and occur naturally in the environment. Anthropogenic activity largely
contributes to human exposure because metals are bioconcentrated from the environment, people are
exposed to toxic elements through a variety of routes, such as second hand exposure to pollution in the
workplace, everyday household products [1-3].

Lead is one of the most common and hazardous toxicants. Lead is used in production of batteries,
ammunition, metal products (solder and pipes), alloys, pigments and compounds, cable sheathing, and
devices to shield X-rays. The risk of lead for a person is determined by its significant toxicity and ability
to accumulate in the body. Most of the lead comes from food products (from 40 to 70% in different
countries and in different age groups), and also with drinking water, atmospheric air, smoking, with
accidental ingestion of lead-containing paint or lead-contaminated soil into the esophagus. With
atmospheric air, small amount of lead is supplied 1-2%, but most of this lead is absorbed in the human
body. The highest levels of lead are observed in canned foods in tin cans, fresh and frozen fish, wheat
bran, gelatin, mollusks and crustaceans. A high content of lead is observed in root crops and other plant
products grown on lands near industrial areas and along roads [4-6].

For all food products, the maximum permissible levels of heavy metals are established. The relevant
authorities monitor compliance with standards. The presence of each metal in food is controlled by
methods of chemical analysis, and in the human body by norms of maximum permissible concentrations

[7].
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The maximum permissible concentration of lead in tap water is 0.03 mg kg'. The total content of lead
in the human body is 120 mg. TDI - 0.007 mg kg™ body weight [4,5].

In an adult human body, an average of 10% of lead is absorbed, in children 30-40%, 90% of lead is
excreted with physiological fluids, the biological half-life is 20 days in blood, and 20 years in bone [3-8].

The mechanism of lead toxic effect is determined in two main directions: 1) blockade of functional
sulfhydryl groups of proteins, that leads to inhibition of many vital enzymes; 2) penetration of lead into
nerve and muscle cells, formation of lead lactate by interaction with lactic acid, then the formation of lead
phosphate, which creates a barrier to the penetration of nerve and muscle cells of calcium ions, and -as
result - development of paralysis. Thus, main targets under the influence of lead are hematopoietic,
nervous, food systems and kidneys. It noted its effect on sexual function of the body [4, 9-13].

The individual susceptibility to lead poisoning varies widely, and same doses of lead may have
greater or lesser effect for different people. Characteristic symptoms of poisoning are pallor of face, loss
of attention, poor sleep, tendency to frequent mood changes, increased irritability, aggressiveness, fatigue,
and metallic taste in the mouth.

Measures to prevent lead food contamination include departmental and state control of emissions,
control over the use of tinned, glazed, ceramic food utensils.

The most consumed group of food products (on average per capita) in Kazakhstan households is milk
and dairy products (Statistics Committee of the Ministry of National Economy of the Republic of
Kazakhstan).

People of Kazakhstan on average consume 290 kg of dairy products per year per person [14].

The aim of the work is to determine the content of lead in milk and dairy products and the potential
risk to the health of population of the South Kazakhstan Region (SKR).

Objects and methods of research

As objects of research, dairy products, sold in markets and supermarkets of Shymkent (SKR), were
chosen. In the city, a large part of population satisfies the needs for food products at expense of local and
own products.

Sampling and sample preparation were carried out in accordance with the regulatory documentation
for each type of product. The lead content in dairy products was evaluated on an inductively coupled
plasma mass spectrometer (ICP-MS) device in accordance with ST RK ISO 17294-06 [15].

A total of 120 milk and dairy products samples were selected and analyzed.

The research was carried out in the laboratories of the "Food Engineering" department and in testing
regional laboratory of engineering profile "Structural and Biochemical Materials" at M. Auezov SKSU.

A social survey (interview) of the population of Shymkent on consumption of milk and dairy products
was conducted. The age of population that participated in survey was 12 years and older.

The usual food intake was expressed as mg kg bw day™” using self-reported body weight (bw) data
collected during survey.

Three different scenarios were included for the lead dietary exposure assessment in relation to the
data treatment of the non-detects (< LOD): lower, medium and upper bound.

Non-detects were considered as zero, 1/2 LOD and LOD for lower, medium and upper bound,
respectively.

Calculations of probabilistic exposure assessment were executed using the software @Risk for
Microsoft Excel version 7 (Palisade Corporation, USA). Best fit was based on chi-square statistics. The
probability/probability plots (P/P) and the quantile/quantile plots (Q/Q), resulting from the cumulative
distributions, were a parameter if the cumulative distributions corresponded to the theoretical cumulative
distributions. First order Monte Carlo simulations were performed considering 10000 iterations. The
estimated intake of lead (mean, maximum and percentiles) was determined. Output of exposure was
compared to lead TDI [16,17].

Results and discussion

The results of lead content in dairy products produced in SKR are presented in table 1.

The calculation of food contaminants daily load on population was carried out on basis of data from
the social survey on volume of consumption of foodstuffs with rations.

—— 4 ——
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The results of the research establish that not all dairy products contain lead.

Based on data of the social survey of Shymkent population (280 people), lead intake with food
products was established. Contribution of milk origin products to the total value of the population
exposure is determined.

Table 1 - Calculations of concentration of Pb in products (mg kg™) and consumption product (kg day™ bw™)

Concentration Pb in Consumption milk and dairy products, g day™ Consumption milk and dairy products, kg
products, mg kg™ (bw, kg) day™' bw
0.03 450 (52) 0.0086
0.02 300 (49) 0.0061
0.01 200 (67) 0.0029
0.02 350 (55) 0.0060
0.3 250 (50) 0.005
0.01 220 (55) 0.004
0.03 200 (58) 0.0034
0.02 180 (65) 0.0027
0.01 100 (55) 0.0018

Recently, studies have reported the concentrations of heavy metals, including Pb, in various milk
samples, the results of which showed that the content of heavy metals did not exceed the maximum
allowable concentrations specified in the technical regulations [18]. The presence of Pb through plants in
milk can arise from environmental sources (region, climate, and soil composition) and anthropogenic
sources (by fertilizers and chemical protection of plants) toxic metals come from soil, water. [19]. Since
pollutants are able to disperse via air, surface water, and groundwater, heavy metal contamination can be a
serious problem in crop production [20].

The overall results of Pb exposure are shown in Tables 2 and 3 (probabilistic).

Since the mean, the 95 percentiles as the maximum exposure are above the TDI value, there is a small
risk for the population.

In probabilistic analysis every possible value that each variable can have. The mean of each possible
scenario is taken into consideration, therefore allowing a more accurate lead intake estimation. Best fit
distributions were formed for lead concentrations in milk and dairy products and all consumption data.

The best fit distributions determined for the upper bound scenario of lead concentrations in products,
further applied for the probabilistic calculations are listed in Table 2.

Table 2 - Cumulative distribution of the risk analysis of exposure to Pb

Probabilistic

0.003649
Distribution consumption Risk Invgauss (0.003401;0.00688;Risk Shift(0.0001998)

Fraction of consumption 0.058

R and between 1

Distribution Total
population 0.002715

Table 3 represent the probabilistic estimates of lead intake (mean, standard deviation, maximum,
percentiles) (mg kg bw day™) by population for the upper bound (worst case scenario) of dairy products.

Table 3 showed for lead that 0.1% of population SKR exceeds the TDI of 0.007 mg kg bw day™,
potentially indicating that the concentrations found in the analyzed foods cause on daily scale exposure on
the health population.
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Table 3 - Predictive analysis of Pb estimate for consumption of milk products
(mean, percentiles, mgkg 'bwd™) by the population of Shymkent.

All Intake (for consumer)
Min 0.000197
SD 0.00092
Mean 0.00138
Max 0.00993
Med (P50) 0.00112
P90 0.00253
P95 0.00318
P99 0.00475
P(X<TDI) 99.9%
Fraction population exceeding 0.1%

The interpretations of risk analysis results are shown in figures 1. The 0.1 % of the population is
exposed to concentration of Pb that is above the MPL value of 0.1 mg kg™: there is possible hazard for the
population.
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Figure 1 - Predictive risk of consumption of milk and dairy products contaminated by lead (mg kg™! bw day™)

The obtained results show that 0.1% of the population is exposed to possible risk at consumption of
milk and dairy products contaminated by Pb.

Conclusion

Thus, levels of lead in milk and dairy products are established, risks of adverse effects of controlled
lead coming from finished products produced in SKR are calculated, need to conduct constant monitoring
of food safety is confirmed. According to probabilistic impact analysis, the mean (and P95) lead intake for
dairy products was 0.00138 (0.00318, P95) mg kg' body weight day'. These values were below
permissible level of daily intake (TDI) for lead (0.007 mg kg™ body weight day™). To reduce the risk of
population's morbidity by toxic elements like lead, it is necessary to carefully control emissions of
industrial enterprises into the atmosphere, soil, water and avoid pastures for animals near industrial centers
and major highways.
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I'.3. OpbimbeToBa, D. Conficoni, M.K. KacsimoBa,
3.1. KoG:xkacapoBa, 3.M. OpsimbeTtoB, I'.JI. llam0ynoBa

1.3 ’4M.8ye303 ateiaaarel OHTycTiK-Kazakcran Memutekertik YHuBepeuteri, IIsimkenT, Kazakcran;
[Manosa Yuusepcureri, Utanus;
5 Onrycrik Kazakcran menuiaa akagemusicsl, [lpiMkent, Kazakcran;
8 Anmatbl TeXHOTOTHSIBIK Yuusepcureri, Anmarsl, Kazakcran

CYT /K9HE CYT OHIMJIEPIHJIE KOPFACBIH TOYEKEJIIH BAFAJIAY

AnHOTanmsi. 3epTTey OapbIChIHIA CYT JKOHE CYT OHIMJAEpIHIH JIaCTaHybl Typajbl MaJiMETTepsi IakjganaHa
OTEHIPHIII, a3BIK-TYJIIK OHIMIEpiHAe CaHABIK Oaranay >xypri3inai. Cyt xkone cyT eHimMaepi (n = 120) KoprackH Topi3ai
27
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yIIbl 3JEMEHTTEePAIH Ooiybl yuriH TangaHabl. [IIBIMKEHTTIH HAapBIKTapbIHIA JKOHE HAPBIKTAPBIHIA KYPBUIBIMIIBIK
ipiKTey JKochmapblHa JKoHE TajaaybiHa coiikec 2016 >xpurasiy KaHTapeiHaH 2017 KBUINBIH Ka3aHbIHA AEHIH CYT JKOHE
cyT eHimzepi xkuHAIABL. OCHI a3bIK-TYNIK TONTAPBIHBIH ONETTETi TYTHIHYBI CYT OHIMIEpPIH TYTHIHYIBI OJICYMETTIK
cayaJlHaMa HOTIDKelnepi OoiibiHIIa Oarananabl. blapipay bIKTUMaIbl TajalayblHA COHKEC CYT OHIMJIEpiHEe apHaJIFaH
opra (xoHe P95) kopraceiH TyThiHYy ToyhiriHe 0,00138 (0,00318, P95) mr / kr neHe canmarbinblH 1 Oonran. by
MOHJEp KOpPFAaChlH YIIIH TOYJIKTIK KaObUimayAblH (pykcar eriireH KyHzaemikti TyTeiny-PKT) pykcar erinren
nerreitinen Temen (0,007 mr/kr”' meme canmarbiabiH KyHine'). CyT xoHe cyT emimzepi yuiin PKT-man sorapb
OonaThIH a0CONIOTTI IeHrel ecenTeni »aHe XanblKThiH 0,1% Kypansl.
Tyiiin ce3mep: Toyeken, KOPFachlH, Kayil, CYT, CYT OHIMIEPI, ayblp METaaap.

I'.9. OpbimbeToBa', D. Conficoni’, M.K. Kacbimosa®,
3.1. KoG:xacaposa®, 3.M. Opbiméeros®, I'.Jl. IllamGy.108a®

13105k m0-Kazaxcranckuii [ocynaperennblii YauBepcuteT nM. M.Ayasosa, Illsivkent, Kazaxcran;
ZYHI/IBepCI/ITeT Ilamoma, Utamus;
SFOxuo0-Kazaxcranckas Mequuuuckas akanemus, [lIbiMkenT, Kasaxcram;
® AJIMATHHCKHM TEXHOIOrHYECKHIA yHHBepcHUTeT, Anmatel, Kazaxcran

OIIEHKA PUCKA CBUHIIA B MOJIOKE 1 MOJIOYHOM NTPOJIYKIINN

AnHoTtanusi. B Hacrosmem mccienoBaHuy OblIa MpOBe/ieHa KOJMUECTBEHHAS OLEHKA COJEp)KaHMs CBUHLA B
IUIIEBBIX IMPOAYKTAaX C KCHOJB30BAaHUEM JAHHBIX O KOHTAaMUHAIMM MOJIOKA M MOJIOYHBIX IIPOXYKTOB. bbuin
MIPOaHATN3UPOBAHEI MOJIOKO M MOJIOYHBIE IPOXyKTHI (n = 120) Ha HamTMYMe TOKCHYHBIX 3JIEMEHTOB, Kak CBHHeEI. Ha
pBIHKaX 1 MapkeTax r.l1IIpIMKeHTa B COOTBETCTBHHU CO CTPYKTYPHPOBAHHBIM ITAHOM BBIOOPKH M aHAIM30M B MIEPHOT
¢ staBaps 2016 roga mo okta0ps 2017 roma 6pUIH cOOpPaHBI MOJIOKO M MOJIOUHBIE TIPOAYKTHL. OOBIYHOE TTOTpeOIeHne
3THX MHIIEBBIX TPYII OLEHUBAJIOCH MO PE3yJIbTaTaM COLHAIBFHOIO ONpoca MOTPeOIeHNsT MOJOYHBIX MPOIyKTOB. B
COOTBETCTBUU C BEPOSITHOCTHBIM aHAJIM30M BO3JEHCTBUs, cpeaHee (u P95) morpebnenne cBUHIA AJIST MOJOYHBIX
npoxykToB coctapisuio 0,00138 (0,00318, P95) mr kr' maccel Tena B JeHb'. DTH 3HAUCHWS ObLIM HIDKE
JOIyCTAMOTO ypoBHs cytouHoro motpednenus (JACH) mis ceunna (0,007 mr kr”' Maccel Tema B ueHb'l). beun
paccunTaH abCOJIIOTHBIA ypoBeHb, npebimatoninid JIC/] st Monoka ¥ MOJIOYHBIX MPOAyKToB, u coctaBui 0,1%
HaceJIeHHSI.

Ki1roueBble cj10Ba: pUCK, CBUHEII, ONACHOCTh, MOJIOKO, MOJIOYHBIE ITPOIYKTHI, TSXKEIIbIE METaIIIbI.
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POLYMER-PALLADIUM CATALYSTS ON MAGNETIC SUPPORT
FOR HYDROGENATION OF PHENYLACETHYLENE

Abstract. Pd-polymer catalysts on magnetic support (MS) have been successfully prepared by adsorption
method. The magnetic support was synthesized by co-precipitation of iron chlorides (Fe® *:Fe? * = 2:1) with sodium
hydroxide. A series of colloidal palladium solutions was prepared by reduction of K,PdCl, with sodium borohydride
in the presence of polyacrylamide (PAM) and polyacrylic acid (PAA) with a different mole ratios of palladium to
polymer (Pd:PAA = 1:5; Pd:PAM = 1:5; Pd:PAM = 1:10 and Pd:PAM = 1:15).

The initial components and catalysts were characterized by physicochemical methods. XRD measurement was
used to identify the crystalline structure of the magnetic material. The results based on the crystal planes showed that
the synthesized sample corresponds to maghemite with a spinal structure and an average particle size of 8.5 nm. The
disappearance of the absorption band of PdCL* ions at 425 nm indicated a complete reduction of palladium.
According to elemental analysis, the content of palladium in the catalysts was 1wt.% of the sum of all components
which was close to the calculated data. This result indicated the quantitative fixation of polymer-protected palladium
particles to a magnetic support.

The developed catalysts showed rather high activity and selectivity in the hydrogenation of phenylacetylene to
styrene (We=c = 0.73-1.36% 10 mol/s, Sy = 80.9-89.2%). The PAM-stabilized catalysts were characterized by higher
rate and yield of styrene to compare to the Pd-PAA/MS catalyst. The increase of the polymer content in the catalysts
affects insignificantly the catalytic properties of the Pd-PAM/MS.

Keywords. Palladium, polymer, magnetic catalyst, hydrogenation, phenylacetylene.

Introduction

Recently, the interest of researchers of various fields of science and technology is focused on
magnetic nanoparticles due to their unique properties as superparamagnetism, high coercivity,
biocompatibility [1-3]. One of the promising areas of application of magnetic nanoparticles is design of
catalysts. The uses of such nanoparticles as a support provides high effectiveness of disperse catalytic
systems and the easiness of their separation from the reaction medium by magnetic field [4-5]. Platinum
[6-8], palladium [9-11] and ruthenium [12, 13] are the most often used active phase of such type of
catalysts.

Palladium magnetic catalysts exhibit high activity in cross-coupling reactions [14, 15] and
hydrogenation of various classes of organic compounds [16-18]. However, despite a large number of
methods for preparation of catalysts with magnetic properties [19-21], there are only few publications on
optimization of their synthesis. The purpose of this work therefore is to develop palladium catalysts with
magnetic properties, as well as to study the effects of the polymer-stabilizer nature and the ratio of Pd to
polymer on catalytic properties of synthesized Pd-polymer/MS composites in the hydrogenation of
phenylacetylene as model unsaturated hydrocarbon.
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Experimental part

Reagents and materials

Phenylacetylene (98%, Aldrich) was purified by distillation, a purity was checked
chromatographically. Ethanol (pure grade), PdCl, (59-60% Pd, Aldrich), KCI (pure grade), FeCl,-4H,0O
(pure grade), FeCl;-6H,O (pure grade), NaBH4 (96%, Aldrich), NaOH (pure grade), polyacrylamide
(PAM, M,, = 1000000) and polyacrylic acid (PAA, M, = 1250000, Aldrich) were used without additional
purification.

Synthesis of magnetic support (MS)

The iron salts (FeCl3-6H,0 -21.6 g and FeCl,-4H,0 - 8.0 g) were dissolved in 200 mL of pre-boiled
distilled water at room temperature, and placed to a thermostated round-bottom flask with three outlets
and heated to 40°C. Then 100 mL of 3.2 M sodium hydroxide solution was added to the flask, stirred by
bubbling nitrogen during 1 hour and then cooled to room temperature. The resulting black precipitate was
separated from the supernatant by magnetic separation and washed several times with D.I. water and
stored in ethanol.

The crystallinity of the prepared magnetite sample was studied by X-ray diffractometer DRON 3 with
cobalt Ka radiation (A = 0.179 nm).

Synthesis of polymer-protected Pd nanoparticles

Freshly prepared aqueous solution of NaBH, (10 mL of 0.05 mmol, 1.9 mg) was rapidly added to 90
mL of an aqueous mixture of K,PdCl, (0.1 mmol, 10.6 mgPd) and a polymer (0.5-1.5 mmol, 36.0-108.5
mg) under vigorous magnetic stirring. The amount of polymer was taken based on the calculation for
preparing polymer-protected palladium nanoparticles with a molar ratios of Pd:polymer = 1: 5; 1:10 and
1:15.

The degree of palladium reduction was evaluated spectrophotometerically (SF-2000, Russia) by
disappearance of the absorption band of palladium ions at 425 nm

Catalysts preparation

Pd colloidal solutions and a magnetic support amounts were taken from the calculation for obtaining
1% Pd catalysts. Palladium fixation to the magnetic support was assessed visually by brightening the
mother liquor. The content of palladium in the catalysts was determined on a X-ArtM COMITA X-ray
fluorescence spectrometer.

The prepared colloidal palladium solution (100 mL of 1x10° mol/L) was poured into 35 mL of
ethanol suspension of the magnetic material (29 mg/mL). The mixture was stirred with a shaker for 30
minutes. The resulting catalyst was separated from the mother liquor by magnetic separation, washed with
D.I. water and dried in the air.

Hydrogenation process

Hydrogenation of phenylacetylene (0.25 mL) was carried out in a thermostated glass reactor at 40 ° C
and atmospheric hydrogen pressure in ethanol (25 mL) [22]. The catalyst amount was 0.02 g. The reaction
rate was calculated based on the change in volume of uptaken hydrogen per second.

The reaction products were analyzed by gas chromatography on a Chromos GC-1000 chromatograph
(Chromos, Russia) with the a flame ionization detector in the isothermal regime using a BP21 (FFAP)
capillary column with a polar phase (PEG modified with nitroterephthalate) 50 m in length and 0.32 mm
in inside diameter. The column temperature was 90°C, and the injector temperature was 200°C; helium
served as the carrier gas; the injected sample volume was 0.2 pL. The selectivity of the catalyst was
evaluated as the ratio of the targeting product to the sum of all reaction products at a fixed conversion.

Results and discussion

Analysis of initial components and catalysts

Figure 1 shown XRD patterns of the synthesized magnetic sample. Seven characteristic peaks at 20
21.564°, 35.297°, 41.629°, 50.600°, 63.595°, 67.540° and 74.556° were corresponding to the (111), (220),
(311), (400), (422), (511) and (440) crystal planes of a maghemite with a spinal structure [23]. The
average crystallite size calculated using the Debye-Scherrer equation was about 8.5 nm.
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Figure 1 - X-ray diffraction pattern of the synthesized magnetic sample

According to spectrophotometric data, the addition of a reducing agent to a solution of palladium salt
and a polymer leads to completely reduction of the metal ions at a ratio of Pd:NaBH, = 2:1. The
disappearance of the absorption band of PdC1,* ions at 425 nm in the spectrum of the reduced sample has
confirmed the transition of Pd*" to the zerovalent state (Figure 2).
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Figure 2 - The absorption spectrum of the palladium salt solution before (curve /) and after (curve 2) metal reduction

The catalysts were prepared by adsorption of polymer-protected palladium particles onto the
synthesized magnetic material. Clarity of the mother liquor after magnetic separation indicated the
quantitative fixation of the metal-macromolecule active phase to the support (Figure 3). The active phase
was probably fixed to support due to reducing the surface energy of the magnetic nanoparticles.
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a) b)

Figure 3 — Photos of the Pd-PAM(1:15) and MS mixture before (a) and after (b) magnetic separation

The complete Pd adsorption of on the magnetic sample was also confirmed by the results of the
elemental analysis of the Pd-PAM(1:15)/MS catalyst (Table 1) in which the metal content was close to the
calculated data and was 1wt.% of the sum of all components.

Table 1 — Elemental analysis data of the Pd-PAM(1:15)/MS catalyst

Element concentration, wt. %
(0] Cl Fe Pd
29.00 0.77 68.50 1.00

Catalytic properties of Pd-polymer/MS in phenylacetylene hydrogenation

Hydrogenation of phenylacetylene on 1% Pd-PAA(1:5)/MS in the first 70 minutes proceeds at a
constant rate (0.7x10°° mol/s) which in ~70 minutes insignificantly increased. The sharp slowing of the
reaction begins at the 90" minute (Figure 4, curve /). The activity of 1% Pd-PAM(1:5)/MS catalyst is 1.3-
1.7 times higher than that of the catalyst stabilized with polyacrylic acid, however, the kinetic curve form
was similar (Figure 4, curve 2).

1.2
1.1

1
09
08 1
07
086
05
04
03
02
01

Rate of reaction, Wx10-¢ mol/s

ol 10 20 30 40 50 60 70 80 90 100 110120 130

Time, min

Figure 4 - Changes in the rate of phenylacetylene hydrogenation in the presence of (/) Pd-PAA(1:5)/MS and (2) Pd-
PAM(1:5)/MS. Conditions: catalyst sample weight, 0.02 g; temperature, 40°C; H, pressure, 0.1 MPa; solvent, ethanol (25 mL);
and initial phenylacetylene amount, 0.25 mL.

According to chromatographic analysis, a rapid increase in the styrene content occurred on Pd-
PAA(1:5)/MS in the initial period of time. Then its amount decreased due to its reduction to ethylbenzene
(Figure 5a). Similar changing the composition of the reaction products was observed during hydrogenation

— 3 ——
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of phenylacetylene on Pd-PAM(1:5)/MS (Figure 5b). The maximum styrene content reached at 70"
minute (78.1%) and at 45™ minute (81.0%) on PAA- and PAM-stabilized catalysts, correspondingly.
These time values coincide with the time of increase in the reaction rates on these catalysts (Figure 4,

curves / and 2)
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Figure 5 - Changes in the composition of reaction mixtures during of phenylacetylene hydrogenation on (a) Pd-PAA(1:5)/MS and
(b) Pd-PAM(1:5)/MS: (1) phenylacetylene, (2) styrene, and (3) ethylbenzene. Conditions: catalyst sample weight, 0.02 g;
temperature, 40°C; H, pressure, 0.1 MPa; solvent, ethanol (25 mL); and initial phenylacetylene amount, 0.25 mL.

The lower activity and selectivity of Pd-PAA(1:5)/MS (80.9%) compared with Pd-PAM(1:5)/MS
catalyst (88.0%) (Table 2) was probably due to the stronger interaction of PAA with catalyst components
[24], and, as a consequence, more difficult access of the substrate to palladium active centers.

Table 2 - Results of the hydrogenation of phenylacetylene (0.25 mL)
on Pd-polymer/MS catalysts (0.02 g) in ethanol (25 mL) at 40°C and 0.1 MPa

Catalyst Wx10°, mol/s Selectivity for styrene, Conversion, %
C=C Cc=C %
Pd-PAA(1:5)/MS 0.73 0.82 80.9 96.5
Pd-PAM(1:5)/MS 1.18 1.08 88.0 92.0

The catalyst was easily separated from the reaction medium by magnetic field (Figure 6) at the end of
the process indicating the prospect for development of such type of new nanosized magnetic materials for

catalysis.

Figure 6 — Images of reaction mixture before (a) and after (b) magnetic separation of Pd-PAM/MS catalyst
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The next step of study demonstrated the effect of the ratio of active phase components (Pd:PAM =
1:5, 1:10 and 1:15) on the catalytic properties of Pd-PAM/MS. It was found that the reaction rate
increased with increasing polymer content in the catalysts. The highest rate (1.36x10° mol/s) of
phenylacetylene hydrogenation showed the catalyst with the ratio of Pd:PAM=1:15 (Figure 7).
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Figure 7 - Changes in the rate of phenylacetylene hydrogenation in the presence of Pd-PAM/MS catalysts: (1) Pd:PAM = 1:5; (2)
Pd:PAM = 1:10 and (3) Pd:PAM = 1:15. Conditions: catalyst sample weight, 0.02 g; temperature, 40°C; H, pressure, 0.1 MPa;
solvent, ethanol (25 mL); and initial phenylacetylene amount, 0.25 mL.

The selectivity for styrene on all studied Pd-PAM/MS catalysts was close to 88-89% at the substrate
conversion of 92%. Thus, it has been shown that the activity of the catalysts increases with increasing
polyacrylamide polymer content, while the selectivity of the process remains practically unchanged (Table
3). These results can indicate formation of uniform active centers on magnetic support.

Table 3 - Results of the hydrogenation of phenylacetylene (0.25 mL)
on Pd-PAM/MS catalysts (0.02 g) in ethanol (25 mL) at 40°C and 0.1 MPa

W10, mol/s Selectivity for S
Catalyst C=C c=C styrene, % Conversion, %
Pd-PAM(1:5)/MS 1.18 1.08 88.0 92.0
Pd-PAM(1:10)/MS 1.21 1.32 88.1 95.1
Pd-PAM(1:15)/MS 1.36 1.18 89.2 93.0
Conclusion

A simple method for the synthesis of supported palladium hydrogenation catalysts with magnetic
properties has been developed. The procedure consisted of mixing a colloidal solution of polymer-
stabilized palladium with a suspension of a highly disperse magnetic support (y-Fe,O;). The active phase
was fixed due to reducing the surface energy of the magnetic nanoparticles as a result of the adsorption of
the polymer-metal complex.

The results of testing the obtained catalysts in the hydrogenation of phenylacetylene have
demonstrated their high activity (reaction rates are 0.73-1.36x10° mol/s) and selectivity for styrene (80.9-
89.2%). The optimum catalytic properties showed the supported palladium composite stabilized with
polyacrylamide with Pd:PAA ratio of 1:15. The advantage of the use of magnetic nanosized materials as
supports is formation of dispersed catalysts close to colloidal systems and simplicity of their separation
from reaction products by magnetic field.

— 34 ——
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K.C. CeiiTkanueBa, E.O. bermar, 9.K. ’Kapmaram6eToBa

«/1.B. CokosbCKuii aTPIHAAFHI XKaHAPMal, KaTaian3 KoHE eKTpoxuMusi HHCTHTYTE AK, Anmartel, Kazakcran

OEHNWJIADETWJIEHAI THJAPJIEYT'E APHAJIFAH MATHUTTI TACBIMAJIJATBIIIKA
OTBIPFbI3bLIFAH IIOJIUMEP-TTAJIIAIAA KATAJTA3ATOPJIAPBI

AHHOTanusi. MarHuTTi TachIMaNJarbllliKa OTBIPFbI3bLIFAH Pd-mojmMep Katamu3aTtopiiapbl aacopOLMSUIBIK
omicrieH naifbHaan bl MarHUTTI TACHIMAIIAFBII TEMIp XJTOPUATEPIH HATPHil ruapokcumiMen Gipre Fe® :Fe*" = 2:1
KaTblHaCcTa OIpIKTIpIN OTBIPFBIZY OJiciMeH cuHTe3AemiHAl. [lajymaauaiH KOJUIOMATHL  epPTIHIIEp CEepHsCHI
nomuakputaMug (ITAA) xoHe monmuakpwi KeuKeUAapslHeH (ITAK) KaTbicysIMeH opTypIli MaIaguabIH IOIAMEpTe
Moubaik KatbiHaceiHaa (Pd:ITAK = 1:5; PA:ITAA = 1:5; Pd:ITAA = 1:10 u Pd:ITAA = 1:15) Hatpuii oporuapuaiMmeH
K,PdCl, TOTBIKCBI3IaHABIPY aPKbUIbI AJIBIH/BL.

BacTankel KOMIIOHEHTTEP JKOHE KaTaau3aTopiap GU3MKO XUMISUIBIK diCTepMeH 3eprremiugi. POA Hotmwkenepi
CHHTE3IEJITCH MAarHUT YJTICI KPUCTAIABIK OeTi OOMBIHIIA MIMTHHAIBIBI KYPBIIBICH 0ap MarreMUTKa COMKEC €KEHIrl
KOPCETTi koHe OeNmeKTepaiH oprama emmemi 8,5 HM TeH. 425 uM kesinge PAClY HOHmapBIHBIH KYTBLTY
CBI3BIKTAPBIHBIH JKOFAybl NAJUIQJWABIH TOJBIK KaJlblHA KeNTeHIH Adiesueiai. DJeMeHTTI aHanu3 OoWbIHIIA
KaTalM3aTop/aFbl NAJUIQJAMH MeJIepl ecenTen alblHFAaH HOTH)KEre JKaKblH JKOHE OapliblKk KOMIIOHEHTTEp
CyMMachIHbIH 1Mac. % KypaWzpl, sSIFHM MAarHdTTI TachbIMaJJaFrbllliKa MOJMMEPMEH MPOTEKTIPACHIeH MNaJUIaani
OeIIeKTePiHIH OTHIPFAaHBIH PACTANIBI.

DenunaneTHaCH Il rHApIey e 0apIbIK KaTanu3aTtopiiap )KOFapbl OEICEH/IUIIK KOHE CTHPOJ OOMBIHINA HKOFapPhI
ceneKTUBTUTIK (We=c = 0,73-1,36x10° mons ¢, S¢ = 80,9-89,2%) kepcerri. [IAA-TypaKTaHIBIPHUIFaH MajLIagni
karanu3atopel Pd-ITIAK/MT Kkaraau3aTOpbIMEH CalbICTBIPFAHAA CTHPOJABIH IIBIFBIMBI  JKOHE PEAKIHSHBIH
KBULIAM/IBIFbI J)KOFapbl OONaThIHABIFBIH KepceTTi. [lonmepain memnmepid aprthipy PA-ITAA/MT karanu3aTopbiHbIH
KaTaJINTHKAIBIK KACHETIHE a3all dcep eTel.

Tyiiin ce3nep. [Tayiaaunii, nonumep, MarHUTTI KaTaaU3aTop, THAPIEY, QeHUIaleTHICH.

YIK 541.128.13:542.975°973:541.64

9.T. TaaraTtos, A.C. Aye3xanoBa, H.JK. Tymaoaes, C.H. AxmeToBa,
K.C. CeiiTkanueBa, E.A. Bermat, A.K. )Kapmaram6eToBa

AO «MHuCTHTYT TOTUMBA, KaTtainmu3a u snekTpoxumun uM. [.B. Cokonsckoro», Anmatsl, Kazaxcran

MMOJIMMEP-ITAJIJTAJIMEBBIE KATAJIM3ATOPBI HA MAT'HUTHOM HOCHUTEJIE
IS THAPUPOBAHUSA PEHUJIANETUJIIEHA

AnHoTanusi. Pd-monumep karannm3aTopbl, HaHECEHHbIe Ha MarHUTHbIH Hocutens (MH), Obutn ycremrHo
NPUTOTOBJICHBI  a[JCOPOLIMOHHBIM METOZOM. MarHuTHBI HOCHUTEIb CHHTE3UPOBAIM METOJOM COOCAXKICHHUS
XJTOPHJIOB JKeJe3a THAPOKCHIOM HaTpus B cootHomennn Fe':Fe?” = 2:1. Cepuio KOIIOMIHBIX PACTBOPOB NAILIAIHS
nojiydanu nytem BoccraHoBieHuss K,PdCl; Ooporuapumom nHatpusi B mpucytctBuu nonmakpwiamuna (ITAA) u
nonuakpuioBoi kKucioTsl (ITAK) ¢ pa3nuaabiM MONBHBIM OTHOHIeHHMeM mautaaua K momumepy (PA:ITAK = 1:5;
Pd:ITAA = 1:5; PA:ITAA = 1:10 u Pd:TTAA = 1:15).
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HcxonHple KOMIOHEHTHl M KaTallM3aToOpbhl ObUIM OXapakTepPH30BaHbl (HH3UKO-XMMHUUYECKHMH METOJAMH.
Pesynprater POA moka3amy, 9TO CHHTE3MPOBAaHHBIM MAarHUTHBIN 00paser] Mo KPHUCTAUIMYECKHM IUIOCKOCTSIM
COOTBETCTBYET MAaITEMHUTY CO IIMUHAIBHON CTPYKTYPOH M MMeEeT CpeaHHi pa3mep dacTHi 8,5 HM. Vcue3HoBeHHe
noocsl moromiennss woHo PACl” mpu 425 HM CBHIETEIBCTBOBANO O IMOJHOM BOCCTAHOBICHHM MAILIAIHSL.
CornacHO 3JIEMEHTHOMY AaHAIM3y COAEp)KaHHE MaIagusl B KaTalu3aropax ONM3KO K PACYeTHBIM JAHHBIM H
cocraBisieT Imac.% OT cCyMMBI BCeX KOMIIOHEHTOB, YTO CBHUJAETEIBCTBYET O KOJHMYECTBEHHOM 3aKPEIUICHUU
MOJTUMEP-TIPOTEKTHPOBAHHBIX YaCTHUII TAJUTAAUS HA MATHUTHOM HOCHUTEJIE.

PesynbraThl THApHpOBaHMs (EHWIIALCTUIICHA MOKa3aJd, YTO BCE KAaTalM3aToOpbl IMPOSBISIOT JIOCTATOYHO
BBICOKYIO aKTUBHOCTh M CEJIEKTUBHOCTH MO cTUpoiry (We=c = 0,73-1,36x10° monb ¢, S¢r = 80,9-89,2%). TTAA-
CTaOMJIM3UPOBAHHBIA MMaJUIAAMEBBIA KaTanu3aTop MOoKaszan 0oJjiee BBICOKYIO CKOPOCTh W BBIXOJ CTHUpPOJA IO
cpaBuenuio ¢ Pd-ITAK/MH kaTtanu3aTopoMm. YBEIHUYCHHE COACPIKAHHs IOJIMMEPa HE 3HAYMTEIBHO BIIMSCT Ha
karanutuueckue cBoiictea Pd-ITAA/MH karanuzaTopa.

KiroueBbie cioBa. [Tamranuii, monuMep, MarHUTHBIA KaTaau3aTop, THAPUPOBAHNE, ()EHUITAIETHUIICH.
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DIELECTRIC PROPERTIES OF THE COALS
OF MAYKUBEN AND EKIBASTUZ BASINS

Abstract. The paper describes the measurement of the frequency dependences of electrical conductivity,
permittivity and loss factor in the frequency range from 25 Hz to 1 MHz for coals of Maykuben and Ekibastuz
basins. Measurements were made on plates 2-4 mm thick in a two-electrode measuring system. The technique of
preparation of samples and results of measurements are described. From the point of view of electrophysical
characteristics fossil fuels refer to weakly conducting materials with heterogeneous structure. The frequency
dependences of their dielectric properties are mainly investigated for the development of high-frequency heating
technologies. Thus, the heat release under the action of the applied field depends on the electrical conductivity
(resistive losses) and the loss tangent (dielectric losses). In addition, the process of electric discharge phenomena in
such materials also depends on the dielectric properties.

Key words: coal, dielectric properties, permittivity, conductivity, loss factor.

Introduction

Fossil fuels are the most valuable raw material for energy production and chemical synthesis.
Effective technologies for their processing can allow receiving products with high added value without
damage to the environment. A number of such technologies can be based on pyrolytic processing. These
include aboveground and underground pyrolytic conversion and gasification. Aboveground gasification of
coal has a long history with periods of rapid development and recessions [1, 2]. To date, apart from
traditional and industrially developed technologies, more promising ones have been developed, such as
plasma, catalytic, layer gasification with reversed blowing [3, 4].

Underground conversion is realized by heating of the coal bed in situ and taking of pyrolysis products
through the wells. This way of the coal deposits development looks the most promising and
environmentally safe [5]. Access to the formation in this case organizes via wells. Heating can be realized
by incomplete oxidation of the coal [6], heat-conducting heating [7, 8], electric heating [9, 10, 11], etc. In
our opinion, one of the effective methods for coal heating is electrophysical heating, based on the action of
an electromagnetic field of high voltage [12, 13].

From the point of view of electrophysical characteristics fossil fuels refer to weakly conducting
materials with heterogeneous structure. The frequency dependences of their dielectric properties are
mainly investigated for the development of high-frequency heating technologies [14-17].Thus, the heat
release under the action of the applied field depends on the electrical conductivity (resistive losses) and the
loss tangent (dielectric losses). In addition, the process of electric discharge phenomena in such materials
also depends on the dielectric properties. For example, the maximum electric fieldstrength on the gas
pores is determined by the relative permittivity [18]. Therefore, the dielectric properties will affect the
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heat release, the electrical discharge phenomena (partial discharges, triaging) and, as a consequence, the
technical characteristics of the equipment necessary for heating.

The paper describes the technique and results of measuring of frequency dependences of the specific
electric conductivity, relative permittivity and loss tangent, measured in the coals taken from the
Maykuben, Bogatyr and Saryadyr strip mines (Kazakhstan).

Research methodology

Measurement of dielectric properties requires the samples in the form of plates with a thickness of no
more than 5 mm [19, 20]. Samples were cut from solid fragments of coal by a stone cutting machine with
an abrasive-cutdiamond-coated disc.

It is impossible to cut the plates directly from the coal fragment because of the cracks and low
mechanical strength. To avoid the destruction, the samples were prepared as follows. A bar with
dimensions 55 x 55 x 100 mm was cut out from the initial fragment of coals (Figure 1,a). Then the bar
was wrapped in a polyethylene film and poured into a solid ificated polyester resin (Figure 1,b).

10 mm 10 mm
a) b)

Figure 1 — Preparation of samples for dielectric properties measurement:
a) coal bar; b) bar, filled in polyester resin

Polyester resin gives the workpiece a mechanical strength and retains the coal during cutting. In this
case, the layer of polyethylene film does not allow the resin to penetrate into the sample and further affect
to the measurement results.

Then the resulting workpiece was cut into plates using an abrasive-cut diamond-coated disc (Fig. 2).

10 mm
—

Figure 2 — Sample in the form of a plate for dielectric properties measurement
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Since sedimentary rocks, including coal, have a layered structure, anisotropy of their dielectric
properties is possible. If the applied electric field is oriented in the same direction as the layers in the coal,
the value of the measured quantity can differ from the measurement, in which the applied field is oriented
perpendicularly to the layers. Since in the developed technology of in-situ gasification the voltage applied
to the electrodes will be oriented predominantly along the bedding layers of coals, the samples for
measurement were made in such a way that the field of the measuring device was oriented along the layers
of the sample.

Measurement of dielectric properties was carried out by the immittance meter E7-20 (MNIPI, Minsk,
Belarus). The device generates a sinusoidal voltage of a specified frequency, applied to the measuring
electrodes, and measures the electromagnetic response of the object. The meter has a PC-compatible
interface RS-232C and can work under the control of a computer. Since measurements for the entire
frequency range required the registration of a large number of measured values, software for controlling
the instrument was designed to simplify the procedure.

In accordance with standard [19], measurements were made by the use of disk electrodes. Tool setis
shown in Figure 3.

Figure 3 — Tool set for the measurement ofdielectric properties:
a) without a sample, b) with an installed sample

The sample in the clamp is clamped between two disk aluminum electrodes with a diameter of 50 mm
and a thickness of 3 mm. The thickness of the sample to ensure the necessary measurement accuracy
should not exceed 5 mm.

The electrodes are connected to the immittance meter, and the measured values are recorded. The
directly measured values are the loss tangent, the sample capacitance and the sample resistance. The
specific permittivitye is then calculated as the ratio of the measured capacitance of sample C and the

capacitance of a similar air capacitorCy:
C

The capacitance C, was measured in the absence of a sample and with inter electrode distance equal
to the thickness of the sample. Specific electrical conductivity o of the coal is defined as the ratio of the
sample thickness % to the electrode area S and the measured resistance of the sample R:

h

T=TR

For each of the investigated deposits, measurements were taken on 5 samples, after which the results
of the measurements were averaged.
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Results and discussion
Electric conductivity
The electrical conductivity ¢ characterizes the ability of a material to conduct an electric current.
From the point of view of pyrolytic conversion technologies, the electrical conductivity along with the
field strength E determines the heat energy P that will be released in the material from the flowing current:
P=o0-E?

Heating of materials having a low electrical conductivity value requires so high intensity of the
applied field that industrial equipment for such heating is technologically unfeasible.

The measured frequency dependence of the electrical conductivity of investigated coals is shown in
Figure 4.
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Figure 4 — Electric conductivity

In terms of the electrical conductivity, the coals are located on the boundary between semiconductors
and dielectrics and belong to weakly conducting materials. Unlike materials with a homogeneous
composition, coals tend to have a significant increase in electrical conductivity (by 3-4 orders of
magnitude) with a frequency increasing from 25 Hz to 1 MHz. Presumably, this is connected with their
mixed structure and the inclusion of a large number of crystallites and molecular clusters. At the
boundaries of these macroscopic elements the energy structure of the electron shells of atoms and
molecules is distorted, which is why free charge carriers with limited mobility and lifetime can arise in
these places. The higher the frequency, the more such charge carriers can participate in conducting an
electric current.

Since the electrical conductivity is very low at a low frequency, direct resistive heating of the
investigated coals is possible only at high field strengths. Thus, by an electrical conductivity of 10 S/cm,
field strength of 10° V/cm should be created to release the 1 kW of thermal energy.

Permittivity

The permittivity ¢ is an indicator of the polarization ability of the material. The higher its value, the
greater the capacitive current can circulate through the material under the action of an alternating voltage.
The results of measurements of the relative permittivity of the investigated coals are shown in Figure 5.
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Figure 5 — Relative permittivity

As for most heterogeneous materials, the permittivity of coals decreases with an increasing of
frequency from 25 Hz to 1 MHz in 3-5 times. For most mineral rocks in this frequency range ¢ is 3-10. For
the coals in considered frequency range, the ¢ amounts to several tens, which indicates a very high
polarization ability of the constituent components. Such components with high polarizability are water
(sorbed, ion-bonded), OH groups, carboxyl groups, pyrite and other sulfur compounds.

In addition to the large value of the capacitive current, a high value of ¢ leads to an uneven
distribution of the applied external voltage. As a result, significant field strength caused by the Maxwell-
Wagner effect is concentrated in the pores and gaseous inclusions. In accordance with this phenomenon, a
charge accumulates at the boundaries between the solid and gaseous phases, the value of which is
proportional to the ratio of the permittivities. Thus, because of the high ¢ value of the coals, when the
external electromagnetic field is applied to the coal, the significant part of the field will fall on the pores,
causing partial discharges by a relatively low value of the voltage.

Loss tangent

The loss tangent fan(d) shows the ratio of active power to reactive power when applying an
alternating voltage to a fragment of a dielectric material. Active power, which is the power of dielectric
losses, arises as a result of the displacement of polar atomic groups under the action of an external field.
For the most of dielectric materials the value of fan(d) decreases with increasing of frequency having a
resonance maximum at some frequency. At this frequency the rate of change of the external field and the
velocity of the free mobility of the dipoles of matter coincide. For materials with the mixed structure the
frequency dependence of the loss tangent will be the envelope of the resonant peaks of the various
components (Figure 6).
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Figure 6 — Typical form of the curve fan(d) = f (w) for dielectric materials with the mixed structure [21]

This property is used in methods of high-frequency material heating, as, for example, by heating a
subterranean oil reservoir, described in [22,23]. The measured frequency dependencies of fan(d) are
shown in Figure 7.

— 4y ——



ISSN 2224-5286 Cepus xumuu u mexronoeuu. Ne 6. 2018

o

(=]
~

o

)

o
w

P

iu e iUy LUUUU AUUUUU 1UUUUU

Figure 7 — Dielectric loss tangent

The measured dependencies shows that the peak values of tan(0) for the coals are outside the range of
the considered frequencies. Therefore, the heating of these coals only due to dielectric losses needs to use
the electromagnetic field of the frequency range > 1 MHz. The cost of powerful equipment operating at
such frequencies is quite high. Thus, it can be assumed that the heating of the coals due to the dielectric
losses of the high-frequency electromagnetic field is unlikely to be advisable. If we try to produce
dielectric heating in the frequency range of <1 MHz, a very large area of the electrodes will be required to
provide heat release sufficient for heating.

Conclusions

The reaction of a substance to an electromagnetic field depends on the dielectric properties. For coals
of different deposits, the dielectric properties can vary considerably. The described measurement results
can be useful in the development of coals processing technologies which uses electromagnetic action, such
as heating, enrichment, or electric discharge destruction. The described technic of samples making can be
useful in carrying out similar measurements on solid fuels of other deposits.
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l«KeMip XUMUSACHI XKoHe TexHojaorus nHCTUTYTh JKIIIC, Acrana k, Kazakcran
2TOMCK MOJUTEXHUKAIIBIK yuuBepcureTi, Tomck, Peceit

MAMKYBbI )KOHE IKIBACTY3 KOMIP BACCENH/IEPIHIH
JUIJIEKTPUKAJIBIK KACUETTEPI

Annoranus. Makanaiga Maiikyoen xone Exibacty3 Oaccelinaepinin kemipiuepi ymrid 25 I'i-gen 1 MI'm xwuiik
JTUAITa30HBIHAA 3JICKTP OTKI3TIIITITiHIH, TUICKTPIIK OTIMIUITIHIH KOHE TAHTCHC JXOFally OYPBIIIBIHBIH JKHALTIK
TOYEJALIITIH OJIIey CUIaTTanaabl. EKi 3IeKTpOITHI emiey KyHeciHae KaIBIHABFE 2-4 MM TUIACTHHKAIApAa eIy
KYprizingi. Yirinmepai naisiaaay oaicTeMeci JKoHe KYPTi3iireH emeMIepIiH HOTIKeIepl CHIaTTaFaH.

Kaz0a OTBIHBI 37€KTpO(H3UKANBIK CHIIATTaAMAaNap TYPFBICHIHAH TreTepodaszasl KYPBUIBIMIBI OJICI3 OTKI3TilI
MaTepuangapra xaraisl. JMANEeKTpIiK KacHeTTePiHIH JKUUTIKTIK TOYEeNIUIIri, HeTi3iHeH, >KOFapbl >KALTIKTI JKBLTY
TEXHOJIOTHSUIAPbIH 93ipiiey MakcathiHAa 3eprreneni. Ocbuiaiiina, OepilireH epicTiH dCepiHEeH KbLIy 0eily IJeKTp
OTKI3rimTirine (Pe3uCTHBTI IIBIFBIHAAP) JKOHE MAMIICKTPINIK IIBIFBIHHBIH TAHTCHC OYPBIMIBIHA (IHIICKTPIIIK
HIBIFBIHAP) OaiiaHblcThl. MyHIall MaTepuaniaparbl JIeKTP HMUPONM3IHIH aFbIMbl JKbUIYAbl OHIIPY YpHICTEpiHe
acep eTeTiH QUANEKTPIIK KacHeTTepre, BJIEKTP pa3psiThl KYObUIBICTApIbIH arblHbIHA (iliHapa pa3psarap, KUCHIK
CBI3BIK) aca TIYeI/Ii.

Tyiiin ce3maep: KoMip, AUIIEKTPUKAIIBIK HIBIFBIHIAD, JUJICKTPHUKAIBIK OTIMIIUIIM, JICKTP OTKI3TIIITIK, IIBIFHIH
k03 punmenTi
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JUAJIEKTPUYECKHUE CBOMCTBA YIJIEM MAUKYBEHCKOI'O
1 DKUBACTY3CKOI'O BACCEMHOB

AnHOoTauussi. B cratbe onuMcaHo M3MEpEHHWE UYACTOTHBIX  3aBHCHUMOCTEH  3JIEKTPONPOBOIHOCTH,
JIUAJIEKTPUYECKON MPOHUIIAEMOCTH U TaHT€HCa yTiia MOTeph B YaCTOTHOM Auanazone oT 25 I'n go 1 MI'u nns yriei
MaiikyOeHCcKOoro i DKH0acTy3cKoro bacceiiHOB. 3MepeHus MpoBeACHBI Ha IIACTUHKAX TOJIIUHON

2-4 MM B IBYXDJICKTPOIHON U3MEpUTENBHON crcTeMe. OniicaHa METOIMKA TIOATOTOBKH 00paslioB U PE3YIbTATHI
MIPOBEACHHBIX M3MEpeHUH. VIckomaeMble YT C TOYKH 3PEHUS JICKTPOPHU3MUECKUX XapPAKTEPHCTUK OTHOCATCS K
CITa0OTIPOBOIAIIIMM MaTepraliaM reTepoazHoro cTpoeHus. YacTOTHBIE 3aBHCHMOCTH UX TUAIIEKTPUIECKUX CBOWCTB
UCCIIEIYIOTCS, B OCHOBHOM, C LIEJIbI0 Pa3pabOTKK TEXHOJIOTHI BHICOKOYACTOTHOTO Harpesa . Tak, BbIJEJICHUE TeIuia
MOJ ICHCTBHEM HIPUIOKEHHOTO TOJS 3aBHCUT OT JJIEKTPOIIPOBOTHOCTH (PE3UCTUBHBIE ITOTEPH) M TAHTEHCA yria
TIUDJIEKTPUIECKUX TOTEPh (AUAIEKTpHUUECKUe oTepH). [IpoTekaHue IeKTpONUpon3a B TAKUX MaTepranax CHIbLHO
3aBUCUT OT JIUAJICKTPUYECKUX CBOWCTB, KOTOpbIE BIMSIOT HA TMPOLECCHl BbBIJENIEHUE TEIUla, MPOTEKaHUE
AJIEKTPOPA3PSAIHBIX SIBICHUH (YaCTHUHBIC Pa3psiibl, TPUUHT).

KuaioueBble cj10Ba: yroyib, AUAJEKTPUUECKHE IMOTEPU, AUDIEKTPUUECKAs MPOHHULAEMOCTb, 3JIEKTPONPOBOI-
HOCTb, KOO (QHUIUEHT IT0TEPh
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SYNTHESIS AND STUDY OF PINOSTROBIN
OXIME SUPRAMOLECULAR COMPLEXES

Abstract. The results of pinostrobinoxime derivatives studying, andits complexing abilitywith arabinogalactan,
disodium salt of glycyrrhizic acid and magnesium carbonate, in particular,were discussed in this article. A
supramolecular complex based on pinostrobinoxime with a higher water solubility was synthesized by
mechanochemical treatment. Herewith, the complex of pinostrobinoxime with disodium salt of glycyrrhizic acid was
shown to be the most effective. As the result, water solubility of this complex increased by 300 times.

Keywords: Pinostrobinoxime, arabinogalactan, disodium salt of glycyrrhizic acid, mechanochemical treatment,
water solubility, supramolecular complexes.

1. Introduction

One of the priorities in the development of native pharmaceutical industry is a phytochemical
manufacture development, based on original herbal drugs elaboration. In this case, herbal polyphenolic
compounds perform a practical interest, as a new drug substance sources [1].

Flavonoids, including flavones, flavonols, flavanones and isoflavone, make large and important group
of plant polyphenolic compounds. Pinostrobin (1), isolated from the Populusbalsamifera L. buds, belongs
to available flavanones.

H;CO

OH NOH

OH o
1 2

It is known, that flavonoids isolated from Populusbalsamifera L. buds have a hepatoprotective
activity, a normalizing effect on synthesis of proteins in liver and prevent the cholestasis [2].
Antiproliferative, antimicrobial, neuroprotective and anti-inflammatory properties have been alsofound
outin pinostrobin[3]. The development of pinostrobin chemical modification methods opens upnew
possibilities for obtaining original agents with specific biological activity.

A new high-potential compound pinostrobinoxime (PO) with hepatoprotective and antioxidant
properties has been obtained by the reaction of pinostrobin with hydroxylamine hydrochloride [4].
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On the basis of quantum chemical calculations [5], it can be said that the pinostrobin is a nucleophilic
reagent with basic reaction centers at C3, C6, and C8 atoms, and the nucleophilic centers of
pinostrobinoximeare O and N atoms, with the oxygen atom of the hydroxyl group at C5 possessing a
relatively high electron density in comparison with the nitrogen atom of oxime.

The major disadvantage of PO, as well as other flavonoids, is its poor water solubility, which affects
the bioavailability and inhibits pharmacological and preclinical studies, which makes it necessary to
modify the molecules of active substances by transferring them to water-soluble salts. In this case, the
emergence of drug side effects is possible, such as increased toxicity, which leads to the inexpediency of
using original phytopreparations.The chemical behavior of flavonoids and their derivatives is
unpredictable and unexpected in many cases, due to their polyfunctional nature.Various methods [6-13] of
biologically active substances (BAS) water solubility enhancement are known,including a
mechanochemical treatment.Mechanochemical treatment (MT) is a solidphase reaction, it’s a one-stage
process with high efficiency and relative simplicity and it allows to avoid using solvents. The authors of
[13-16] obtained supramolecular BAS complexes by mechanochemical treatment to increase
bioavailability and noted the effectiveness of this method.

As a result of BAS mechanochemical treatment with an auxiliary component, which has an
oligomeric, polymeric, or other macromolecular structure, a spontaneous association of an undetermined
number of components occurs aspontaneous association of an indefinite number of components with the
formation of supramolecular ensembles. Supramolecular ensembles have quite definite structural,
conformational, thermodynamic, kinetic and dynamic properties; different types of interactions can be
distinguished in them, differing in their strength, direction, dependence on distances and angles:
coordination interactions with metal ions, electrostatic forces, hydrogen bonds, van -der-Waals
interactions, donor-acceptor interactions, etc. The strength of the interaction can vary over a wide range,
depending on the type of bonds. In general, intermolecular bonds are weaker than covalent bonds,
therefore they are less stable thermodynamically, but more flexible dynamically [17].

High-intensiveMT can lead to rupture of strong covalent bonds, whereas low-intensiveMT allows
BAS molecules to "penetrate" into space inside the macromolecule or self-associative auxiliary
substances, forming a supramolecular complex due to hydrogen bonds and van der Waals forces.
Considering the absence of a covalent interaction between the molecules of BAS and the auxiliary
substance, we can say that the structure of BAS remains unchanged.

Based on this, the actual task is the synthesis of a water-soluble complex with a biocompatible agent
by MT, which allows to enhance water solubility of the substance and to preserve the molecule original
structure.

2. Experimental part

2.1 PO complexes obtaining

The obtaining of solid dispersions was carried out in a BM-1 ball mill with a cylindrical vessel that
has a fluoroplastic lining. Treatment mode: grinding media acceleration - 1g, total loading of processed
mixture components — 18-22 g, vessel volume — 300 mL, grinding media — steel balls (steel gradelllX-15,
diameter 22 mm, loading 675 g). Treatment duration was from 1 to 16 hours. Regardless of the barrel
volume, the filling value of grinding media should be approximately 40%, and the filling value with
processing material is 10-40%.

As complexing agents, we used:

- Arabinogalactan (3) (a good water soluble polysaccharidearabinogalactan (AG) isolated
fromLarixdahurica) produced by CISC Ametis(Blagoveshchensk, Russia), Technical Specifications 9325-
008-70692152-08. General formula [(CsHgO4)(CsH0Os)s].. It is a solid amorphous substance, light brown
in color, odorless, has a sweetish taste. Melting point is 240-250 ° C. Easily soluble in water.

- Disodium salt of glycyrrhizic acid (4) (Na2GA) — a natural saponin derivative, (CFS, 98%)
produced by Shaanxi Sciphar Biotechnology Co., Ltd (Xi’an, China). The gross formula is C4,HgO;sNas,.
It is a gray powder with a mustard tint. Does not melt.Tempered at a temperature of ~ 400 ° C. Easily
soluble in water.

- Polyvynilpyrrolidone (5) (PVP) is a synthetic polymer of HuangshanBonsunPharmaceuricals Co.,
Ltd. production (Huangshan, China). Common formula is CsHoNO), It is a white, yellowish white powder
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with no smell. It has sweetish taste. Fusion temperature is 150 °C. It is soluble in water, ethanol, and
methanol.

- Magnesium carbonate substance (MgCQO;) of pharmacopeic purity (FSP42-3989-08)

Optimal mass ratio of components: PO/AG — 1:10, PO/Na2GA — 1:10, PO/MgCO3 - 5:1

(©)] @

2.2 High performance liquid chromatography (HPLC)

Agilent 1200 HPLC system with a reverse phase column (Zorbax Eclipse XDB-C18, 4.6x50 mm)
was used to determine the concentration of PO. Column temperature is +30 °C. HPLC system equipped
with diode-array detector and two pumps. The mobile phase is consisted of acetonitrile:acetate buffer
(acetic acid/sodium acetate) pH=3,4, ratio is 60:40, flow rate is 1 mL/min and detector operated at 279
nm.PO concentration was determined in relation toa specially prepared alcohol solutions.

The dissolution kinetics of the initial PO was measured as a function of time to determine PO
solubility, according to these data the optimal solution time was chosen. Then the sample weights of
physical mixtures and mechanically treated PO mixtures\ auxiliary substance with pledged excess of PO
were taken for obtaining of saturated solution. Sample weights were mixed in 10 ml of distilled water in
incubator-shaker (37°C, 200 rmp) during the chosen period of time of solution (90 min). The the solution
was centrifuged for 10 min (12000 rmp), supernatant liquid was filtered through the paper filter.

PO concentration in solution was determined by HPLC. PO concentration was determined in relation
with prepared on purpose alcohol solutions.

2.3 Gel permeation chromatography (GPC)

The molecular weight distribution of the AG in complexes was analyzed by gel permeation
chromatography on Agilent 1260. The solvent was a 0,1 M aqueous solution of LiNO3, flow rate was 1
ml/min, sample concentration was 1 mg/mL. The calibration was based on standard dexstrans with
molecular weights of 25,12,5 kDa and D-galactose.

2.4 Scanning electron microscopy

Electronic images were acquired using a Hitachi TM-1000 microscope (Tokyo, Japan). Coating of
samples with gold was performed by JEOL JFC-1600 auto fine coater. The coating parameters were as
follows: amperage - 30mA, sputtering time - 30 s and film thickness was 15 nm.

3. Results and discussion

3.1 Obtained PO complexes

During the MT, the crystal particles of PO and the spherical particles of AG and Na,GA are destroyed
and a polydisperse powder is formed, consisting of 5-20 um particles and their aggregates.

Arabinogalactan is a highly branched polysaccharide. This feature of the structure promotes the
formation of strong supramolecular complexes with an active substance, the molecules of which can be
bound by intermolecular bonds in the space formed by side chains.

There are hydrophilic and hydrophobic fragments in the molecule Na,GA, so the possible mechanism
of interaction of Na,GA with PO in solution is the inclusion of molecules of these substances into
micelles. Most probably, the Na,GA molecules in a micelle are oriented by hydrophobic fragments
inwards, and hydrophilic parts are oriented to the outer surface of the self-associates. In this case, the PO

—— 48 ——



ISSN 2224-5286 Cepus xumuu u mexronoeuu. Ne 6. 2018

molecules can be found in the internal hydrophobic part of the micelle andthey also complex with external
hydrophilic fragments.

PO refers to flavonoids, which are polyphenolic compounds with acidic properties. In alkaline pH
ranges, their molecules are capable of ionization, and the ionized form, as a rule, has a higher water
solubility. Thus, by shifting the equilibrium towards ionized molecules, we increased the total
concentration of PO in the solution. As an alkaline agent, which allowed to "shift" the pH value to the
required pH range of 10.2, we used a "pharmacopeia" substance of magnesium carbonate.

3.2HPLC analyses result

The results shown in Fig. 1 display that after16 hour of MT the water solubility of PO in complex
with Na,GA increased by 300 times, and in combination with AG - by 30 times, in complex with PVP by
42 times.After a 4-hour treatment, the water solubility of PO in a mixture with MgCOj; increased 70-fold.
After 1 and 2 hours ofMT, the PO/MgCO; mixture proved to be more effective than other complexing
agents, and the PO concentration during the long mechanical action changes insignificantly, and after four
hours of treatment begins to decrease. The highest concentration of PO in solutions of the PO/AG
complex is observed at 16 hours of MT, however, it does not differ much from the same value at 8 hours,
which indicates that there is no need to increase the duration of the process. In the case of PO/ Na,GA, a
significant increase in the water solubility of PO is observed with an increase in the processing time.
Probably, the 24-hour MT of this complex will be even more effective.

Table 1 — HPLC analysis of supramolecular complexes of oximepinostrobin.

Mixing Mech. treatment The sample Peak time, PO
Substance . : . Peak area .
timemin time, h volume, pl. h concentrationmg/l
PO 30 - 4,96 3,5 0,08
PO 60 - 4,96 12,92 0,33
PO 90 - 4,97 13,26 0,34
/'O w7 |- (496  |2200 Jo0s57 |
PO 150 - 20 4,97 11,58 0,29
PO 180 - 4,97 11,32 0,29
PO 240 - 4,97 16,10 0,41
PO 300 - 4,97 16,66 0,43
PO+AG1/10 1 4,57 194,18 5,15
PO+AG1/10 2 4,96 229,08 6,08
PO+AG1/10 90 4 20 4,96 529,47 14,07
PO+AG1/10 8 4,96 669,89 17,81
|PO+AGLIO | 16
PO+AG1/10 120 16 4,89 781,03 20,7
PO+AG1/10 150 16 4,89 288,28 7,65
PO+Na2GA 1/10 1 4,95 140,39 14,92
PO+Na2GA 1/10 2 4,92 187,08 19,89
PO+Na2GA 1/10 | 90 4 4,93 397,24 42,26
PO+Na2GA 1/10 8 5 4,94 662,89 70,53
| PONa2GAULIO [ 16 |
PO+Na2GA 1/10 | 120 16 4,87 1403,08 149,30
PO+Na2GA 1/10 | 150 16 4,87 1295,06 137,80
PO+MgCO; 5/1 1 20 4,93 1029,95 27,39
PO+MgCO; 5/1 4,92 248,43 26,42
| PO+MgCO, 5/1 | 90
PO+MgCO; 5/1 8 4,94 1017,84 27,06
PO+MgCO; 5/1 16 20 4,95 550,76 14,64
PO+PVP1/10 1 4,77 489,75 13,01
PO+PVP1/10 2 4.6 914,97 2433
PO+PVP1/10 90 4 20 4,62 605,35 16,09
PO+PVP1/10 8 4,86 606,83 16,13

The obtained results show that an increase in the water solubility of a substance based on
pinostrobinoxime (PO) was achieved by the formation of supramolecular PO complexes by the method of
mechanochemical treatment. Water-soluble polysaccharide arabinogalactan (AG) from Dahurian larch and
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a vegetable saponin derivative disodium salt of glycyrrhizic acid (Na2GA) were used as complexing
agents. Structural features of complexing agents make it possible to form supramolecular complexes with
the processed substance, molecules of what form hydrogen bonds in the intermolecular space formed by
macromolecules of complexing substances. MgCO3 was also used as an agent for shifting the pH of solid
PO dispersions to a slightly alkaline range, what increases water solubility as well. The concentration of
PO in the aqueous solutions of the obtained samples was determined by HPLC.

200 180,2
180

160
140
120

100
20 70,53

60 42,26

40 27,39 42 28,55 27,06
19,§§' 14,07 17,81 18,26 14,64

14,9 )
20 15" 08
0,65 i 0,65 I 0,6 0,6 I 0,6
. — o ] H HNm

1hofm/t 2 h of m/t 4 h of m/t 8 h of m/t 16 h of m/t

PO concentration, mg/L

EPO HEPO+AG1/10 PO+Na2GA 1/10 mPO+MgC0O35/1

Figure 1 - Results of HPLC analysis of intermolecular complexes of oximepinostrobin. Dependence
of the pinostrobinoxime concentration in solutions of intermolecular complexes on the time of MT.

3.3GPC analyses of PO/AG

According to the data presented in Table 1, after MT ofPO with AG, the average molecular weight of
AG and the degree of polydispersity (Mw / Mn) change slightly. Also, MT of PO with AG leads to a slight
decrease in the proportion of arabinose fragments in the molecule of the polysaccharide arabinogalactan,
which does not dependon the time of mechanical action.

Table 1 - Molecular weight distribution of machined mixture of oxyne pinostrobin with arabinogalactan

s | Bttt [ [ | R
AG init.. reprecipitated | - }12(5)60 1,44 3,91,9
PO/AG 1:5, =4 h ;2?5 }gé 2?674
PO/AG 1:10, =4 h ;25;(1)05 }i’; ?,86’4
PO/AG 1:15, =4 h ;?é“ }Zgg 3,99,1
PO/AG 15, =8 h 10 1238 Z?f ’
PO/AG 1:10, t=8 h 22(2)20 }3§ 2?3’7
PO/AG 1:15, =8 h ;%OO }ﬁu ?,960
PO/AG 1:5,1=16 h e }ﬁ 2,3{ ’
PO/AG 1:10, =16 h ;%55 }‘11‘2‘ ?,846
PO/AG 1:15, =16 h e }ﬁ ?,82’8
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3.4Electronic micrographs of samples

These micrographsshown in Fig.2 describe the morphology of the sample surface. The pure PO
consists of crystalline particles and their agglomerates. AG is in the form of spherical particles with a
porous surface. Na,GA consists of spherical hollow particles with a smooth surface. After MT, the
original shape of the particles of the original components has changed and it is impossible to separate the
individual components, except the formed agglomerates. As it can be seen in Fig. 2, the obtained
substances are polydisperse powders with particles with size of 5-20 um and their aggregates.

> W IR a A
D20 x500 200 um x600 200 um

TM-1000_6114 TM-1000_5112 D20 x10k 100um

TM-1000_5107

Pinostrobinoxime (x500) Pinostrobinoxime + arabinogalactan Pinostrobinoxime + disodium salt
(MT duration = 16 h.; x500) of glycyrrhizic acid
(MT duration = 16 h.; x500)

al oL T Semuee s . 8

TM-1000_1855 L D21 x500 200um

TM-1000_2786 20150118 1320 D21 x250 300um

Arabinogalactan (x250) Disodium salt of glycyrrhizic acid
(x500)

Figure 2- Electron micrographs of pinostrobinoxime and obtained complexes

4. Conclusion

Synthesis of supramolecular complex of pinostrobin oxime with arabinogalactan, disodium salt of
glycyrrhizic acid and basic magnesium carbonate, selection of complexing agents, optimal compositions
of water-soluble pinostrobin oxime complex have been carried out. The regime of obtaining a
supramolecular complex is determined by the method of mechanochemistry. The obtained complexes
have increased water solubility in comparison with pinostrobin oxime. The high water solubility of the
pinostrobin oxime showed a complex with the disodium salt of glycyrrhizic acid. After mechanochemical
treatment of the pinostrobin oxime with arabinogalactan, the average molecular weight of arabinogalactan
changes insignificantly.
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CHUHTE3 U U3YYEHUE CYIIPAMOJIEKYJISIPHOI'O KOMIIJIEKCA OKCUMA ITIMHOCTPOBUHA

AHHOTamms. B cratbe 00CyKHaroTCsl pe3yibTaThl U3YYEHHS OKCHMIIPOM3BOIHOTONMMHOCTPOONHA, B YaCTHOCTH, CHOCOO-
HOCTb KOMIUIEKCOOOPa30BaHMs UX C apaOMHOTaIaKTaHOM, JHHATPUEBOH COJIbIO MTMIUPPU3HHOBON KUCIOTH H OCHOBHBIM KapOo-
HATOM MarHus. MeTosoM MeXaHOXMMHYECKOH 0OpabOTKM Ha OCHOBE OKCHMAIMHOCTPOOMHA MOJy4YeH CYIpPaMOJEKYJIApHbINA
KOMIIIEKC, OOJIaJatoNuil MOBBIICHHOW BOJIOPACTBOPUMOCTBIO. [Ipu 3TOM HauboiblIylo 3(EKTHBHOCTH MOKa3al KOMILICKC
OKCHMAaIMHOCTPOOUHA C JUHATPHEBOH COJBIO TIMIUPPU3HHOBOI KHCIOTHI, B KOTOPOM PaCTBOPUMOCTD HOJY4ECHHOTO KOMIUICKCA
noBeicuiack B 300 pas.

KnioueBbie cioBa: OkcUMNMHOCTpOOHMHA, apaOWHOTAIAKTaH, JUHATPUEBAsT COJIb TIIMIUPPU3MHOBOM KHCIOTHI, MEXaHO-
XUMHUeckasi 00paboTka, BOZOPaCTBOPUMOCTb, CYIIPaMOJIEKYIISIPHBIN KOMILIEKC.
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RAPID METHOD FOR DETERMINATION
OF NANO SURFACE AREA OF ARECANUT SHELL DERIVED
ACTIVATED CARBON BY IODINE ADSORPTION NUMBER

Abstract. Activated carbon is the most versatile and commonly used adsorbent. Activated carbon is prepared
for 5e+10ng , le+11ng, and 3e+11ng batch size. Impregnation ratio maintained is 1:1,2:1,3:1,4:1.Nano activated
carbon from arecanut shell is derived. Particles size diameter maintained to 53000 nm. In this study the specific
surface area determination of activated carbon by means of the low-temperature argon adsorption (the BET method)
is compared with the measurement of the surface area based on the adsorption of I, from the aqueous KI solution.
The iodine adsorption number for the BET surface area is calculated. It is predicted iodine adsorption number Sy
method can be used for a quick estimation of the structure development of porous carbonaceous materials.

Keywords: Activated carbons, lodine adsorption number (Syy), Specific surface area (Sggr).

1.Introduction

First of all, raw material of the activated carbon is acquired by collecting arecanut shell store from
Bangalore and Kerala.Highly porous carbon can be produced from a variety of natural and synthetic
precursors [1,2] In its original state, the surface of a carbon is energetically heterogeneous [3], but as
discovered by Beebe et al. [4] the heterogeneity is considerably reduced by heat treatment in an inert
atmosphere. Precursor used for the production of activated carbon in this study is arecanut shell Activated
carbon produced from residues would reduce the pressure on forests since wood is also commonly used
for this purpose [5]. Many agricultural by-products such as coconut shell [6,7], grain sorghum [8], coffee
bean husks [9], rubber wood sawdust [10], chestnut wood [11], have been discovered to be suitable
precursors for activated carbon due to their high carbon and low ash contents

2. Experimental
2.1 Preparation of activated carbon

The carbonization Arecanut shell biomass is performed under a nitrogen flow of 100 cm’ min—1 STP
for 2hr. After activation, the activated carbon product removed and subsequently cleaned by removing the
fibers and washing several times with distilled water to remove impurities The arecanut shell is chopped to
pieces of ¥ inches ,then dried at 110 »C until constant weight of the sample is reached.. Then, dried and
size-reduced arecanut shell is kept in a muffle furnace as raw material for activated carbon production.

Chemical activation method using phosphoric acid is used to activate the raw material. 5e+10ng,
let+1l1lng,and 3e+11ng of raw material is impregnated by certain amount of 85 wt.% concentration
phosphoric acid with occasional stirring. The amount of phosphoric acid solution used is adjusted to give a
certain impregnation ratio (weight of activating agent/weight of raw material) of 1:1, 2:1, 3:1, and 4:1. The
resulting slurry is then kept in a desiccator Overnight .
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After 24 h, the mixture of raw material and phosphoric acid is then ready to have two-stage activation
process with semi-carbonization as first stage [8]. In the first stage, the slurry is put in a horizontal tubular
reactor and kept in a muffle furnace to experience semi-carbonization at a temperature 200 °C for 30 min.
After semi-carbonization, the black and sticky dry powder is heated until certain activation and cooled in a
desiccator. The activated carbon product is then repeatedly washed with warm distilled water (70 °C) until
constant pH of the solution is reached. Finally, the activated carbon is dried in a vacuum oven at 110 °C
for 24 h. The activated carbon is then stored in a desiccator for later experiment use. Finally the particle
size maintained at 53000 nm.

Experimental is as shown in fig .1

Steel ball

Valve Gas flow rate indicator

Temperature - controller Digital display
\ @\ / \ _~on-off indicator
Pressure Gauge Pipeline o’

L Jo

Nitrogen inlet

\Nitmgen Gas Cylinder
Opening Knob_//o VENT Pipe

MUFFLE FURNACE/

Table Support/

Fig: 1 Experimental Set Up
4.Result and Discussion
4.1Yield of activated carbon

In activated carbon preparation, yield is usually defined as final weight of activated carbon produced
after activation, ishing, and drying, divided by initial weight of raw material; both on a dry basis [6].
Table.1 shows the yield of activated carbon.lIt is observed , yield of AC is increased with increase of
impregnation upto 3:1 ratio and decreases from 3:1-4:1 impregnation ratio for each batch i.e 5e+10ng,
let+11ng,and 3e+11ng

Table 1 - Yield of activated carbon prepared from biomass at 400°C from Arecanut Shell

Sample Yield% Yield% Yield%
(5e+10ng) (let+llng) (3et11ng)
AS-PA-01 (1:1) 60.6 65.3 50.3
AS-PA-02 (1:2) 77.2 77 73.33
AS-PA-03 (1:3) 84 88 83.33
AS-PA-04 (1:4) 70 80 75.23

— 54 ——
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This is due to binding of O and H atoms decreases from 3:1 impregnation ratio. This led to decrease
yield.The carbonization yield depends on the amount of carbon removed by binding with O and H atoms
(Caturla et al., 1991).

4.2 Determination of Iodine Number

This is the most fundamental parameter used to characterize activated carbon performance. It is a
measure of activity level (Higher degree indicates higher activation), often reported in mg/g ( with typical
range of 5e+8 — 1.2e+9 ng/g). It is a measure of the microspore content of the activated carbon (values > 0
to 20 AO, or up to 2nm) by adsorption of iodine from solution. It is equivalent to surface area of activated
carbon between 9000 nm” /g and 11000 nm’ /g and. ( Elliot et al., 1989). It tells of carbon that
preferentially adsorb small molecules. High value indicate high degree of activation (Aziza et
al.,2008;Elliot et al.,1989).

Table no: 2 Iodine number value of Arecanut shell

Sample Iodine Number Iodine Number (le+11ng) Iodine Number (3e+11ng )
(5e+10ng))
AS-PA-01 (151) 692.81 829.63 812
AS-PA-02 (1:2) 706.67 937.93 848
AS-PA-03 (1:3) 822.57 976.6 906
AS-PA- 03 (1:4) 800.10 900 880

4.3 Determination of Iodine number surface Area

The aim of the current work is to calculate the surface area per iodine atom (w;), and then to
determine the correlation between the specific surface area measured by the method of the low
temperature argon adsorption (Sggr ) and the surface area (S;y ) measured by the iodine adsorption number
(IN) for activated carbons.

The analysis of the experimental adsorption isotherms (BET) in the relative pressure range of p/po =
0.05-0.4 allows determining sorption capacities (a,) which can then be used to calculate the specific
surface area according Eq. (1)

Sper=am - N - 04 (D

In this work, we assume the w,, value equalled to equivalent surface measured according to the
nitrogen standard. a,: monolayer capacity, mole/g, N: Avogadro constant, N = 6.023 x 10* 1/mole
w4, - surface area occupied by one of adsorbate (argon) atom

The determination of the iodine number is one of the methods often adopted in the industry utilizing
activated carbons If we take into account the definition of the iodine adsorption number by the analogy to
Eq. (1), Thus:

Sper=IN-10="- N - w;+ AS ()
M,;

Table no: 3 Iodine adsorption number of Arecanut shell

Sample SIN SIN SIN
(Se+10ng) (le+11ng) (3e+11ng)
AS-PA-01(1;1) 496.06 653.45 639.56
AS-PA-02(2:1) 556.57 738.71 667.88
AS-PA-03(3:1) 647.85 769.46 713.56
AS-PA- 04(4:1) 630.15 708.84 693.08
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Fig: 2 - SEM of Arecanut shell carbon Fig: 3 Particle distribution image of ASAC

From table 3 iodine adsorption number shows same effect as shown by iodine number Value of iodine
adsorption number increases uptill 3:1 and decreases from 3:1-4:1 impregnation ratio .Standard
determination of the iodine adsorption number comprises the measurement of iodine amount in the
adsorption layer of an activated carbon sample (in mg iodine/g adsorbent). The change of the bulk
concentration results in the changes in the composition of the interfacial layers, which induces mutual
displacements of the solution components from the adsorbed layer (Jankowska et al., 1991).

During excess adsorption from the solution there are no unoccupied sites on the surface, which
implies that the same iodine amount occupies the same surface in the different carbon samples. It is worth
noting that the specific surface area has been used most often for the characterization of the different
porous solid bodies.

5.Conclusion

Arecanut shell derived activated carbon prepared in the form of the fine-grained (<0.080 mm) carbon
samples, the iodine adsorption number in a range of /N = 496060000—769460000 ng/g can be recalculated
into the specific surface area according to Eq. (2). If we analyze the procedure for the determination of the
iodine adsorption number according to (PN-83/C—97555.04), this number equals the specific surface area
Sger . The determined iodine surface area, which amounts to w; = 0.2096 nmz, is a rough evaluation and
has been calculated in proviso that iodine is covered hexagonally on the adsorbent surface .lodine
adsorption number to the specific surface area can be a rapid and efficient method for the evaluation of the
surface area with a systematic error of a few nm?/ g in relation to the Szervalue.
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COMPLEXES OF INCLUSION OF FUNCTIONALLY-SUBSTITUTED
HYDRASONS OF ISONICOTHIC ACID WITH CYCLODEXTRINES AND
THEIR ANTIRADICAL ACTIVITY

Abstract. In the present work, supramolecular complexes based on N- (diethylamino) benzylidenisone-
kotinhydrazide and N- (2-bromo-3-phenyl) allylidenisononotinhydohydrazide and cyclodextrins (B-CD, 2-GP-B-CD)
were first obtained and studied. Comparison of the integral intensities of the 'H NMR signals of substrate
(hydrazone) and - and 2-GP-B-CD-p receptors in supramolecular complexes showed that in all cases complexes of 1
guest molecule composition are formed for 2 host molecules. It was found that during the interaction they form an
inclusion complex with the entry of the substrate molecule into the inner cavity of the receptor by the methylamine
end. The resulting products form a mixture capable of dissolving in water or forming stable aqueous dispersions. The
antiradical effect of synthesized supramolecular complexes on the DPPH radical was estimated. A concentration
capable of 50% lowering the optical density of a 100 pM solution of DPPH radical was determined. For a
supramolecular complex based on N-(diethylamino)-benzylidenisonocinate-hydrazide and 2-GP-B-cyclodextrin,
IC50 (DPPH) was found to be 46.4 uM.

Key words: B-cyclodextrin, 2-hydroxypropyl-cyclodextrin, supramolecular inclusion complexes, antiradical
activity.

Hydrazones obtained on the basis of known isonicotinic acid hydrazide are used as antibacterial and
antitubercular drugs, analytical reagents and dyes [1]. However, some of them have low solubility in
water. At present, various ways of increasing the solubility of medicinal substances in water are developed
and used: the use of special auxiliaries, including the inclusion of drugs in the complex of cyclodextrin
[2].

Cyclodextrins (CD) are cyclic oligosaccharides that have a hydrophobic internal cavity and a
hydrophilic outer shell [3]. Cyclodextrins (CD) are cyclic oligosaccharides that have a hydrophobic
internal cavity and a hydrophilic outer shell [4]. By forming the inclusion complex, it is possible to
increase the stability of low molecular substances sensitive to the action of light and air oxygen, increase
their solubility in water, bioavailability, and reduce toxicity. Due to this, CSDs are widely used in the
food, cosmetic, pharmaceutical industry, in the production of dyes, in analytical chemistry, in the
elimination of environmental pollution by ecotoxicants, etc. [5-7].

The stability of the complexes is caused by the formation of a variety of non-covalent forces of
interaction between the molecules of cyclodextrin and the "guest": Van der Waals, hydrophobic and etc.
Cyclodextrin in the complex protects the guest molecule from damage by various reactive molecules and
thereby reduces the rate of oxidation, steric rearrangement, hydrolysis, racemization and enzymatic
degradation [8, 9].
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It is promising to use the obtained hydrazones as a constituent supramolecular system (substrate) with
a cyclic oligosaccharide - B-cyclodextrin (receptor) having a truncated cone molecule with internal protons
H; and Hs and external H, and H, protons (Fig. 1). The possibility of including the active substance in the
capsule of B-cyclodextrin is due to hydrophobic interactions between the BAS and the complexing agent.
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Figure 1 - Schematic representation of the structure of f-cyclodextrin molecules

As hydrazones, N-(diethylamino)benzylidenisonconitinohydrazide (1) and N-(2-bromo-3-
phenyl)allylidenisonicotinhydohydrazide (7) were selected as substrata for supramolecular self-assembly,
which, according to the bioprospecting data, have high antituberculous, antimycobacterial activity and
inhibitors of glutamine-phenylurea transaminase and threonine aldolase (see below), as well as poor
solubility of the latter in water.

23
H
80 _NH i
=
7 \N 12 16
10 5
57 X3 13 N/ZJ\CH3
14 18 2
=
6 N7 4 19 CH,
1 20
1 2

Supramolecular chemistry is dominated by the size and shape or geometric complementarity of the
interacting components, therefore B-CD and its 2-hydroxy derivative-2-GP-B-CD were used to obtain
inclusion complexes with substrates 1 and 2.

Investigation by NMR spectroscopy of supramolecular complexes is based on the determination of
the difference in the values of chemical shifts of '"H and °C substrates (1, 2) and receptors (B-CD, 2-GP-p-
CD) in the free state and in the complexes as a result of intermolecular interaction. By the magnitude of
chemical shifts of internal or external proton protons, it is possible to detect the formation of internal
(inclusion) or external (without inclusion) complexes, respectively. The change in chemical shifts of 'H
and "°C in the spectra of substrates makes it possible to determine the direction of occurrence of the latter
in the CD cavity [10, 11].

The structure of substrates of supramolecular self-assembly 1 and 2 was established based on the
results of 'H and "C NMR spectroscopy obtained in DMSO-ds (Tables 1, 2 (1) and 1, 3, 4 (2). The
correctness of assigning one-dimensional NMR spectra of 'H and "°C 1 and 2 was confirmed by two-
dimensional correlations of the NMR spectra of 'H-'H COSY, "H-""C HMQC (Table 1).
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Table 1 -NMR data of 'H, 1°C, 'H-'H COSY, 'H-*C HMQC substrates 1 and 2

Substr S, ppm, J, Hz
ate 'H Bc "H-'H CcOSY 'H-"C HMQC
1 1.06 t (6H, H-20,22, °J 6.9), 3.31- | 12.96 (C-20,23), 44.26 (C- | H*?I-H™**(1.03, | H***2-C***(1.03, 12.93);
3.35m (4H, H-19,21), 6.66 d 19,21), 111.56 (C-14,16), 3.33;3.32, 1.05); H14 16.Cc!16 (6.63,
(2H, H-14,16,°18.7), 7.48 d (2H, | 120.76 (C-12), 122.00 (C- | H"™*'"-H'*'® (6.65, 111.53); H'*" B
H-13,17,%1 8.7), 7.77 d (2H, H- 3,5), 129.56 (C-13,17), 7.48; 7.48, 6,66); (7.45, 129.54); H>*-C>?
3,5,°14.6), 8.25 s (1H, H-23), 141.37 (C-4,11), 149.57 (C- | H**-H>¢ (7.76, (7.76, 121.92); H>6-C>*
8.72d (2H, H-2,6, °1 4.6), 11.72s | 2,6), 150.41 (C-15), 161.48 | 8.72;8.71, 7.77). (8.70, 150.73).
(1H, H-9). (C-7).
2 7.38-7.43 m (3H, H-15,19,17), 119.50 (C-12), 122.07 (C- | H'*B-H™T (7,40, | H>P-C (7 40,
7.67 s (1H, H-13), 7.77 d 2H, H- | 3,5), 128.99 (C-15,19), 7.84; 7.83, 7.43); 129.31); H"*-C" (7.67,
3,5,°J1.8), 7.84 d (2H, H-16,18, | 130.01 (C-17), 130.34 (C- | H*%-H> (7.76, 139.39); H*3-C3* (7.76,
3J6.4),8.34s (1H, H-11),8.75d | 16,18), 135.04 (C-14), 8.75; 8.74,7.77). 122.07); H'®18.C'618
(2H, H-2,6), 12.19 s (1H, H-9). 139.37 (C-13), 140.85 (C- (7.85, 130.14); H''-C"!
4), 149.53 (C-11), 150.90 (8.32, 119.49); H**-C*¢
(C-2,6), 162.27 (C-7). (8.74, 150.97).

The ratio of the integrated intensities of the protons in the compounds in question corresponded to the
structures 1 and 2 presented. NMR spectra of 'H and ">C B- and 2-GP-B-CD-nanov in the free state and
supramolecular complexes 3-5 on their basis with substrates 1 and 2 are presented in Tables 2-4.
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Table 2 — Chemical shifts of the '"H and *C nuclei of substrate 1
and 2-GP-B-cyclodextrin in the free state (8y) and in the complex 3 ()

Atom Group 8o, ppm. S, ppm. Ad=6-3y
number "H B3¢ 'H Bc "H B3¢
Substrate 1
2 CH 8.72 149.57 8.71 150.75 -0.01 1.18
3 CH 7.77 122.00 7.76 121.99 -0.01 -0.01
4 C 141.37 141.69 0.32
5 CH 7.77 122.00 7.76 121.99 -0.01 -0.01
6 CH 8.72 149.57 8.71 150.75 -0.01 1.18
7 C 161.48 163.82 2.34
9 NH 11.72 11.63 -0.11
11 CH 141.37 141.69 0.32
12 C 120.76 120.94 0.18
13 CH 7.48 129.56 7.48 129.55 0 -0.01
14 CH 6.66 111.56 6.68 111.60 0.02 0.04
15 C 150.41 151.53 1.12
16 CH 6.66 111.56 6.68 111.60 0.02 0.04
17 CH 7.48 129.56 7.48 129.55 0 -0.01
19 CH, 3.35 44.26 3.36 44.27 0.01 0.01
20 CH, 1.06 12.96 1.00 12.84 -0.06 -0.12
21 CH, 3.35 44.26 3.36 44.27 0.01 0.01
22 CH; 1.06 12.96 1.00 12.84 -0.06 -0.12
23 CH 8.25 8.26 0.01
2-HP-B-CD
1 CH 4.79 102.33 4.80 102.29 0.01 -0.04
2 CH 3.26 72.56 3.28 72.94 0.02 0.38
3 CH 3.70 73.56 3.73 73.55 0.03 -0.01
4 CH 3.18 82.11 3.21 82.20 0.03 0.09
5 CH 3.56 72.56 3.60 72.30 0.04 -0.26
6 CH, 3.56 60.40 3.60 60.43 0.04 0.03
Table 3 — Chemical shifts of the "H and *C nuclei of substrate 2
and B-cyclodextrin in the free state (3y) and in the complex 4 (3)
Atom Group 89, ppm. d, ppm. Ad3=5-3,
number "H | Bc "H Ke 'H Ke
Substrate 2
2 CH 8.75 150.90 8.38 150.98 -0.37 0.08
3 CH 7.77 122.07 7.95 124.49 0.18 242
4 C 140.85
5 CH 7.77 122.07 7.95 124.49 0.18 242
6 CH 8.75 150.98 8.38 150.98 -0.37 0.08
7 C 162.27
9 NH 12.19 12.19 0
11 CH, 8.34 149.53 8.38 0.04
12 C 119.50
13 CH, 7.67 139.37 7.95 0.28
14 C 135.04 133.50 -1.54
15 CH 7.43 128.99 7.53 129.42 0.10 0.43
16 CH 7.84 130.34 7.95 131.17 0.11 0.83
17 CH 7.43 130.01 7.53 132.11 0.10 2.10
18 CH 7.84 130.34 7.95 131.17 0.11 0.83
19 CH 7.43 128.99 7.53 129.42 0.10 0.43
B-CD
1 CH 4.77 102.40 4.79 102.46 0.02 0.06
2 CH 3.26 72.83 3.27 72.93 0.01 0.10
3 CH 3.58 73.54 3.60 73.57 0.02 0.03
4 CH 3.28 81.98 3.31 82.07 0.03 0.09
5 CH 3.50 72.50 3.51 72.56 0.01 0.06
6 CH, 3.58 60.42 3.60 60.45 0.02 0.03
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Table 4 — Chemical shifts of the 'H and *C nuclei of substrate 2
and 2-GP-B-cyclodextrin in the free state (30) and in the complex of 5 (8)

Atom Group 8o, ppm. S, ppm. Ad=6-3y

number 'H | Bc 'H | Bc 'H | Bc

Substrate 2

2 CH 8.75 150.90 8.78 149.72 0.03 -1.82
3 CH 7.77 122.07 7.87 124.04 0.10 1.97
4 C 140.85 140.25 -0.60
5 CH 7.77 122.07 7.87 124.04 0.10 1.97
6 CH 8.75 150.98 8.78 149.72 0.03 -1.82
7 C 162.27 163.61 1.34
9 NH 12.19 12.19 0

11 CH, 8.34 149.53 8.38 149.72 0.04 0.19
12 C 119.50

13 CH, 7.67 139.37 7.87 139.64 0.20 0.27
14 C 135.04 131.18 -3.86
15 CH 7.43 128.99 7.52 129.00 0.09 0.01
16 CH 7.84 130.34 7.87 129.42 0.03 -0.62
17 CH 7.43 130.01 7.52 129.42 0.09 -0.59
18 CH 7.84 130.34 7.87 129.42 0.03 -0.62
19 CH 7.43 128.99 7.52 129.00 0.09 0.01
2-HP-B-CD

1 CH 4.79 102.33 4.80 102.36 0.01 0.03
2 CH 3.26 72.56 3.28 7291 0.02 0.35
3 CH 3.70 73.56 3.73 73.53 0.03 -0.03
4 CH 3.18 82.11 3.21 82.01 0.03 -0.10
5 CH 3.56 72.56 3.60 7291 0.04 0.35
6 CH, 3.56 60.40 3.60 60.66 0.04 0.20

Comparison of the integrated intensities of the signals of "H NMR of the molecules of substrates 1
and 2 and the receptors of B- and 2-GP-B-CD in supramolecular complexes 3-5 showed that in all cases
complexes of the composition of the guest molecule are formed for 2 host molecules.

In the formation of the supramolecular complex 3, as a result of the supramolecular self-assembly 1
with 2-GP-B-CD, changes in the proton chemical shifts in the cyclodextrin AS molecule occurred to a
greater extent in the internal hydrophobic protons H-3, H-5, H-6 than in the the external hydrophilic
surface of protons H-1, H-2 and H-4. In molecule 1, the largest changes in proton spectra are observed in
diethylamine protons H-20, H-22, H-19, H-21 and located closer to the above protons in the phenylidene
protons H-14 and H-16. The proton also undergoes screening in the process of complexation, the aromatic
pyridine hydrophobic protons H-2,6 and H-3,5. It can be assumed that the greatest supramolecular
interaction of host and host molecules is realized by means of the above protons during the formation of
complex 3 (Fig. 2).

Figure 2 - Supposed supramolecular inclusion complexes 3
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Screening of external cyclodextrin protons is probably due to the intermolecular interaction of
hydrophilic protons with external hydroxyl groups of 2-GP-B-CD-N, as well as the possible slight
formation of external complexes [12-15]. The water-soluble aggregates formed in this way are capable of
solubilizing the molecules of substrates through non-inclusive complexation [16-18]. A significant change
in the chemical shifts of the imine proton H-9 is probably due to the hydrophilic interaction of its hydroxy-
group receptor.

Supramolecular self-assembly of substrate 2 with B- and 2-GP-B-CDs with the formation of
supracomplexes 4 and 5 was also accompanied by a change in internal hydrophobic protons of CD and
insignificant screening of external proton receptors. In molecule 1, the largest changes in proton chemical
shifts occurred in the phenyl and pyridine fragments. When B-CD-3 was used as the receptor, the greatest
changes in proton chemical shifts were observed in the protons of the pyridine fragment of complex 4,
whereas the use of 2-GP-B-CD in supramolecular self-assembly with substrate 2 leads to the greatest
change in the chemical shifts of the protons of the phenyl radical in the supracomplex 5.

The proposed models of supracomplexes 4 and 5 are similar in structure and are shown in Figure 3. In
order to study the biological activity of the obtained supramolecular inclusion complexes 3-5, their
antiradical effect on the DPPH radical was evaluated. The antiradical action of the presented samples was
investigated with respect to the radical 2,2-diphenyl-1-picryl hydrazyl (DPPH ¢) [19].

Figure 3 - Supposed supramolecular inclusion complexes 4 and 5

A methanol solution of DPPH (100 uM) was used for the initial evaluation of the antiradical activity
of the samples under study in the DPPH-radical test. For the selection of substances with a pronounced
antiradical activity, 2 ml of a 100 uM methanolic solution of DPPH was mixed with 20 pl of the test
object dissolved in DMSO at a concentration of 5 mM. Thus, the final concentration of the test substance
in the reaction mixture was 50 pM. 10 minutes after the solution of the test compound was added to the
DPPH radical solution, the optical density reduction at 515 nm was measured. For substances capable of
reducing the optical density by more than 30%, an interaction test with DPPH radical was carried out at
the final concentrations of the test substances 100, 75, 50, 25, 20, 10 and 5 uM. Then, the concentration of
the test substance was determined, which was able to reduce the optical density by 50% - ICs, (DPPH)
(Table 5). In control, a 100 uM solution of DPPH was added with 20 pl of a solvent - DMSO.

Table 5 - Optical density of the solution of a 100 uM DPPH radical
after a 10-minute incubation with the test substance at a final concentration of 50 pM

Ne Connection cipher Optical density The decrease in the optical density of the initial
solution of DPPH-radical, in% of the control

1. 3) 0,535 52,3

2. ) 1,094 2,5

3. 5) 1,058 5,7

4. Control (DPPH solution without

1,122 -

test sample)

— 62 ——
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From Table 5 we see that Compound 3 in the final concentration of 50 uM reduces the optical density
of the initial solution of DPPH radical by 52.3%, which means it is promising for further studies. The
remaining compounds showed no pronounced antiradical activity under the conditions of this test system.

In the second series of experiments, we studied the ability of compound 3 at various concentrations
(from 5.0 to 100 uM) to interact with the DPPH radical (Table 6).

Table 6 - Optical density of the solution of a 100 uM DPPG radical after a 10-minute incubation with 3
at the final concentrations in the reaction mixture of 100, 75, 50, 25, 20, 10 and 5 uM

Ne | The final concentration of 3 in the reaction mixture, uM Optical density

1. | 100 0,079

2. |75 0,275

3. 150 0,491

4. |25 0,723

5. 120 0,798

6. | 10 0,907

7. |5 0,963
Control (DPPH solution without test sample) 1,042

Using the constructed calibration curve (Fig. 4), the concentration of Compound 3 was determined,
capable of 50% decrease in the optical density of a 100 uM solution of DPPH radical. For compound 3,
ICso (DPPH) was found to be 46.4 uM.

120 V=33,25x2 - 141, 7x + 111,2

100 - R? = 0,999
80 \

) e

40 \

20

0 T T T T T 1
50 0 0,2 0,4 0,6 0,8 1 1,2

Figure 4 - Dependence of the optical density of the DPPH radical solution on the concentration of 3

Using the constructed calibration curve (Table 7, Fig. 5), the concentration of ascorbic acid, capable
of 50% lowering the optical density of 100 uM DPPH radical solution, was determined. For ascorbic acid,
IC5o (DPPH) was found to be 21.14 uM.

Thus, supramolecular complexes based on the functionally substituted N-benzylidene- and allylidene-
isonicotinohydrate with cyclodextrins (B-CD, hydroxypropyl-B-CD) were obtained and their structures
studied by NMR spectroscopy. It is shown that the products obtained from a mixture that is capable of
dissolving in water or forming stable aqueous dispersions.

Table 7 - Optical density of the solution of a 100 uM DPPG radical after a 10-minute incubation with ascorbic acid at the final
concentrations in the reaction mixture of 25, 20, 10 and 5 uM

Ne The final concentration of ascorbic acid in the reaction mixture, uM Optical density

1. 25 0,429

2. 20 0,545

3. 10 0,792

4. 5 0,914
Control (DPPH solution without test sample) 1,042
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Figure 5 - Dependence of the optical density of the DPPH radical solution on the concentration of ascorbic acid

The antiradical effect of synthesized supramolecular inclusion complexes against DPPH radical was
estimated. Antiradical activity under the conditions of this test system was shown in Sample 3, for which a
concentration was determined capable of 50% decrease in the optical density of a 100 uM solution of
DPPH radical. For compound 3, IC50 (DPPH) was found to be 46.4 uM.

According to our data, the IC50 (DPPH) (uM) for the reference sample, in this case for ascorbic acid,
was 21.1 uM. The activity of the sample of Compound 3, for which IC50 (DPPH) was 46.4 uM is inferior
to the reference sample of ascorbic acid.

According to the literature data [20] IC50 (DPPH) (uM) for ascorbic acid is 27, for glutathione - 49,
for hydroquinone - 27, for trolox - 28, for a-tocopherol - 28. Thus, the activity of compound 3 is
comparable with activity known antioxidant - glutathione.

Experimental part

B- and 2-GP-B-CDDs were used by Fluka companies with a purity of 99%. The 'H and “C NMR
spectra were recorded on a Jeol JNM-ECA 400 spectrometer (399.78 and 100.53 MHz on 'H and "°C
nuclei, respectively) in a DMSO-dg solution at room temperature. Chemical shifts are measured relative to
the residual signals of protons or carbon atoms DMSO-d.

Preparation of inclusion complexes (3-5) of functionally substituted N-benzylidene- and allylidene-
isonicotinhydrazide (1, 2) with B- and hydroxypropyl-pB-cyclodextrin. We chose the method of
coprecipitation, since this method makes it possible to obtain a very pure preparation of the inclusion
complex in a crystalline form. In a 1: 1 ratio, a saturated solution of cyclodextrin in water was added
dropwise to a concentrated solution of the functionally substituted N-benzylidene- and
allylidenisonicotinhydrazide in an organic solvent (ethanol, dioxane, DMF, etc.). After that, they
interfered with a magnetic stirrer at a temperature of 85-90°C. The individuality of the proposed
complexes was checked by thin-layer chromatography on Silufol UV-254 plates in isopropyl alcohol-25%
ammonia-water 7:2:1 solution. The final product was dried at a temperature of 600°C in vacuum drying at
atmospheric pressure of 0.4 kgf/cm2. The inclusion complexes of hydrazones with cyclodextrins were
obtained in the form of a powder.

The work was carried out with the financial support of the Committee of Science and the Ministry of
Education of the Republic of Kazakhstan on "Grant Financing", No. Registration 0115PK01782,
AP05131054 "Development of scientific bases and effective methods of creation of new polyfunctional
pyridine compounds with the purpose of search on their basis of potential biological active substances for
medicine".
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O.A. HYpKEHOBl, C.. (I)ZBBIJ'IOBl, AJK. l/lcaeBal,
T.M. Ceiixanos’, T.C. )Kusorosa', 3.T. lllyaray’, ’K.M. Koxuna*

1KP OpraHuKabIK CHHTE3 XKOHE KOMip XUMIICE HHCTHTYTHI, Kaparannsr k., Kazakcran Pecybmukacsr;
’[II. YonuxaHnoB atsiHzarsl Kexueray MemiexerTik yuusepcnteri, Kasakcran PecryGnmkachr;
3 KP BFM FK «¥ntTe1K 6noTexuonorus optansirby LIDKK-narer PMK, Acrana k., Kazakcran Pecny6nukacsr;
‘JLH.T YMUJICB aThIHIaFbl Eypasust YITTHIK yHUBEpCUTETI, AcTaHa K., Kasakcran PecniyOiinkacst,

OYHKIINOHAJIIBIK-OPBIHBACBIJIFAH N30OHUKOTHH KbIIIKbIJIBIHBIH T IPA30OHIAPBI
MEH HUKJIOJEKCTPUHJAEPAIH KOMIIJIEKCTIK KEIHEHIEPI ’)KOHE OJIAP/IbIH
AHTHUPAJIUKAJIIBIK BEJICEHAUIIKTEPI

Annoranus. bepinren >xympicta amram per mukmoaekcrpunaepaeri (B-LIA, 2-I'TI-B-L1) N-(aumyTrmamuHO)
OCH3WITNIEHN30HUKOTHHOTHAPA3UA koHe N-(2-Opomo-3-(heHrn)auminIeHH30HUKOTHHOTHIPA3HIiHIH HeTi3iHAer]
CYTIPaMOJIEKYIIPIIBIK KEMICHACPAiH PeaKkIusiIapbl KapacThIPBUIBI, 3epTTenmi. - xone 2-I'TI-B-LIJ1 penentopraps
MeH cyGcrparTap (rMapasoHzap) MoneKynanapbibie H SIMP  MHTErpamiblK KapKbIHIBUIBIK 1aObUIIApPEIH
colikecTeHIIpy Ke3iHae OapiiblK jkardaiina 1 KOHaK MOJIEKYJIACHIHBIH 2 PEIeNnTOPbIH MOJEKYIachl KYpaMbIHJIA
OonaTeIH KemieHaep Ty3uleTiHi Oalikanapl. OmapablH cyOCTpaT MOJEKYJAChIHBIH METHIAMHUHIIK TOOBI >KaFbIHAH
peLenTopAbIH IIIKI KarblHa Kipyl apKbUIbl KOCBUTY KEHICHIH TY3€TiHI aHBIKTAIAbl. AJIBIHFaH OHIMJEp Cyla epu
aJlaThIH KOCIA Ty3el HeMece Cya TYpakThl mucrnepcusuiap tyseai. ConbimMen Katap, DI -pagukaibsl KaThICIHIA
MUKIOACKCTPUHICPACTI TUAPA3OHIAPIBIH CYHNPaMOJICKYISAPIBIK KEIICHIHIH aHTUPAIUKAIABIK ocepi OaraimaHIbl.
J@IIT -panukaneiaeiy epiTiagiciHig 100 pM onTHKaNbIK THFBI3IBIKTE S0%-Fa NIeiiiH TOMECHIETE alaThiH KOHIICH-
TPaNUACHl AHBIKTANABI. N-(IU3THIAMUHO)-OCH3MINACHU30OHUKOTHHOTHApasuai MeH 2-I'TI-B-nukinogekcTpuHHIH
cynpamonekyspislK kemeHi ymiH [Cso(DPPH) 46,4 pM TeH.

Ty#iin cjaoBa: B-IIUKIOAEKCTPHUH, 2-THAPOKCHIIPOIII-B-IIUKIOACKCTPHH, CYIPaMOJEKYISPIBIK KOCBITY
KeIIeH epi, aHTUPAIUKAIABIK OCICeHAITIK.
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KOMIIJIEKCHI BKIIIOYEHUSA @ YHKIIMOHAJIBHO-3AMEIINEHHBIX TH/IPASOHOB
W30HUKOTUHOBOM KUCJIOTHI C IUKJIOJAEKCTPUHAMU
N UX AHTUPAIUKAJIBHASA AKTUBHOCTbH

AHHoTanus. B Hactosmei paboTte BrepBble ObIIIN MOMYYEHBI U N3yUYEHBI CYyNPAMOJIEKYJISIPHbIE KOMIIJIEKCH Ha
ocHOBe N-(IMATHIAMHUHO)OCH3WINACHU30HU-KOTUHOTHApa3uaa U N-(2-0pomo-3-(heHnn)auminaeHn30HUKOTH-
Horujpasuaa u umkiaopekcrpuHamu (B-LJ, 2-TTI-B-LIJI). ConocraBneHne HHTETpalbHBIX HHTEH-CUBHOCTEH
curnanos 'H SIMP monekyn cy6crpartoB (ruapasoHoB) i peuentopos B- u 2-I'TI-B-IJI-Ha B cynmpaMoseKyIspHbIX
KOMIUIEKCaX MOKa3aJlo, YTO BO BCEX CIIydasx 00pa3yloTcs KOMIUIEKCHI COCTaBa 1 MoJeKysa rocTs Ha 2 MOJIEKYJIbI
X035MHA. Y CTaHOBIICHO, YTO IPH B3aMMOJICHCTBUN OHU 00pa3yloT KOMIUIEKC BKIIIO-UEHHS C BXOXKIAEHHEM MOJIEKYJIBI
cyOcTpaTta BO BHYTPEHHIOIO OJIOCTh PEIeNTOpa METHJIAMUHHBIM KOHIIOM. [Toy4eHHbIe TpogyKThl 00pa3yloT cMech,
CHOCOOHYIO pacTBOPSITHCS B BOJIE WJIM 00pa30BBIBATh yCTOWYMBBIE BOJHBIE Auctepcui. OIEHEHO aHTHPaAUKaIbHOE
JIefiCTBAE CHHTE3WPOBAHHBIX CYIPaMOJICKYISIpHBIX KoMIulekcoB B oTHomeHmn @I -pagmkana. Ompenenena
KOHLIEHTpalusi, crocooHass Ha 50% cHkate onTHdeckyro mioTHocTs 100 uM pactBopa @I -paankana. s
CyNpPaMOJIEKYJIIPHOTO KOMIUIEKCa Ha OCHOBE N-(AMATHIAMHHO)-OCH3WIHIEeHH30HUKOTHHOTHApasuna u 2-I'TI-f-
nukinoaexcrpuna, ICso(DPPH) oxa3zanace paBHoit 46,4 uM.

KioueBble  cjoBa:  [B-IUKIOAEKCTPUH,  2-THUAPOKCHIIPOMII-B-IMKIONEKCTPUH,  CYHIPaMOJICKyJISIpHBIC
KOMILJIEKCHI BKIIFOUCHHS, aHTUPpAaAUKaJIbHasA aKTUBHOCTb.
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METHODS FOR EXTRACTION OF VALUABLE
COMPONENTS FROM ASH-AND-SLAG COAL WASTES

Abstract. In the article the problems of ash and slag wastes processing, which are formed from coal combustion
in CHP, are considered. General information is given on the chemical composition of ash and slag wastes and the
content of valuable components of the most developed and used deposits in Kazakhstan and attractive from the point
of view of extracting valuable materials from them. Among such deposits are the Karaganda basin, the Ekibastuz
basin, the Maikuben basin, the Borly field, and the Kara-Zhyra field.

The literature review of the methods of leaching the elements from ash and slag waste from coals showed that
the conditions of the process and the selection of the necessary reagents depend on the composition and the degree of
preparation of the initial coal ash, and the concentration of the extracted component is an important component.

The most common and effective methods of extracting valuable components from ash are leaching with acids
and alkalis. However, the use of such expensive reagents already in the production of these products requires the
careful development of an appropriate technology (across the entire process chain), where it is also possible to
recover the reagents. In addition, despite the relatively high degree of extraction of microelements, acid leaching has
disadvantages associated with the use of expensive acid-fast processing equipment and the difficulty of separating
siliceous sludge from acid solutions of salts and the difficulty of purifying aluminum salts from iron.

Promising technologies for extracting valuable components from ash are biochemical heap leaching with the use
of thiobacteria Th. Ferrooxidans, fluoride technology (using fluorine and hydrogen fluoride, or fluoride and
ammonium bifluoride).

Keywords: coal, ash, leaching, acid, alkali, metals, recovery, macroelements, microelements.

Introduction. Recently, more attention has been paid to environmental issues related to the
development of technology and technology in Kazakhstan. In this regard, an integrated approach to
solving the problems of utilization of various wastes has become relevant, including ash and slag.

Each year, a huge amount of ash and slag wastes are generated at the thermal power station, and the
largest producers are China, the United States and India (table 1) [1].

The current global annual production of ash and slag is approximately 750 million tons [2], and in the
near future, this amount of waste is expected to grow. This fact is one of the serious environmental
problems associated with the threat to public health and environmental safety (damage to soil, plants,
atmosphere). Fly ash can even get into the soil and contaminate groundwater with heavy metals [3, 4]. In
this regard, there is a necessary need for the utilization and processing of ash [5].

As the Head of State N. Nazarbayev noted in his message to the people of Kazakhstan on January 10,
2018: "It is important to increase the requirements for energy efficiency and energy saving of enterprises,
as well as the environmental friendliness and efficiency of the energy producers themselves.
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Table 1 - Annual production of coal ash in the world (2013)

Country Ash production (mln. tons)
China 385
USA 118
India 105
Europe 52,6
Middle East and Africa 32,6
Russia 26,6
Asia 16,7
Australia 13,1
Japan 11,1
Canada 6,8

At present 500 million tons of ash and slag waste has accumulated in the Kazakhstan, and this volume
is growing by 19 million tons per year. At the same time, ash dumps occupy large areas, and their
construction requires significant capital expenditures from power plants, which ultimately affect the cost
of production of energy(according to the Kazakhstan Electric Power Association)..

From ash-and-slag wastes from coal produced by CHP, about 8% of ash is processed in Kazakhstan
(less than 1.9 million tons). If the use of ash remains at this level, by 2020 the amount of accumulated
waste will exceed 650 million tons, and by 2030 - 1 billion tons [6].

In this context, global processing of ash not only contributes to the improvement of the ecological
state of the environment, which is a priority, but additionally (except for energy) will significantly
improve the efficiency of coal processing with the production of high added value products.

Ash-and-slag wastes have specific properties that determine the possibility of their effective use in
various industries. A wide application of processing of ash and slag wastes was found in the developed
countries of the West, where about 65-70% of ash and slag (formed by heat and power plants) are
processed, mainly in the production of building materials (as additives in cement, concrete, bricks, etc.). In
Germany, Denmark, China, up to 100% of the annual output of ash and slag materials is used in the
production of building materials. In Germany, it is currently forbidden to build coal-fired power plants and
ash-and-slag-dumps without the technology of 100% processing into other goods. Changes in Indian law
led to an increase in the use (utilization) of ash from 30% of the annual output to 53%, which is about 70
million tons/year [6].

At the same time, in addition to building materials, various valuable metals can be obtained from ash
and slag wastes. Many rare elements found in ashes are in demand and are intensively used, for example:
yttrium - for the production of new structural and high-temperature superconducting ceramics and
phosphors; scandium - in military technology, for the manufacture of halogen lamps; Lithium - for the
production of aluminum-lithium alloys for aircraft missile technology; gallium - for the production of laser
diodes for fiber-optic communication and ultra-high-frequency radar equipment; beryllium - in electrical
engineering and electronics, in aerospace engineering, in the automotive industry; germanium - for the
production of infrared technology, fiber optics, in pharmaceutics, in metallurgy.

Chemical composition of ash-and-slag wastes

The composition of ash and slag wastes is determined by the mineral composition of the coals, which
depends on the deposit, the depth of the beds, methods of extraction and enrichment, and the ash content
of the coal is constantly increasing.

The chemical properties of ash and slag waste vary greatly depending on the type of coal, combustion
temperature, combustion technology, air/fuel ratio and coal particle size. The main part (up to 98-99%) of
ash and slag wastes are compounds of ash-forming macroelements (Si, Al, Fe, O, Ca, Ti, Mg, S, K, Na).
The remaining elements (microelements) are present in the ash at a level of 0.1% or less. Some of the
trace elements (Sr, Ba, Sc, Y, La, Ti, Zr, etc.) are contained in the slag. Other elements (Ga, In, Tl, Ge, Sn,
Pb, etc.) at temperatures above 1000 0C are removed from the high temperature zone and condense in
cyclones, electrostatic precipitators (at 110-120 °C) [7].
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Alkali and alkaline-earth metals (Na, K, Ca, Mg, etc.) occupying the position between macro and
micro components are in the form of organomineral components, and also form inorganic compounds
(calcite, dolomium, gypsum).

All elements of ash can be a part of both the mineral part of the coals (i.e., form minerals) and in the
form of compounds with organic matter of coals, forming so-called organomineral components, which are
the least studied forms. These include: salts of humic acids (K, Na, Ca, Mg, etc.), complex humates
characterized by a cyclic system of bonds, as well as elementorganic compound compounds (ie, with a
bond C-E, where E - S, Si etc.).

Phase-mineralogical composition of ash is determined by compounds of inorganic components in
coal, as well as by physicochemical processes occurring during coal combustion. The main quantity of
inorganic elements is concentrated in the form of quartz, minerals of the kaolinite group, siderite (FeCO3).
As admixtures there are hydromicas, feldspars, calcium carbonates (aragonite CaCO3 and calcite CaCO3),
magnesium (magnesite MgCO3), pyrite (FeS2). The content of iron varies considerably in coals, the main
compounds of which are siderite and pyrite, which sometimes form quite large concretions.

The problems of the origin and distribution of basic inorganic components in coals and their
processing products are described in works [8, 9].

In some coal deposits (as in ores), there are elevated concentrations of valuable metals - vanadium,
germanium, titanium, tungsten, zirconium, gallium, niobium and some others. Thus, up to 40-67% of
titanium, 45-77% of beryllium, 70-87% of copper, 50-81% of manganese, 74-84% of arsenic, 48-60% of
vanadium and 62-83% of gallium are extracted from ash-and-slag wastes of brown coal.

Thus, a significant accumulation of ash and slag wastes due to burning of coals is the reason for
special attention to the study of the chemical composition of coals with the further development of
technologies for extracting valuable elements from ash. We will briefly review the physicochemical
composition of the coals most used in Kazakhstan and attractive from the point of view of extracting
valuable substances from them (data are taken from [10]).

The Karaganda basin (hard coal).The coal ash is refractory (melting point 1250-1500 ° C). In
separate layers (Dolinskaya and Tentekskaya suites), the yttrium content reaches 40-54 g/t ash, scandium
up to 43 g/ t ash.

Karaganda basin (brown coal). Low-sulfur coals (0.5-0.8%), medium phosphorus (0.01-
0.08%).Coals of the Dubov suite are characterized by increased concentrations of yttrium (up to 180 g/t of
ash), scandium (up to 90 g/t) and other impurity elements (beryllium, vanadium, chromium, cobalt).

Ekibastuzsky basin. 1t is one of the coals most used at CHP. The actual average ash content of coal is
39%. The ash of the top three layers is refractory (1610-1690 © C), highly abrasive. Coals are low-sulfur
(0.4-1.0% S total, with predominantly organic sulfur), polyphosphorous. A peculiar feature of the ash of
Ekibastuz coals is the increased content of alumina (26-30%). In heavy fractions with a density of more
than 1.7 g/cm3, zinc, copper, lead, and also silver, scandium and other elements are concentrated to a few
hundredths of a percent. Calculations showed that from the ash yield of about 30 million tons, with the
creation of the appropriate technology, it is possible to extract 70,000 tons of titanium, 24,000 tons of zinc,
12,000 tons of lead, 9,000 tons of tin, 3,000 tons of copper, 180 tons scandium, 30 tons of silver and other
elements (vanadium, manganese, zirconium). Considering the huge reserves of ash and slag waste
obtained from the burning of Ekibastuz coals at the CHP, the issue of extracting valuable components
from them can become an important economic problem. Then, ash waste can be used as raw material for
building materials.

Maykubensky basin. Coals of the basin are humus, brown with a high degree of coalification,
medium-ash. The ash is refractory, with a high content of A1203 (up to 30%). Coals are low-sulfur (0.5-
1.0%) and polyphosphorous (0.1%).

In addition, elevated scandium concentrations (up to 0.05%, an average of 7 clarkes), yttrium (up to
0.03%), ytterbium (up to 0.005%, an average of 10 clarkes), gallium and zirconium (up to 0.06%) arein
the coal ashes of the Shoptykol suite. High concentrations are characteristic for copper, zinc and lead. The
titanium content reaches 1%. It is noted up to 100 g of beryllium per 1 t of ashe, 1-30 g/t of silver.
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The ashes of Maykubensky coals with a high Al,O3 content can be a good raw material for alumina
production. In addition, the ash from the coals of the Shoptykol suite is a complex raw material not only
for the production of aluminum, but also for titanium, scandium, rare earth elements and other valuable
impurity elements. In addition, the presence of biostimulants (phosphorus, boron, zinc, etc.) in the ashes
allows them to be used as microfertilizers.

The Borlydeposit. Coals are humus, stone, high-ash (32-40% and more), low-sulfur. Ash is
characterized by a high content of alumina (an average of 26.8%). The elevated Al,O; contents (38-39%)
are characteristic in particular of the coals and rock layers of the lower coal horizon. The same coals are
characterized by fairly high concentrations of titanium (3400 g/t in coal and 8,500 g/t in ash), zirconium
(209 and 520 g/t in coal and ash, respectively), yttrium (25 and 62 g/t), ytterbium (2.5 and 6.5 g/t) and
scandium (209 and 520 g/t).

The Kara-Zhyradeposit (the old name is Yubileynoye). Coals belong to the brown (B3) high-
metamorphosed, transitional to the stone long-flame, humic with an ash content of 14-19% (average
16.3%), low-sulfur (average sulfur 0.48%).Coal ash, in addition to titanium, is enriched with scandium
(46-95 g/ t ash), yttrium (66-79 g/ t ash), beryllium (more than 10 to 50 g / t ash), copper (the vast part
contains 100-300 grams / t ash) and other elements-impurities. On a large area of coal seams, the
concentrations of these elements are maximal. Taking this into account, the coals of the deposit should be
considered as a potential source of rare-earth-scandium raw materials and more detailed additional
research is needed.

Some basic indicators of the chemical composition of the above coals are summarized in Table 2 (the
gold-forming organic and mineral macroelements C, H, S, P, Si, Al, Fe, O, Ca, Ti, Mg, K, N are given in
units of mass% microelements Ti, Zr, Sc, Y, Yb are given in units of - g/t ash, A'- ash content of coal, W'i-
coal moisture, Ty, - melting temperature of ash).

Table 2 — Chemical composition of Kazakhstan coal [10]

The Karaganda basin (hard coal)

AT Ty Si0, AlLO; CaO MgO SO,
or 10-15 mo 1250-1500 °C 51 35 7 1 4
25-40
The Karaganda basin (brown coal)
W, A’ S P C H Y Sc
17-25 16-21 0,5-0,8 0,01-0,08 71 5,4 1o 180 10 90
Ekibastuz Basin
Ar Tm SIOZ A1203 F6203 CaO MgO Nzo Kzo Ti Zr Y
39 1610- 62,9 28,6 3,8 1,1 0,3 2,4 0,2 bils) 110 30
1690°C 10000 10000
Maykubensky Basin
A’ S P Al O, Sc Y Yb Zr Ti Be Ag
25-28 0,5-1,0 0,1 10 30 10 0,05 | m0 0,03 10 500 0,06 110 100 1-30
10000
The Borly deposit
A’ A1203 Ti Zr Y Yb Sc
32-40 38-39 8500 520 62 6,5 520
The Kara-Zhyra
A’ S SiO, ALOs Fe,)O; Ca0O TiO, MgO SO; Sc Y Be
14-19 0,48 45,7 29,8 8,25 5,01 1,2 2,06 5,63 46-95 66-79 10-50

Methods of extraction the elements from ash and slag wastes

— In studies devoted to the study of the leaching of trace minerals, the experiments differ in both the
set of elements studied (depending on the qualitative composition of the ash), the choice of the reaction
medium for leaching, and the temperature and time treatment regimes. Analysis of literature data on how
to extract trace minerals allows them to be divided into three main groups:

— acid methods. For the extraction of microelements of basic and amphoteric character, solutions of
strong mineral acids (H,SO4, HC1, HNOs) [11-13], acetic acid [13] are used;

— 70 —
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— alkali methods. Alkaline solutions (NaOH, Na,CO;, NaHCO;, NH,OH) [12], Ca(OH), are used to
extract microelements of acidic and amphoteric character [14].

— extraction in harsh process conditions (increased pressure, temperature) [15] or with use of
aggressive media (oxidation-reduction or chlorinating calcination) [16], fusion with chlorides, sublimation
[17];

— Dbiotechnology of metal leaching (using bacteria) [18].

In addition, recently, the fluoride methods of processing mineral raw materials have been increasingly
developing. Previously, fluorides were used, mainly, for the production of uranium hexafluoride in the
nuclear industry. Fluoride technologies allow expanding the range and depth of extraction of elements.
The condition for the profitability of fluoride technologies is the use of fluorine and hydrogen fluoride in
pure form, or in the form of more technological fluoride and ammonium bifluoride [19]. The method of
fluoride processing of ash consists in the fact that hydrogen fluoride interacts with the ash and transfers
silicon (contained in the ashes) to the gaseous compound - tetrafluorosilane. This separates the silicon
compound from the bulk of the substances. Tetrafluorsilane is absorbed with a solution of ammonium
fluoride, which is then treated with an excess of ammonia to isolate the highly dispersed residue. The
physicochemical basis of this process with the use of ammonium fluorides is the difference in the
properties of ammonium fluorometallates. For the complete extraction of components from the ash,
optimal process conditions are determined by varying the difference in the physicochemical properties of
ammonium fluorides and fluorometallates [20].

Prior to direct leaching of valuable components from ash, unburned coal (undersized) and iron-
containing fractions are usually recovered. Unburned (content in ash is 5-15%) is separated from the ash
usually by the froth flotation method (on flotation machines). With regard to trace elements, separation of
coal will further increase their content in the solid residue. The most common method of magnetic
separation is used to separate the iron-containing fraction from the ash. In addition, there is an additional
stabilization of the composition of macrocomponents.

The complex processing of fly ash from the Ekibastuz Basin is proposed in the work [21], the
technological scheme of which is shown in Figure 1. Such processing includes sulfuric acid leaching of
rare-earth and radioactive metals, followed by alkaline extraction of gallium and amorphous silicon oxide.

Aluminium extraction

In accordance with the reagents used, the sintering processes can be separated into lime or calcination
agglomerate, the Kalsinter process and other agglomeration processes. The agglomeration processes
include a high temperature reaction of coal fly ash with powdered sintering agents to form soluble alumina
compounds. The agglomerate is then leached (to separate aluminum) and the resulting solution is treated
to produce high purity alumina.

In the agglomeration process, the ash reacts with lime (added as limestone) at an elevated temperature
(> 1100 ° C) to form calcium aluminate (soluble in the extractant) and calcium silicate insoluble in the
same solution. The extraction of alumina from the agglomerate is carried out by dissolving the alumina in
the extractant and precipitating the calcium silicate as a solid residue. Conventional extractants include
water and dilute alkaline solutions, such as Na,CO; and NaOH [22]. After leaching, aluminum precipitates
as Al(OH); by contacting the solution with CO,. The next step is calcining the precipitate to produce the
final product of o- or y-alumina.

The first method of agglomeration with calcareous soda was developed by Kaiser A. in 1902 to
separate alumina from silica. It is known that the reaction of a mixture of lime and soda with fly ash forms
soluble sodium aluminate and insoluble calcium silicate. At high temperatures (usually 1100-1400°C), the
formation of other compounds is inevitable, depending on the type of fly ash and sintering conditions. As
in lime agglomeration, the sintered product is leached with water, caustic soda or sodium carbonate
solution. Therefore, the agglomeration process with calcareous soda also includes a purification step of the
solution. The resulting suspension is filtered and the solution is treated with Ca(OH), suspensions to
precipitate the dissolved silica at a high temperature and pressure, which is then decomposed in the same
manner as in the Bayer process, or treated with CO, to precipitate the hydrated alumina. AI(OH); is
separated and converted to alumina by calcinations.
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Wang and co-authors [23] extracted aluminum by pre-precipitation of fly ash, agglomeration with
lime and soda, dissolution and carbonization. The degree of recovery reached 40%, and the Al,Os/SiO,
molar ratio increased after preliminary precipitation. The rate of extraction of alumina from the
agglomerate reached 91%.

Bai and co-authors [24] extracted alumina from the precipitated fly ash by the agglomeration process
with lime and soda. The extraction rate reached 90% under optimal conditions. Bai and co-authors [25]
obtained aluminum from fly ash by dilution with alkali and carbonization to convert amorphous silica to a
product of amorphous nanoparticles. In this process, fly ash is mixed and sintered with gypsum and
limestone at a temperature of about 1000-1200°C. The agglomerate is then leached with dilute acid. The
solid waste particles are removed by filtration, and the metal residues are recovered from the filtrate.

Fly ash from thermal

A 4

Coal flotation

v v

Flotationconcentrate Rsidue
Recompression Magnetic separation

v v

Magnetic concentrate

Residue

¢ A 4

Catalyst preparation

Leaching of Rare Earth Metals C=200-250
g/l, t=85+5°C,t=2hhS:L=1:5

v v

Solution Residue

v v

Alkali treatment
C=200-250 g/1, t=85+5°C,t=2h

v v v

Neutralization of solution pH~7

Solution Residue
Rare earth concentrate ¢ i
Neutralization of solution pH~7 Construction
industry
Catalyst support Pigment forpaint

Figure 1 — Technological scheme of complex processing of fly ash from the Ekibastuz basin
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In the patent [26], fly ash was sintered with a mixture of NaCl and Na,COj; at temperatures of 700-
900°C. The agglomerate was then leached with nitric or sulfuric acid, recovering 90-99% aluminum. The
careful separation of aluminum from silicon can be achieved by a direct acid leaching process. Usually,
sulfuric, hydrochloric and nitric acid is used to leach fly ash. An aqueous suspension of 20% (w/v) fly ash
is prepared using 16 mol/l HNO; and 36 mol/l H,SO,, which will dissolve no more than 10% of the total
amount of aluminum at ambient temperature for 72 hours. A greater amount of aluminum is recovered by
leaching under reflux conditions for a long period of time; and even then not more than half of the
aluminum is dissolved in the acid filtrate.

Wu et al. [27] extracted aluminum from fly ash by acid pressure leaching. The optimum conditions
were determined: sulfuric acid concentration 50% and reaction temperature 180 ° C for 4 hours. Under
optimal conditions, the extraction efficiency reached 82.4%. In comparison with traditional heating
processes, microwave heating has its advantages, since it can be selective, controlled and effective.

In [28, 29], alumina was extracted using the acid sintering leaching process. A mixture of fly ash and
concentrated sulfuric acid was calcined to convert most of the aluminum to aluminum sulphate, which can
be extracted with hot water. The degree of extraction of aluminum oxide reaches 70-90% with a relatively
lower processing temperature and a smaller amount of solid residue.

In [30], fly ash was calcinated with soda at 900 ° C to obtain soluble aluminates. The agglomerate
was then leached with sulfuric acid to produce a solution containing aluminum. The recovery efficiency
reached above 98%.

In [31], high-temperature chlorination of fly ash was studied using a reactor with a gas-liquid layer. In
the presence of carbon and carbon monoxide present as reducing agents, about 25% of the alumina in the
ash was chlorinated for 2 hours at a temperature above 900 ° C.

Hseneyenue Sc, Y, La

In [32] scandium, yttrium and lanthanum were leached from the ash. An aqueous solution was
prepared in a ratio of solid and liquid phases of 1:10 (10 g of ash and 90 ml of distilled water). The
following acids were used: sulfuric acid H,SO4 - 93.6-95.6% by weight. (GOST 4204-77); nitric acid
HNO:; - 65% by weight (GOST 4461-77); Hydrochloric acid HCI - 35% by weight (GOST 3118-77). After
acid addition, the samples were placed in a shaker for 0.5 hours, or 2.5 hours at 80 ° C and 250 rpm. As a
result, it was found that the optimal leaching conditions are as follows: for lanthanum - 25 g HNO;, T = 80
° C, t = 2.5 hours (average leaching value 49.5%); for yttrium - 5 g H,SO,4, T =80 ° C, t = 2.5 hours
(average leaching value 45.33%); for scandium - 5 g H,SO4, T =80 ° C, t = 2.5 hours (average leaching
value 75%). It can be seen that the most effective treatment is sulfuric acid treatment and leaching at 80 °©
C for 2.5 hours.

The authors of work [33] extracted yttrium and scandium from the ash of brown coals with
hydrochloric acid solutions. The optimal leaching conditions were established: T = 40-50 °C, the initial
concentration of HCI was 2.5-3.2 mol/l, the ratio of T: F = 1: 4-1: 5, the duration of the process was 30-60
min. At the same time, 95-96% of yttrium and 85-90% of scandium pass into the solution, which is a
rather high index.

Extraction of aluminum and titanium

The method for reducing Al and Ti involves leaching fly ash by acid / alkaline leaching, followed by
precipitation, solvent extraction or recrystallization [34-36].

An acid pressure leaching method was demonstrated in [37], in which high extraction (82.4%) of Al
was obtained by reducing the size of fly ash (74 um) and increasing the acid concentration (50%).
However, in this method, non-target metals were easily leached into the acid, which led to contamination.

Extraction of vanadium

In the patent [38] used an acid solution for the recovery of vanadium V. Extraction was carried out by
precipitation of vanadium pentoxide as a result of increasing the pH by adding calcium hydroxide, lime or
calcium carbonate to the acid solution. After precipitation of vanadium V, the solid was separated by
filtration or centrifugation. The recovery percentage of V from the acidic solution was > 98%.

An acid leaching process using large volumes of sulfuric acid was also described in ref. [39], where
the recovery of vanadium V was up to 95.8% from the filtrate.
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Extraction of silicon and gallium

In the hydro-alkali treatment of fly ash from Ekibastuz coal, silicon and gallium were recovered [40].
Under optimum conditions (T=85+5°C,t=1h, C, =200-250 g/ 1, T: F = 1: 4-6), the recovery of
silicon (based on Si02) is 49.3%, aluminum - 5.5%, gallium - 56%. The leaching solution is characterized
by the following parameters: SiO, - 60 g/l, Ga - 5 mg/l. For the subsequent extraction of gallium, known
schemes can be used, including extraction or ion exchange. Amorphous silicon dioxide can be isolated
from the solution and used as a raw material for the chemical industry, for example, to obtain a silicate
matrix of catalysts, paint and varnish, white soot.

Extraction of gallium and germanium

After the combustion of coal at the power plant, the fly ash is enriched with gallium Ga and
germanium Ge in comparison with the initial coal [41].

The extraction of Ge and Ga from the ash was carried out using various extractants in a wide range of
extraction conditions (acidic, alkaline, complex, reducing and oxidizing) [42]. High extraction yields of
Ge (up to 90%) and Ga (up to 82%) were obtained using weak solutions of oxalic and sulfuric acids,
respectively, for 1-2 hours of the extraction period.

In order to extract Ge germanium from solution, an ion flotation method using various complexing
agents (pyrogallol, catechol, hydroquinone and resorcinol) in the pH range 4-7 was developed in Ref. [43].
It was found that when dodecylamine is used as a surfactant and pyrogallol or catechin as a complexing
agent at pH values of 4-7, germanium can almost completely be recovered in 30 minutes. The use of
catechol as a complexing agent for the extraction of Ge (from filtrates) was also noted in [44].

Extraction of aluminum, gallium and germanium

A special place is occupied by works connected with bacterial leaching of microcomponents from ash
[45,18]. The basis of this process is the oxidation of sulfide minerals, which are contained in rocks.
Thionic bacteria oxidize the sulphides of iron, copper, zinc, etc. At the same time, metals from an
insoluble sulphide form transform into sulphates that dissolve well in water. From sulfate solutions, metals
are extracted by extraction, sedimentation, sorption.

Monograph [18] developed a schematic diagram of bacterial (biochemical) leaching of aluminum,
gallium, and germanium by Thion bacteria Th. Ferrooxidans by the method of biochemical heap leaching
from the coal mine dump. The process of metal extraction consists of such operations: selection of an
industrial site and its preparation for heap leaching; preparation of waterproofing base; ore preparation;
installation of pipelines, sump, sedimentation tanks and collectors; delivery and storage of the rock;
irrigation of ore dumps with ready-made bacterial solutions; directly the process of bacterial leaching of
metals; drainage of the solutions through a heap pile; accumulation of metal solutions in sedimentation
tanks and reservoirs; delivery through the pipeline system of the formed solution with metals to the
processing complex for processing the obtained solutions and obtaining the chemical concentrate of the
extracted metal.

Extraction of cerium, gallium, vanadium

In the works of the Department of Inorganic Chemistry, Omsk State University, the possibility of
extracting rare and rare-earth elements from the ash of Ekibastuz coals was studied [46]. When the ash is
treated with sulfuric acid (C =200 g/l, t=2 h, T: L = 1: 5), the recovery rates of rare metals are small: Ce
- 0.35%, Ga - 1.2%, V - 4, 6%. Increasing the temperature to 85°C increases the recovery of these metals
to 82; 16.3; 5.8% respectively. An effective method is the addition of NaCl. The use of a sulfuric acid
solution (C =200 g/1) with a NaCl concentration of 50 g/l at 85 ° C makes it possible to extract 90% of Ce
from the ash, while Ga extraction was 25.6%, V = 7%. When coal ash is treated with sulfuric acid,
radioactive elements - uranium and thorium - also leach out of it. Under these conditions, the recovery rate
is 87% for uranium, 86% for thorium. Increase the recovery of rare earth elements from ash in the sulfuric
acid medium by electrochemical leaching.

The extraction of REE

The elements of rare earth metals include light REE (Sc, La, Ce, Pr, Nd and Pm), average REE (Sm,
Eu and Gd) and heavy REE (Tb, Dy, Ho, Er, Tm, Yb, Lu and Y), which are mainly used for various
industrial purposes, such as fuel cells, high capacity accumulators, magnets for wind generation[47-49].
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There are several methods developed to extract rare elements from ash. The method of chlorination is
preferable because of its selectivity and high reactivity, but this method is expensive. This method can be
used to recovery only some rare elements, where other complex recovery processes are not suitable.

The patent [50] describes the reduction of REE from ash. In this method, the ash samples were first
treated with mineral acid (HNO3) at 90 ° C to form a more concentrated mineral acid solution. This
solution was mixed with an organic solution (tributyl phosphate and kerosene), which includes salts of
rare earth metals. The organic solution was mixed with water to form an aqueous solution of REE and the
REE was recovered using an ion exchange process.

Conclusions

The methods of extracting useful components from ash and slag wastes considered in this paper are
mainly used in laboratory conditions. Therefore, the commercialization of these methods and their
introduction on an industrial scale is one of the most important technological and environmental problems
in Kazakhstan. A processing of ash in construction materials and valuable components, for example, near
(in the territory) CHP, as well as numerous boiler houses, can significantly increase the efficiency of their
operation, as a result, it will significantly reduce the cost of produced heat and / or electricity. In addition,
the industrial production of these products (in addition to increasing local workplaces) will lead to a
significant reduction (or lack, depending on the volume of production) of the volume of the corresponding
imported products.

The present work was carried out within the framework of the scientific and technical program No.
IRN BR05236359 on the topic: "Scientific and technological support of coal processing and production of
high-conversion products of carbon chemistry", funded by the Science Committee of the Ministry of
Education and Science of the Republic of Kazakhstan.
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1«KeMip XUMUSCHI koHe TexHomorust tHeTuTy T XKILIC, Acrana k, Kazakcran;
). O6iies aTbIHAFbI XUMHUA-METAITYPrHsUIBIK MHCTUTYTHI, Kaparaus

KOMIP HIJTAK KAJJIBIKTAPBIHBIH OHIMIEPIHEH
BAFAJIbI KOMIIOHEHTTEP AJIVBIH OICTEPI

Annoranus. Makanana JKOC na keMipi xary OapbIChIH/IA IIBIFATHIH KYJI nuTak Kauaelk Tapeia (KIIK) kaiita
eHJIey Maceenepi KapacTelpbuidbl. I1Imak KanablKTapblHBIH JKaIIbl XUMHSUIBIK Kypambl, KYpaMbIHAAFbl Oarajbl
KOcTanap/blH COHbIMEH Karap Ka3zakcraHnarbl MEHIrepilireH j>KoHe MaiilallaHbUIaThIH KEeH OpbIHIApblHAa Oarajbl
3aTTapapl Ay JKaiel MomiMmitrep Oepunmi. OcwiHAai keH opbiHmap perinae Kaparanmel Oacceitni, Dkibacty3
Oacceiini, MaiikyOb1 Oacceiini, bopibl keH opbinbl, Kapa-JKbipa keH opbIHIaphl TaHIAIAbL.

Kemip nuiak eHiMaepiHeH 3JIEMEHTTEp/l LIaiiMasay »Kaiibl xKacallFaH 9J1e0u MIONy/a iC XKYPri3y KarJaibl )KoHe
JIe KQKETTI PEeKTUBTEPMAl TaHIay KeMip KYJiHiH OacTamnkpl AalbIHIAY AOPEKECI MEH KypaMbiHA OaiJIaHBICTHI, ail
OacThl Kypamaac (hakTOpbl OOJIBII AJILIHATHIH KOMIIOHEHTTIH KOHIICHTPAIUSICHI OOJIBI TaA0BLIATHIHBI AHBIKTAJIIBL.

Kemip nuiak KanJbIKTapbIHBIH KYJIIHEH Maigaibl KOMIIOHEHTTEPIH aly/bl XKY3ere achlpy YIUiH KeOiHece
TapaJiFaH >KoHE TUIMJI 9JicTep PeTiHJE KhIIKBULABIK XXoHE CUITLIIK IaiiManay 0okl Tabbuiansl. bipakra MyHpaii
KbIMOAT peareHTTep/i OChl OHIMAEP/l LIbIFapy OapbIChIHIA KOJNJaHy MYKHAT KaKETTI TEXHOJOTHSUIAP/bI a3ipiey i
TaJjan erelli, COHbIMEH KOCa peareHTTep.i KallblHa KEeNTipy MYMKIHZIri jae 0oiybl KaxxeT. MUKpO3JIeMeHTTep/i
AJBIHYIbIH JKOFApFbl JICHIeiiHe KapaMacTaH o3 KeMIIUTIKTepl e 0ap, KbIIIKbUIABIK IaiiManay KbIMOAT KbIIMIKbUIFa
TO3IMJI TEXHOJOTHsUIApMEH OallylaHbICTBl KOHJIBIPFBUIAPBI  KOJJIAHY, KPEeMHHUIUII HIIaKThI TY3 KBIIKBUI
epITIHIUIEPIHEH aKBIPATY JKOHE AFOMUHUM TY3bIHAH TEMIP/Il Ta3apTy CUSKThI KUBIHIIBUIBIKTApBI Oap.

[IInak KaJIABIKTApPBIHBIH KYJiHEH Oaraybl KOMIIOHEHTTEp/Al ally YIUIH Keiemeri 0ap TeXHOJIOTusi OoJbl
OMOXUMUMSUIBIK YiiMe maiimainay Oosbin tadbuiateiH Th. Ferrooxidans THoHIbIK OakTepusiiap, GpTopIbIK TEXHOIOTUS
(drop xoHe PpTOpCyTEKTI HEMECE PTOPH )KOHE aMMOHUI OM(PTOPUAIH) KOJIIaHyFa OO0 ibL.

Tyiiin ce3mep: Kemip, Ky, aiManay, KbIIIKbLUI, CUITI, METaJUIAAp, KalTa KaJIbIHA KEJITIPY, MAKPOIJIEMEHTHI,
MHUKPOJIEMEHTHI.
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'TOO «HCTUTYT XMMHH YTII ¥ TEXHOJIOTHI», T.AcTaHa, Kazaxcran;
2X MMHKO-MeTaILTypriudecknii mHCTHTYT uMenn JK. A6umesa, Kaparansa

METO/bI U3BJTEYEHUS HEHHBIX KOMIIOHEHTOB
N3 30JIO0IVTAKOBBIX OTXO/10B YIJIEU

AnHotanusi. B cratee paccMoTpeHsl mpoOnembl nepepa®oTKu  30y0nUIaKoBBIX  oTX0j0B  (3LO),
obpazyrommxcs ot cxuranust yriast B TOLL. IIpuBenens! oOmume cBeAEHUsI O XUMHYECKOM COCTaBE 30JI0IUIAKOBBIX
OTXO/IOB M COJIEp)KaHMHM B HUX LEHHBIX KOMIIOHEHTOB HEKOTOPBIX HanOoyiee OCBOEHHBIX M HCHOJIB3YEMBIX B
Kazaxcrane MecTOpoXXIeHUI M NPHUBICKATEIBHBIX C TOYKM 3PEHUS W3BJICUYEHHS M3 HHUX IEHHBIX BemiecTB. Cpean
TaKAX MECTOpOKIeHWi BbIOpaHbl KaparamamHckuii OacceliH, DxubacTy3ckuil Oacceitn, MaiikyOeHCkni OacceiiH,
MecTopoxaeHue bopinsl, mecropoxnenue Kapa-Keipa.

[IpoBeneHHBIl IUTEpaTypHBIA 0030p METOJOB BBIIENAYMBAHUS DIEMEHTOB M3 30JIOLIUIAKOBBIX OTXOIOB U3
yTIJIel ToKa3all, 4To yCJIOBUs BEJCHUS Ipolecca U IMOA00P HEOOXOAUMBIX PEAKTUBOB 3aBUCST OT COCTaBa U CTEIICHU
MOJATOTOBKM HCXOJHOH YTOJIBHOM 3076, @ B&KHBIM COCTaBISIOIINM (DaKTOPOM SBJISAETCS KOHIIGHTpalus
W3BJIEKaEMOI0 KOMIIOHEHTA.

Haubonee pacmpocrpaHeHHbIMH U 3()(HEKTUBHBIMH METOAAMU M3BJICYCHHUS IEHHBIX KOMIOHEHTOB w3 31110
SIBJISIETCS BBINENIAaYMBAHUE KHCIOTaMHU U 1nesiodyamMu. OHAKO HCII0JIb30BaHME TAKHUX JIOPOrOCTOSIINX PEareHTOB YxkKe
B CaMOM IIPOM3BOJICTBE JAAHHBIX NPOJYKTOB TpeOyeT THIATeNFHOH pa3paboTKN COOTBETCTBYIOIIEH TEXHOIOTHH (IO
BCE IIEMOYKE MPOLIECCOB), I/I€ UMEETCS BO3MOXKHOCTh €IIe U BOCCTAHOBJICHUS peareHToB. Kpome Toro, HecMoTpst Ha
OTHOCHUTENBHO BBICOKYIO CTEIICHb M3BJICUECHHS MHKPO3JIEMEHTOB KHCIOTHOE BBINIEIaYMBAHHE UMEET HEIOCTAaTKH,
CBSI3aHHBIE C IIPUMEHEHHEM JIOPOTOCTOSIIET0  KHCIOTOYCTOMYMBOTO  TEXHOJIOTHYECKOTO  00OpYIOBaHHMS
WCIIOKHOCTBIO OTIETICHUS] KPEMHE3EMHUCTOrO MUIaMa OT KHCIBIX PAacTBOPOB COJICH M TPYAHOCTHIO OYHCTKH COJEH
AIIOMHUHUSA OT XKeJe3a.

IlepcrieKTUBHBIMKM TEXHOJIOTHSIMU W3BJICYEHHUs] LEHHbIX KOMIOHeHTOB u3 3IIO sBisercs OGuoxummueckoe
Ky4HOE BBIIIENA4YMBaHUE C TpHUMeHeHHeM THOHOBbIX Oaktepuid Th. Ferrooxidans, ¢ropumHasTexHomorus (c
ucrosp3oBaHreM ¢ropa u GpropoBogopona, miudropuaa u OupTopuIa aMMOHHUS).

KaloueBble cioBa: yroib, 30512, BbIIENAUYUBAHUE, KHCJIOTA, WIEJI0Yb, METAJUIBl, BOCCTAHOBIICHHE,
MAaKpO3JIEMECHTBI, MUKPOIJICMCHTbI
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ELECTRON MICROSCOPY SURFACE STUDY
OF CATALYSTS BASED ON FERROALLOY
PRODUCTION WASTE

Abstract: In the paper results of electron microscopy study of catalysts based on ferroalloy production waste
from ash-slime storage of Aksu ferroalloy plant (Aksu, Kazakhstan). Thesurface morphology of catalyst granules as
well pattern of surface distribution of crystallites of catalytically active metals (Fe, Cr and Mn) were described. It
was shown, that during the process of catalyst obtaining, uniform porous surfaces without visible large agglomerates
of metal crystallites were obtained. Distribution of metallic components was equable, particles were fine disperse,
sizes of the crystallites were of one order.

Keywords: catalyst, waste, ferroalloy production, electron microscopy, surface.

Introduction

In result of activity of a ferroalloy plant various types of waste form. The main of them are slime and
dust from gas cleaning equipment[1-3]. Thewasteisaccumulatedinslimestorages. Usually the waste are
dumped under the layer of water in artificial ponds. These materials are very disperse and unusable for
remelting of ferroalloy, that is, they unusable for direct use in metallurgy [4]. However, earlier,
itwasshownthattheirelementalandphasecontentaswellassurfacestructuremakeitpossibletousethemascatalysts
for various chemical processes, in particular, in the processes of oil chemistry and oil refining[5].

Earlier we studied waste dumped in ash-slime storage of Aksu ferroalloy plant (Aksu, Kazakhstan)
[6-8]. We investigated elemental content, phase content, structure of the surface with ammonia
thermoprogrammeddesorption and electron microscopy. A series of granulated catalyst was prepared
based on obtained waste. In the paper, we are presenting electron micrographs of obtained catalyst
samples. The aim of the study is to reveal morphological peculiar surface properties of catalyst samples
prepared from samples of waste picked up from different locations of the ash-slime storage.

Methods

Catalyst preparation

For catalyst preparation ferroalloy production waste samples were picked up from the territory of ash-
slime storage of Aksu ferroalloy plant according to GOST «17.4.3.01-83 Soils. General Sampling
Requirementsy». Totally 80 samples from 16 locations were taken. From every location we took 5 samples
using the method of «envelope» and well mixed them for obtaining of joint sample. So, we have obtained
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16 joint samples. Each sample was assigned a serial number. Catalysts were named using serial number of
joint sample used for preparing of it. In the research we used according names of catalysts Kt-1, Kt-2 ...
Kt-16. For preparing of catalysts obtained ash-slime mass was washed by distilled water in order to
separate small organic particles. Then the washed mass was dried on airin petridishesto obtain a pasty
mass. Laboratory extruder molded mass to obtain cylindrical granules with diameter of 3-4 mm and length
10-15 mm. After that granules were dried at 100-150 °C for 5 hours at the rate of temperature rise 25-30
°C per hour, then it was calcinated at 200 °C for 1 hour, 300 °C - 1 hour, 400 °C - 1 hour, 500 °C - 5
hours.

Electronmicroscopy

Forstudyingof structure and surface of researched materials scanning electron microscope with
thermionic cathode (LaB6) JSM-6610LV (“JOEL”, Japan) was used. The device was kitted with the
system of energy dispersive microanalysis, wave dispersion microanalysis system, backscattered electron
diffraction analysis system using a reflected electron detector, Everhart-Thornley Secondary Electron
Detector, secondary electron detector for low vacuum mode and equipment for sample preparation. The
research was carried out at x1000 and x3000 magnifications.

Resultsanddiscussion

The broadness of the application of the method of electron microscopy is associated with its high
informativity and versatility, as well as the simplicity and convenience of equipment
managing[9].Scanning electron microscopy has several advantages over other methods.For example,
compared with traditional light microscopy, it is characterized by a significantly higher resolution and
depth of sharpness; relative ease of interpretation of the images due to their three-dimensional
representation; the ability to connect additional devices for analysis in the micro-range with sufficient ease
of adaptation and control of these devices[10]. It is also necessary to note the relatively low requirements
for sample preparation.Compared with scanning probe microscopy scanning electron microscopy allows
you to explore significantly large areas of the surface; work with highly relief surfaces; use a much wider
range of magnifications; obtain information not only about the surface, but also about the adjacent to the
surface “subsurface” layers[11,12].

We have obtained micrographs of cross sections and side surfaces of granules of catalysts Ct-2, Ct-3,
Ct-4, Ct-5, Ct-15 at magnifications x1000 and x3000 (Fig. 1-20).

SEl  20kV x1,000 10pm  — SEl  20kV WD9mm  S§S30 x1,000  10pm
Sample 5724 13 Oct 2016 Sample 5717 13 Oct 2016
Figure 1 —Micrographof cross section Figure2 - Micrographofside surface of catalyst
of catalyst Ct-2 granule (x1000) Ct-2granule(x1000)
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SEl  20kV WD9Imm $S530 x3,000 Sum
Sample 5723 13 Oct 2016
Figure3 —Micrographof cross section of catalyst Ct-2
granule(x3000)

(g - o
SEl  20kV WD9Imm $S530 x1,000 10um  —
Sample 5738 13 Oct 2016
Figure5 —Micrographof cross section of catalyst
Ct-3 granule(x1000)

SEl  20kV WD9Imm x3,000 Sum
Sample 5737 13 Oct 2016
Figure7 —Micrographofcross section of catalyst Ct-3
granule(x3000)

y

SEl  20kV WD9Imm $S530 x3,000 Sum
Sample 5716 13 Oct 2016

Figure4 - Micrographofside surface of catalyst
Ct-2granule(*3000)

.
- o’ % T -
SEl  20kV WD8mm $S530 x1,000 10um  —
Sample 5731 13 Oct 2016
Figure6 - Micrographofside surface of catalyst

Ct-3granule(x1000)

1.0

SEl  20kV WD8mm $S530 x3,000 Sum
Sample 5730 13 Oct 2016
Figure8 - Micrographofside surface of catalyst Ct-3
granule(x3000)
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SEl  20kV WD9Imm $S530 x1,000 10pum SEl  20kV WD8mm 5530 x1,000 10um  —
Sample 5752 13 Oct 2016 Sample 5745 13 Oct 2016

Figure9 - Micrographofcross section of catalyst Figure10 - Micrographofside surface of catalyst
Ct-4 granule(x1000) Ct-4granule(*1000)
Ty Y v 3 y
£ o

.‘ % 3 4 ¢ ')

SEl  20kV x3,000 Spm

Sample 5744 13 Oct 2016
Figure12 —Micrographofside surface of catalyst Ct-4

(x3000) granule(x3000)

SEl  20kV WD9mm $S30
Sample

Figurell - Micrograph of cross section of catalyst Ct-4 granule

SEl  10kV WD6mm S$S20 x1,000 10pm —
Sample 5348 14 Sep 2016 Sample 5328 14 Sep 2016

Figure13 - Micrograph of cross section of catalyst Ct-5 granule Figure14 - Micrographofside surface of catalyst Ct-5
(x1000) granule(x1000)

SEl  10kV WD8mm $520 10pm

— ) ——
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SEl  10kV WD8mm 5520 x3,000 Sum SEl  10kV wD6émm 5520 x3,000 Sum

Sample 5347 14 Sep 2016 Sample 5327 14 Sep 2016
Figurel5 —Micrographof cross section of catalyst Ct-5 Figure16 - Micrographofside surface of catalyst
granule(x3000) Ct-5granule(*3000)

SEl  10kV WD8mm 5520 x1,000 10pum SEl  10kV WD7mm 5520 x1,000 10um  —
Sample 5373 14 Sep 2016 Sample 5355 14 Sep 2016
Figurel17 —Micrographof cross section of catalyst Ct-15 Figure18 - Micrographofside surface of catalyst
granule(x1000) Ct-15granule(x1000)

¥

SEl  10kV D8mm $520 1 10kV x3,000 Sum

Sample 5372 14 Sep 2016 Sample 5354 14 Sep 2016
Figure19 —Micrographof cross section of catalyst Ct-15 Figure20 —Micrographof side surface of catalyst
granule(x3000) Ct-15granule(x3000)

Analysis of electronic micrographs allows us to establish that at magnification for 1000 times the
lateral surfaces of the granules is more uniform than the cross-section surfaces. That is obviousdue to the
fact thatformation of granules was performed with laboratory extruder, which forms more or less smooth
surface of granules. Thesametimeatmagnificationfor 3000 timesthedifference in cross section surface and
side surface morphology practically unnoticeable. The surface is finely porous, represented by fine
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granular particles. Poroussurfacecanbeformedduring the process of high temperature treatment as a result
of elimination of volatile components.

In figures 21-23 micrographs of side surfaces of catalyst Ct-15 granules in the mode of frequencies
filtration are represented. That allows to revealdistribution of crystallites of metallic components on
surface. Onpresentedmicrographsitisvisible, that metal components distribution is uniform, particles are
finedispersed, sizes of crystallites are of one order.

Figure21 - Micrographofside surface of catalyst Ct- Figure22 - Micrographofside surface of catalyst Ct-
15granulewith representation of Cr crystallites distribution 15granulewith representation of Mn crystallites distribution

Figure23 - Micrographofside surface of catalyst Ct-15granulewith representation of Fe crystallites distribution

Conclusion
Thus, asaresult of catalyst preparation, uniform, porous surface without visible large agglomerates of
metal (or of metal compounds) crystallites was obtained.

Takingintoaccountcharacteristiccontentofferroalloy production waste with increased concentration of
catalytically active elements — Fe, Cr, Mn, specific for heterogeneous catalysts surface morphology
[13,14], trendofdistributionanddegreeofdispersityofmetalcrystallitesoncatalystsurface[15],
itcanbeconcludedthatobtainedmaterialscanbeusedasheterogeneous nanosized catalysts for various
processes of hydrocarbon-containing raw materials refining.

Important conclusion of electron microanalysis is the fact that morphology of surfaces of catalysts Ct-
2, Ct-3,Ct-4,Ct-5,Ct-15 is practically the same. This fact allows indirectly confirmpossibilityof using of
ash-slime storage as secondary source for mining of raw material for obtaining of catalyst.
Thesamesurfacemorphologyofwastetakenfromdifferent locations of ash-slime storage is the consequence
of the fact that the waste was accumulated during many years of performing of regular processes of
ferroalloys melting with strict adherence to regulations. In the other words, conditions of these wastes are
constant and are controlled during the melting process. The spread of waste over the area of the ash-
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slimestorage lake occurs as a result of hydrodynamic processes of mass transfer, diffusion. Waste material
does not mix with ground, the presence of flora on the perimeter of the lake storage is minimal.

Based on the data obtained, it can be concluded that the catalysts obtained are promising materials
and can be used in various processes of processing of hydrocarbon-containing raw materials, in particular,
in the processes of cracking, hydrogenation, oxidation.
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®EPPO KOPBITITAHBI OHIAEY KAJIABIKTAPBI HEI'I3IHIAE AJIBIHFAH KATAJIM3ATOPJIAP
BETIH 3JIEKTPOHJBIK MUKPOCKOIIUA 9AICIMEH 3EPTTEY

AnHoTanusi. Makanajga Akcy (eppoKOpBITIIa 3aybITHIHBIH KYJIIUIAM KAJIBIKTapbIHAH ()ePPOKOPHITIIA OHIIIPIC]
KaJIJIBIKTaphl HETI31H/E aJbIHFAH KaTalu3aTOpJapAblH JEKTPOHIbI - MUKPOCKOIHUSUIIBIK 3€PTTEYIePiHIH HOTIKeIepl
kenripinren. KaramusaTop Ty#ipiikrep OeTiHiH MOP(OIOTHACE MEH KaTaluTHKambK Oencermi Fe, Cr sxkone Mn
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MeTalgap KPHUCTAUIMTTEpiHIH OeTki Tapadaysl cumartanrad. Karamm3atopapl madbeiHAAay OapBICBIHAA METAIlT
KPUCTAJUTUTTEPiHIH ipi ariioMepaTTapbIHBIH KOPIHOSHTIH OipKelki, KeyeKTi OeTi albIHFaHbI, METaJUI KOMIIOHEHTTEP1
Kypamaac OeiikTepiHiH Oipkenki OONyBl, KpPUCTANUTTEpIiH eimmeMi Oipmed eKeHAiri, OeJmeKTepIiH Ycak
JUCTIEPCTLIIrT KOPCETUI .

Tyiiin ce3aep: katanuzaTopap, KULABIKTap, GeppOKOPLITIAHbI OHAECY, MIEKTPOHIBI MUKPOCKOMHS, OeT.
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UCCJIEJOBAHUE METO/OM SJEKTPOHHOM MUKPOCKOIINUA TOBEPXHOCTH
KATAJIN3ATOPOB, NIOJYYEHHBIX HA OCHOBE OTXOJ0OB ®EPPOCIIJIABHOT'O
MPON3BOACTBA

AnHOTanusi. B crathe NpHUBENEHBI pPE3yabTAaThl HCCIEIOBAHHS METOJOM JJIEKTPOHHOH MHKPOCKOIIHMH
KaTallM3aToOpPOB, IIOJyYCHHBIX HAa OCHOBE OTXOJOB (DeppOCIUIABHOTO MPOM3BOJACTBA C 30JIONUIAMOHAKOIHTENS
Axcyckoro eppocmnasaoro 3apoza. Omucana MOp(oJI0Tys HOBEPXHOCTH TPAaHYJI KaTaIN3aTopa, a TAKXKE XapaKkTep
MIOBEPXHOCTHOT'O paclpeAeeHus] KpUCTAUINTOB KaTaIUTHIecKH akTHBHBIX MeTaiuoB Fe, Cr u Mn. ITokasaHo, uTo B
X0/l NPUTOTOBIIEHUS] KaTalu3aTopa, IOJydeHAa PaBHOMEPHAs, IOPUCTas IOBEPXHOCTh 0€3 BUAMMBIX KPYIHBIX
arJaoMepaTroB KPHUCTAJUIUTOB METAJIOB, PAaclpeielIeHHE METAIMYECKUX KOMIIOHEHTOB SIBIAETCS PaBHOMEPHBIM,
JaCTHILBI MEJKOAUCIIEPCHBIE, Pa3MEPbl KPUCTATUTUTOB OJIHOTO MOPSIIKA.

KaioueBble ciioBa: Karanum3aToOpbl, OTXOABI, NPOM3BOACTBO (EepPpPOCILIABOB, DJIEKTPOHHAS MHUKPOCKOIINS,
TIOBEPXHOCTb.
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SYNTHESIS OF NANO- AND ULTRADISPERSE
COPPER POWDERS BY CEMENTATION OF COPPER (II) IONS
BY THREE-VALENT TITANIUM IONS

Abstract. The process of cementation of copper (II) ions by tri-valent titanium ions is considered. The
consistent patterns of the formation of nano- and ultra-disperse copper powders as a result of the interaction of
copper (II) ions with titanium (III) ions have been established. It was demonstrated that during the reaction atomic
copper is formed, the particles of which are combined with the formation of fine aggregates of certain sizes, which
are stabilized in the form of spheres.

In the course of the research, the possibility of obtaining titanium (III) sulfate, which is necessary for carrying
out the cementation of copper (II) ions, is shown in an inexpensive, simplified way and the results of studying the
influence of various parameters on this process are presented. The possibility of regeneration of tetra-valent titanium
ions formed as a result of the reaction using an electrolyzer equipped with an anion exchange membrane is
demonstrated.

The effect of the initial concentration of copper ions (II) and titanium ions (III) on the formation of copper
powder was studied. The shapes and sizes of the obtained copper powders were determined using an electron
microscope. The constant of the reversible oxidation-reduction reaction was calculated and it was established that
copper (II) ions contained in the solution are almost completely formed as nano-scale copper powders.

A schematic diagram of the technology for the production of fine copper powders, corresponding to the
requirements of modernity, is proposed.

Key words: titanium ions, copper, powders, cementation, electrolysis, alternating current, electrolyte, reduction.

Introduction. The formation of metal powder is one of the spheres of metallurgical engineering.
Metallic powder is widely used in mechanical engineering, and metallurgical engineering chemistry.
Metal powder also has its place in the field of metallurgical engineering [1-9].

If in a nutshell we turn our attention on the information on the use of metal powder: it is widely used
in the manufacture of complex shapes parts in mechanical engineering. It turns out that it is possible to
easily manufacture parts of very complex shapes by placing the metal powder in a certain shape and
exposing high pressure at high temperatures. With this heat treatment, the temperature of the medium
must be below the melting point of the metal produced. It is known that obtaining of complex shapes parts
by planing and cutting hard metal costs more than 100 times or more in comparison with powder
technology [6].

Along with powder metallurgy, flat dispersed metal powders are used as catalysts in chemical
production (iron, nickel, copper, etc.), in oxygen-flux welding, magnetic defectoscopy (iron), in the
manufacture of products from polymer materials, in the production of lacquers (zinc, lead, iron, nickel), in
the production of batteries (lead), in the production of pyrophores. Powders of flat disperse iron, copper,
nickel increase the mechanical strength of products when forming them from plastic, rubber, nylon. If
irons, zinc, bismuth powders, are added to the rubber glue, the quality of rubber products will improve. In
hydrometallurgy, zinc powder is used in the production of zinc, in the separation from solutions
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containing copper and cadmium ions, by cementation; however such plants are widely used to separate
gold from cyanide solutions [8-11].

If we talk about copper powder, in the ancient period copper powder was widely used as decorative
cosmetics. It is impossible to imagine ceramics and fine arts without copper powder. Today, the use of
copper powder becomes wider with every passing day.

Copper powders in an active form are widely used by powder metallurgy in the manufacture of
mechanisms and for other purposes, mainly in electrical engineering, instrument making, mechanical
engineering and aviation production, chemical manufacturing, nanotechnology. Also used in the
manufacture of anti-wear agents, in the manufacture of automobile tires and many other areas [1-3, 16].

Recently, copper powders in the form of ultra-disperse spheres are used in the implementing of 3D
technology, in reducing the friction force and wear of machine parts [16].

Copper powders can be obtained by electrochemistry and cementation. It should be noted that more
than 90% of the copper powder currently produce is obtained only by the electrochemistry methods. In
laboratory environment, copper powder is obtained by cementation of its ions with zinc powder. The
standard copper potential is Elcuwc = 0.34V, and the zinc potential is E%. 2" = —0.76V. Since the
potential difference value (AE = 0.34 - (- 0.76) = 1.2V) is very large, the size of the formed copper powder
is 30-50 microns [17]. In the proposed article, we examined the process of cementation of copper (II) ions
with tri-valent titanium ions. Preliminary studies have shown the formation of very flat, ultra-disperse
copper powders. If comes to think of it, obtaining copper powder by cementation with titanium ions (III)
has a promising future. Because copper powders in the form of a dispersed sphere are in great demand.
But unfortunately, sulphate compounds of tri-valent titanium ions are not produced in a great volume and
the cost of such compounds is very high. For this reason, we, in this proposed work, together with the
study of the process of cementation of copper ions (II) with titanium ions (III), also considered the
possibility of obtaining titanium sulfate (III) by simple affordable means.

Procedure of work execution. The study of the formation of copper powders by cementing copper
ions (II) with tri-valent titanium ions was carried out in a 200 ml beaker. During the reaction, the solution
was stirred with a magnetic stirrer. To carry out laboratory work, we used "chemically pure" copper
sulfate (CuSO45H,0). The sulphate of trivalent titanium required for investigation was obtained by
polarization of two titanium electrodes by a 50-Hz alternating current in a solution of sulfuric acid. In this
paper, the regularity of the formation of titanium sulphate (III) is examined, the effect of various
electrochemical processes on it is studied, and their results are presented. The main investigations were
carried out under atmospheric conditions at room temperature. The purity of titanium electrodes used to
obtain titanium sulfate (III): Ti — 97.65%.

The effect of the initial concentration of copper (II) ions and titanium (III) ions on the formation of
copper powder was investigated. The shapes and sizes of the obtained copper powders were evaluated
through an electron microscope.

Theoretical. When the solution is combined with copper ions and the ions of trivalent titanium, the
following reaction is obtained:

Cu®' + 2T =—=cu’ + 2Ti*" (1)
According to the literature Cu*" =— Cu’, Ti*" == Ti’" the potential values of corrosion-recovery
electrode systems [17]: E’ci”/ce= 0,34V, E'* 1°" = 0,04V.
In order to calculate the constant (K) of the above (1) recurrent redox reaction (red-ox), we
determined IgK by the following formula [18]:

_n(EP-EY)

ngred—ox - W (2)

Further, the value of K (n=2) is set for the reaction (1):

(EP-ES)n
0,059

K =10 (3)
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(2) by the equation:

2(0,34 — 0,04)
lg KCu2+/Ti3+ = W = 10,2

As a result, the value of the «red-ox» reaction constant (1):
K=~10"

This value of «K» proves that reaction (1) moves completely from the left to the right and that this is
a complete, irreversible reaction. Consequently, this shows that repeated interaction of the formed copper
powders with four-valence titanium ions, and a new formation of copper (II) and titanium (III) ions are
impossible. In other words, reaction (1) will be equal only when the product of [Cu’] - [Ti’"] ions is larger
by 10" products of [Cu*"] - [Ti**] ions.

In previous studies [15, 20-22], we demonstrated the formation of ultra-disperse copper powders on
the cathode-anode area, and in the size of the electrolyte. And in this article, we propose the regularities of
the formation of copper powders by cementing copper ions (II) with ions (III) titanium.

Experimental. The solution containing copper (II) ions was poured into a beaker, stirred and
gradually added to a solution with tri-valent titanium sulfate. The solution of titanium sulphate (III) was
added to the decoloration of copper (II) sulphate of blue color. At that time an interesting phenomenon
was observed. As indicated above, a solution of copper (II) sulfate is blue, and a solution of sulphate of tri-
valent titanium is violet. When the two solutions are combined, the electrolyte is discolored. It is known
that a solution of four-valent titanium is colorless. When the concentration of copper ions in the solution is
1 g/1, within two to three minutes the formation of copper powders is not visible by eyes. Only after four
to five minutes, you can observe the formation of copper powders of colloidal light yellow color
throughout the electrolyte. Consequently, copper (II) ions are reduced to very dispersed metal powders
and a colloidal copper solution is formed.

At a certain point in the electrolyte the formation of copper powders becomes not visible by eyes, it
can be assumed that this is due to the formation of atomic copper. Only after a certain time, the copper
atoms begin to connect with each other, and a light yellow-colored colloidal metal solution is formed.
After a couple of hours, these copper particles are even more connected and precipitated. We believe that
the dimensions observed through the microscope are not their exact dimensions, but only their combined
forms.

The table below shows the values of copper powders formed by combining the solution with different
copper (II) ions and titanium (III) ions.

Table 1 - The impact of the initial concentration of copper (II) ions on the formed copper powders: V =100 ml

Concentration of copper (II) ions in The value of copper in solution, g Mass of the formed copper powder, g
solution, g /1
1,0 0,1 0,098
2,5 0,25 0,225
5,0 0,5 0,480
7,5 0,75 0,710
10 1,0 0,930
20 2,0 1,920

The results of the study showed that during the reaction, the copper (II) ions completely transform
into the form of nano-sized copper powders.

Copper powders obtained on the basis of cementation, filtered, rinsed, dried in an inert medium (box).

In figures 1-4, microphotographs of copper powders formed at different initial concentrations (1 g/l, 5
g/l, 10 g/1) of copper (II) ions in solution are presented.




Uzeecmuss Hayuonanvnot akademuu nayk Pecnyonuxu Kazaxcman
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Figure 1 - Microphotograph of copper powders with the initial concentration of copper (II) ions
in a solution of 1 g/1: the average size of copper powders is 0.1 - 0.4 pm.
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Figure 2. Microphotograph of copper powders with the initial concentration of copper (II) ions
in a solution of 5 g/1: the average size of copper powders is 0.4-0.9 um.
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Figure 3. Microphotograph of copper powders with the initial concentration of copper (II) ions
in a solution of 10 g/ I: the average size of copper powders is 0.8 - 2 um.
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Figure 4 - Microphotography of copper powders with the initial concentration of copper (1) ions
in a solution of 1 g/l: the average size of copper powders is 0.077-0.097 pum.

According to the results of the electron microscope examination, it was observed that with an increase
in the initial concentration of copper (II) ions, the sizes of copper powders increased from 0.1 um to 2 pum.
In general, this is not the formation of copper powders in a large volume with a high initial concentration
of copper (II) ions, we assume, that with an increase in the initial concentration of copper (II) ions it
depends on the increase in the rate of the process of aggregation of copper atoms with each other. Because
the sequential results of the study showed that copper powders have nanoscale form in a colloidal solution
(Figure 4).

In order to make full use of the aforementioned method for producing a copper powder, it is necessary
to create a simple method for preparing a tri-valent sulfate compound. The compounds of tri-valent ions
are not constant, they are easily and rapidly oxidized to tetra-valent states. Therefore, this connection must
be used immediately after receipt.

The influence of various parameters in the process of obtaining titanium (III) sulphate by the
alternating current polarization of titanium electrodes in a solution of sulfuric acid is studied below.
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The Figure 5 shows the effect of the current density in the electrodes on the current consumption of
the dissolution of the formed Ti,(SO4); compound in a 300 g/l sulfuric acid solution of the titanium
electrode. When the current density is polarized with an alternating current of up to 200 A/m?, dissolution
of the titanium electrodes is not observed. After that, at 600 A/m” the dissolution rate by the current of
titanium electrodes increases to 30%, and up to 1000 A/m” reaches the same value.

Current output, %

30 -
L ]
20 A
10 -
0 Al T T T T T T T T lrl: Alllm‘
200 400 600 800 1000

Figure 5 - The effect of the current density in the electrodes on the current consumption of the dissolution
of the formed titanium (III) sulfate compound in a solution of sulfuric acid of titanium electrodes polarized
by the industrial alternating current: H,SO,4 = 300 g/I; T = 0,5 hours; t = 25°C.

Dissolution during the polarization of titanium electrodes by alternating current can be explained by
the fact that in connection with the oxidation in the cathode half-period of the oxide film on the surface
and anodic dissolution during the anode period. With prolonged electrolysis, it is possible to observe the
precipitate of crystals of titanium (III) sulphate in the form of needles at the bottom of the electrolyzer.

The increase in the concentration of sulfuric acid in the solution increases the current consumption
rate by the dissolution of titanium (Figure 6). This phenomenon can be explained by a decrease in the
constancy of the titanium oxide layer on the surface of titanium electrodes due to the increase in the
concentration of sulfuric acid.

We present the scheme of a new technology for obtaining ultra-disperse copper powder based on the
above laboratory studies (Figure 7). Into electrolysis process, where two (2) titanium electrodes are
located, a solution of sulfuric acid (3) is poured and alternating current in a certain volume is directed
through the LAVD along the chain. At that time, tri-valent titanium sulfate is formed in the electrolysis.
This electrolyte is directed to the reactor (4) with copper (II) sulfuric acid sulfate. In the reactor, ultra-
disperse copper powders (1) are formed in reaction. After a certain time, precipitating dispersed copper
powders are decanted, then filtered, washed, dried, as the result we have a very dispersed copper powder.
The electrolyte released from the decantation, the electrode core, is sent to the cathode cavity of the
electrolysis, separated by an anionite membrane, ions of tetra-valent titanium are oxidized-regenerated in
the cathode of titanium to the state of tri-valence, and sent to the reactor (4) to obtain copper powders.
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Figure 6 - The effect of the concentration of sulfuric acid in the solution
on the dissolution of titanium electrodes: ir; = 800 A/m?; T = 0,5 hours; t = 25 °C.
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Figure 7 - Scheme of the principle technology of obtaining ultra-disperse copper powder by cementing a solution of copper (1I)
sulfate with titanium(III) ions: 1 - electrolyzer; 2 - titanium electrodes; 3 - solution of sulfuric acid; 4 - the reactor forming ultra-
disperse copper powders; 5 - stirrer; 6 - electrolyzer designed to produce tri-valent titanium ions, separating the cores of the
electrodes by an anionite membrane; 7 - lead electrode; 8 - LAVD; 9 - ampere-meter.

From the excess amount of tetra-valent titanium sulfate, as shown in the flow chart, by the addition of
ammonia, it is possible to obtain the titanium (III) hydroxide, then the titanium dioxide (IV). It should be
noted that the titanium (III) hydroxide is a very good sorbent, and its dioxide is the necessary pigment for
obtaining a white color.
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In conclusion, as a result of thorough comprehensive studies, the interaction of copper (II) and
titanium (III) ions was studied, the patterns of formation of nano- and ultra-dispersed copper powders
were established. During the reaction, the formation of atomic copper is established, their particles are
connected to each other and flat dispersed aggregates are formed, stabilized in a certain volume in the
form of a sphere. It has been shown that it is possible to obtain, in a simple and easy way, the tri-valent
titanium compounds necessary for the preparation of the powder and to regenerate the tetra-valent
titanium ions formed by the reaction using anionite membranes. A scheme of complex technology is
presented in accordance with modern requirements for the preparation of dispersed copper powder.
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MBIC (IT) HIOHJAPBIH YIII BAJIEHTTI TUTAH HOHJAPBIMEH HEMEHTAIIUAJIAY APKbIJIbI
HAHO - )KOHE YJbTPAJIUCITEPCTI MBIC YHTAKTAPBIH AJ1Y

Annotanusi. Meic (1) noHIZapbIH yII BaJeHTTI TUTaH MOHJIAPbIMEH [IEeMEHTAlMsIAy MPOLECci KapacThIPbLIIbL.
Meic (II) monmaper men Turtan (III) nOHmApBIHBIH ocepiecyi 3epTTeNiN, HaHO- JXOHE YIBTPAJUCIIEPCTI MBIC
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3eptrey OapriceiHna MbIc (1) moHmapeH nemeHTanmsayra Kaxerti tutal (I11) cynbdaTeia KapamaiibiM ap3aH
JKOJIMEH aly MYMKIHITT KapacTHIPBUIBI, OCBHl IPOLECKE OPTYPIi MapaMmeTpiepiH OcepiH 3epTTey HOTIKeIepi
KenTipinai. Peakums HOTHKECIHAE TY3UITEH THUTAaHHBIH TOPT BAJCHTTI MOHIAPHIH aHWOHHUTTI MeMOpaHacwl Oap
3IEKTPOIU3EP Il KOJIIAHBII, pereHepanusiayra OoJaThIHIBIFEl KOPCETLIII.

Msic yaTareHby TY3iMyiHe Mbic (II) normapemsiH sxoHe TuTaH (I11) mOHAaphIHBIH 6acTanKpl KOHIEHTPAIH-
JapbIHBIH ocepi 3epTTenai. AJBIHFaH MbIC YHTAKTapbIHBIH ()OpMAackl MEH OJIeMAEpl 3IEKTPOHABIK MHKPOCKOI
apKbUIBl capanTaiibl. KalThIMIBI TOTBIFY-TOTBIKCBI3[IaHy PEAKIMSACHIHBIH KOHCTAHTACHI €CENTeNI, epiTiHIIAeTT MBIC
(IT) monmapsk! TYreNn AepiiKk HaHOpPa3MepIli MbIC YHTaKTaphl TYPIHE OTETIHIITT aHBIKTa/bI.

OTe mucrepcTi MBIC YHTAFbIH aTy/AbIH Ka3ipri 3aMaHHBIH TajaOblHA cail KEUICH/[I TEXHOJIOTUACHIHBIH TPUHIIH-
MIHAJIJIBI ChI30a-HYCKACH! YCHIHBULIBI.
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MOJYUYEHUE HAHO- U YJIBTPAJIMCIIEPCHBIX IOPOIIIKOB ME/IA IEMEHTALIMEA NOHOB
MEJH (II) TOHAMMUA TPEXBAJIEHTHOI'O TUTAHA

Annoranusi. Paccmorpen mpomecc uemeHrtanmum woHOB Memu(Il) MOHaAMH TpeXBaJGHTHOTO THTAaHA.
YcTaHOBIIEHBI 3aKOHOMEPHOCTH (OPMHPOBAaHUS HAHO- WM YJIBTPAIUCIIEPCHBIX ITOPOIIKOB MEIW B pe3yibTare
B3anMmozeiictBus moHOB Menu (II) ¢ momamm tmrtama (III). ITokasano, 4ro B mpomecce peakuuu oOpasyercs
aTOMapHasi MeAb, YacTHUIBI KOTOPOH OOBEOMHSIOTCA ¢ (OPMHUPOBAaHMEM MEJIKOAMCIEPCHBIX —AarperaTtoB
OIPEJICNICHHBIX Pa3MEPOB, KOTOPbIE CTA0MIM3UPYIOTCS B BUjE cdep.

B mporecce uccnenoBanus NokazaHa BO3MOXHOCTh MOJYYEHHs] HEJIOPOTOCTOSIIMM, YIPOIIEHHBIM CHOCOO0M
cynsdara Turana (III), HeoOxomumoro st mpoBeAeHUs peakiuu IemeHTtanmu HoHOB Meau (II) u mpuBemeHbI
pe3yIbTaThl U3Y4EHUS BIMSAHUS pa3IMYHbIX TapaMeTPOB Ha JaHHBIN npomnecc. [lokazaHa BO3MOXKHOCTb pereHepanuu
YETBIPEXBAJIEHTHBIX MOHOB THUTaHA, OOpa3yIoIIMXCs B pe3yJjbTaTe pPEaklWH, C HCIIOIb30BAHHEM JIIEKTPOJIHM3EpPA,
CHAa0>KEHHOTO0 aHHOHUTOBOH MeMOpaHOH.

HccnenoBaHo BiIMsiHWE MCXOQHOM KOHLeHTpanuu noHOB Meau (1) m monoB turana (III) Ha ¢opmupoBanne
nopomka Meau. @opmMbl U pa3MeEpbl MOJYYEHHBIX MOPOLUIKOB MEOU YCTAHOBJIEHBI C IOMOIUBIO AJIEKTPOHHOIO
MHKpOCKOIa. PaccunTaHa KOHCTaHTa 0OpaTUMOW OKHCIHTEIHHO-BOCCTAHOBUTEIBHON PEaKIMU U yCTAaHOBJICHO, YTO
nonbl Menu (II), comepxamuecs B pacTBOpe, MPAaKTUYECKH IOJHOCTHIO (OPMHPYIOTCS B BHAE HaHOPA3MEPHBIX
[IOPOIIKOB MEIH.

IlpennoxkeHa MNpUHLUMOMAIBHAS CX€Ma TEXHOJOIMM IIOJYyYEHUS MEJIKOAMCIIEPCHBIX IOPOIIKOB MEAH,
COOTBETCTBYIOLIAsl TPEOOBAHHUSM COBPEMEHHOCTH.

KiroueBble cjioBa: MOHBI TUTaHA, Mellb, TOPOILKH, [IEMEHTALUSA, JEKTPOIIN3, IEPEMEHHBIN TOK, 3JIEKTPOJIHT,
BOCCTaHOBJICHHE.
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PATTERNS OF FORMATION OF DISPERSED COPPER POWDERS IN
THE BODY OF ELECTROLYTE DURING THE USE OF COPPER ANODE
IN SULFURIC ACID SOLUTION ALONG WITH TITANIUM (IV) IONS

Abstract. For the first time it was shown that when a copper-titanium pair of electrodes is polarized in a
solution of sulfuric acid with titanium (IV) ions, copper powders are formed between the holes of the electrodes.

The mechanism of formation of copper powders during electrolysis is investigated. It was shown that during the
polarization of copper and titanium electrodes in a solution of sulfuric acid with Ti (IV) ions, copper anodes dissolve,
forming copper (II) ions, and in the cathode titanium (IV) ions are oxidized to the tri-valent state. At this time, the
color of the electrolyte at the cathode is purple, and at the anode it turns blue. It was established that the formed
copper (II) and Ti (III) ions are found in the main gap of the electrodes, as a result of which nano-scale copper
powders are formed.

It was shown that the resulting tetra-valent titanium ions in the cathode are again oxidized to the tri-valent state,
interacting with copper (II) ions. Copper powders form again between the electrodes, and these processes are
repeated cyclically. It was shown that during the electrolysis between the electrodes colloidal copper powders are
first formed, and then they are combined and are precipitated.

Key words: titanium ions, copper, powders, electrolysis, electrolyte, reduction.

Introduction. Dispersed copper powders have a special property. Therefore, copper powders are used
in various fields of production. Electrochemical methods have been widely used in the preparation of
copper powders. The patterns of the formation of copper powders during cathodic polarization have been
studied in detail [1-18].

In our previous research, we were the first in the world to show that when electrolysis is performed
using copper electrodes in a solution of sulfuric acid with four-valent titanium ions, copper powders are
formed between the electrodes and the discovery was protected by the patent of the Republic of
Kazakhstan [17].

This article describes the impact of current density, sulfuric acid in solution, concentrations of
titanium (IV) ions and the duration of electrolysis on the current consumption (CC) of the formation of
dispersed copper powders. Copper was used as the anode electrodes, and titanium plates as the cathode.
The area of the electrodes is equal to 3 cm?, the distance between them is 6 cm. A solution of sulfuric acid
was used as the electrolyte. It stands to mention that the electrolyte contains no copper ions. The principal
variant of the electrolyzer and the reactions taking place in it is shown in Figure 1.

Theoretical. During electrolysis, the formation of copper powders is carried out by the following
mechanism: when polarizing copper and titanium electrodes in a solution of sulfuric acid with Ti (IV)
ions, the copper anode dissolves forming copper (II) ions:

(+) Cu - 2e = Cu*" (1)
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Figure 1 - Schematic diagram of the electrolyzer.1 - copper electrode;
2 - titanium electrode; electrolyte composition: Ti(IV) + H,SO,

In the cathode, titanium (IV) ions are oxidized to the tri-valent state.:
() Ti*" +e=Ti"" )

Copper (II) and Ti (I1I) ions, formed during reactions (1) and (2), are found among the electrodes and,
as a result, nano-scale copper powders are formed.

Cu* + Ti*" = Cu®| + Ti* (3)

As it is shown in Figure 1, tetra-valent titanium ions formed as a result of reaction (3) in the cathode
are again oxidized to the trivalent state during reaction (2), interacting with copper (II) ions between the
electrodes and the formation of copper powders is again based on the reaction ( 3). These processes are
cyclically repeated. The objective of the research is to study the effect of various parameters on the
formation of copper powders by the mentioned mechanism..

Experimental. The formation of copper powders was investigated when exposed to a current density
in the electrodes in the range of 50-1,200 A/m”. Within the current density range in the electrodes, 50-150
A/m’, the formation of copper powders is 100%. It should be noted that on the basis of reaction (3) a very
dispersed colloidal copper is formed. Only after an hour they connect and increase, then precipitated.
Increasing the current density in the electrodes reduces the current consumption of the formation of copper
powders. This phenomenon can be explained by the course of an additional reaction in the electrodes at a
high current density. At this time, copper powders are still formed on the surface of the cathode. In the
cathode, in addition to the main oxidation reaction of titanium (IV) ions in the 2nd reaction, the oxidation
reaction of other hydrogen ions also takes place:

2H" +2e = H, “4)

As a result, the current consumption of titanium (IV) ion oxidation decreases and the formation of
copper powders is reduced during the reaction (3).

It stands to mention that when electrolysis is carried out in a low current density of 100-150 A/m?,
without involving of titanium (IV) ions, ionization of copper electrodes is observed in the first reaction (1)
and after some time oxidation of copper (II) ions on the cathode surface.

Cu®"+2e=Cu’ (5)
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The distance between the anode and cathode electrodes is 4-6 cm or more, also in the presence of
titanium (IV) ions in the solution, the oxidation of copper ions to copper powders is not carried out
immediately, but after a certain time between the electrodes.

The impact of sulfuric acid on the formation of copper powders in the range of 50-250 g/L (Table 1)
was investigated. There is a decrease in the current consumption for the formation of copper powders after
the increase in acid concentration. This phenomenon can be explained by a slight dissolution of the
formed dispersed powders in sulfuric acid. Since electrolysis is carried out in the open air, the following
reaction can take place:

Cu + H,SO, + 1/20, = CuSO, + H,O 6)

Table 1 - The impact of acid concentration on the current consumption of the formation of copper powders:
Ti(IV) = 8 g/L,i = 150 A/m2,t = 30minutes., t = 25 °C

H,S0,, g/L 50 100 150 200 250
CO, % 109,2 110,0 111,1 104,5 95,3

The impact of the concentration of tetra-valent titanium ions on the formation of copper powders in
the range of 1-16 g/L during electrolysis was studied. In the absence of titanium (IV) ions in the solution
between the electrodes, the formation of copper powders is not observed. The results of the study showed
that, depending on the increase in the concentration of titanium (IV) ions in solution, the current
consumption of the formation of copper powders increases..

With an increase in the concentration of titanium (IV) ions in the solution, the current consumption of
their oxidation to the tri-valent state in the cathode increases, and the rate of formation of copper powder
increases according to reaction (3). As a result, we can say that the current consumption of the copper
powders formation is growing..

When conducting electrolysis using copper and titanium electrodes in a solution of sulfuric acid with
titanium (IV) ions, the following cyclic mechanism took place: copper (II) ions Cu - 2e = Cu*" are formed
in the anode, at this time the electrolyte color in the anode area begins to acquire blue shade, in the
cathode, tetra-valent titanium ions are oxidized to the tri-valent state and in this area of the electrode the
color of the electrolyte turns purple. Further, these ions collide between the electrodes and as a result of
reaction (3) dispersed copper powders are formed. At this time, the formed tetra-valent titanium ions are
diffused towards the cathode and are oxidized again to the tri-valent state on the surface of the cathode.
This reaction is repeated cyclically. This process can be shown as a general diagram as follows:

In cathode: Ti*™ + e = T
In copper anode: Cu - 2e = Cu?* (7)
Between electrodes: Cu+ Tt = LCu® + Tid*

As can be seen from reaction (7), under the above conditions, the titanium (I'V) - titanium (III) scheme
acts as a catalyst system, these processes are repeated cyclically.

It should be noted that with a smaller distance between the anode and cathode, as well as a high
current density in the electrodes, the dissolution current consumption of copper will be 100%, and the
oxidation current consumption of titanium (IV) ions will decrease dramatically. In this case, an excess of
copper (1) ions formed in the anode is oxidized forming copper powders under the conditions of a current
density limited in the cathode. At this time, the formation of copper powders takes place both between the
electrodes and on the surface of the cathode.

Microphotographs of copper powders obtained under various electrolysis conditions were taken and
studies were carried out. An electron microscope of the JSM6610W model was used in these studies.

It is established that in the electrode area very dispersed sphere-shaped powders are formed. Figure 3
shows a microphotograph of copper powders formed between the electrodes at a current density 150 A/m’
in the electrodes. The average size of copper particles 0.1-0.2 um.
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Figure 5 - Microphotograph of copper powders, formed on thesurface of cathodei=1200 A/m2, t = 25 °c

Figure 5 shows microphotographs of copper powders formed on the surface of the cathode at a
current density 1200 A/m” in the electrodes. In this case, it was found that copper powders in the form of
threads are formed on the cathode surface.

In conclusion, for the first time when using the copper anode in a sulfuric acid solution with titanium
(IV) ions, when using a copper anode between the electrodes under certain conditions, a very dispersed
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copper powder is formed, the impact of various parameters on this process is investigated. It has been
established that between the electrodes copper particles are formed in the sphere shape with an average
size of 0.1-0.2.
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A.B. Baemos', B.J. Mpip3a6exos', A.B. Koiecnnkon®

II[.B.COKOHBCKI/Iﬁ aTeiHAarel JKaHapMaii, KaTanns KoHE dJIEKTPOXUMISI HHCTUTYTHI, AnMaTsl, Kasakcran;
2JI.M. Menpenees aThiHarbl Peceil XHMUS-TEXHOIOTHSITBIK yHuBepcuteTi, Mackey, Peceit

KYPAMBIHJIA TUTAH (IV) HOHJAPBI BAP KYKIPT KbIIIKbLJIbI EPITIHAICIHJAE
MbIC AHOABIH KOJITAHY KE3IHJIE QJIEKTPOJIUT KOJEMIHJIE JUCIHEPCTI
MbIC YHTAKTAPBIHBIH TY3LIY 3AHABIJIBIKTAPBI

Annoraunus. Kypameiaaa tutan (IV) monmapsl 6ap KYKIpT KBIIIKBUIBI €pITIHAICIHAE “MBIC-THTaH >KYOBI
ANIEKTPOABIH TOJApU3ANUAIAY Ke3iHAE DIEKTPOATap KEHICTIKTepi apallbIFbIHAA IUCHEPCTI MBIC YHTaKTapBIHBIH
TY3UICTIH/IT] aJFall peT KOpCeTUIi.

DJIeKTpONIU3 Ke3iHIe MbIC YHTaKTAPbIHBIH TY3UIyl MexaHu3Mmi 3epTrengi. MbIC jKOHE THTaH 3JIEKTPOITAPbIH
Ti(IV) wonmapel 0ap KYKIPT KBIMIKBUIABI €PITIHAIrE Caiblll HOJSIPU3AIMsUIaHFaH Ke3ae, MbIC aHoabl MbIc(I)
MOHIApBIH Ty3e epim, an karonra tuTaH (IV) MOHAaphl yII BaJeHTTI KyHre A€HiH TOTBHIKCHI3NAHATHIHIBIFEI
kepceringi. byn ke3ne karoJ ayMarbIHAAFbl AJIEKTPOJIUTTIH TYCl — KYJITiH, aj aHOJ ayMaFrblH/a — KOK TYCKE OTei.
Tyzinren wmbic (II) xome Ti (III) wonmapsl amekrponrap apanbiFbiHIa Oip-OipiMeH Ke3jecil, HOTHXKECiHIe
HAHOPA3MEPJIi MBIC YHTAFbI TY3UICTIH/IITT aHBIKTAJI/IBL.

Peakiyst HOTHXKECIHIIE TY3UIT€H TOPT BAJECHTTI TUTAH MOHJAAPHI KaToJATa KalWTaJaH YII BAJIEHTTI KyWre JeHiH
TOTBIKCBI3JIAHBIIN, OJ1 3JeKTpoaTap apansirbiHga Mbic (II) MoHImapeiMeH opekerTecin KalTamaH MBIC YHTarbIHBIH
TY3UIETIHAIr JKoHEe Oy MpolecTep LMKIIAI TYpJe KaWTalaHbIl TYPAaTBIHABIFBI KOPCETUINI. DJIEKTPOJIN3 Ke3iHuae
AIIEKTPOATAP apaNbIFBIH/A ANFAIIKBIA KOJUIOMITH MBIC YHTAKTapBIHBIH TY3UICTiHI XoHE oNapAblH Oip-OipiMeH
Oipirim comaH KeiiH TyHOaFa TYCeTIHAITIKOPCETIIII.

Tyiiin ce3aep: TUTAaH HOHIAPBI, MBIC, YHTAK, JJICKTPOJIH3, JIEKTPOIUT, TOTHIKCHI3IAHY
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II/IHCTI/ITyT TOTUIMBA, DJIEKTPOXUMUH U KaTanu3a umenu J[.B.Cokonnsckoro, Anmatsl, Kazaxcran;
2POCCHICKMI XMMHKO-TEXHOIOTHYECKHI yHuBepcurer umenu . 1. Menneneesa, Mocksa, Poccust

3AKOHOMEPHOCTH OBPA30BAHUSA JUCHTEPCHBIX ME/JIHBIX [TIOPOLIKOB
B OBBEME 3JIEKTPOJIUTA IIPA UCITIOJIb30BAHUHA METHOI'O AHOJA
B PACTBOPE CEPHOU KUCJIOTBI,COAEP/KAIIEN NOHbBI TUTAHA (IV)

AnHoTanusi. BriepBbie moka3aHo, 4To IpH MOJISIPU3ALNH NAphl 3JIEKTPOJIOB «MEIb-TUTaH» B PACTBOPE CEPHON
KHCJIOTHI, cofieprkamieil HoHbI ThTaHa (IV) B MEeXIIEKTPOTHOM IIPOCTPAHCTBE 00Pa3yIOTCs MEIHBIC TIOPOIIKH.

HccnenoBan MexaHn3M 00pa30BaHMSI MEIHBIX ITOPOIIKOB MPH ANIEeKTpoim3e. [lokazaHo, 9To MpH HOAPU3AIHA
ANIEKTPOIOB MEIAW W THTAaHA B PACTBOPE CEpHOW KHUCIOTHL, conxepkameil moHel twrtana (IV), aHomer memm
pactBopsitorcsi, 00pasyst nonsl Menu (I11), a Ha katoge nonsl Thtana (IV) BoccTaHaBIMBAIOTCS 10 TPEXBAJICHTHOTO
cocTOsiHMs. B 3TO Bpemst IIBET AJIEKTPOJMTA HA KaToie — (PMOJIETOBBIM, a HA aHOJAE — MEPEXOJUT B CHHUI IIBET.
VYcranoBneHno, yto obpasoanusie noHBI Meau (II) m Ti (III) B3ammomeicTBYIoT B 0OBEMe pacTBOpa MEXKIY
3IIEKTPOJaMH, B pe3yJIbTaTe 00pa3yloTcsi HAHOPa3MEPHbIE MEHbIE TOPOLIKH.

[TokazaHO, YTO uYeTHIpEXBAJICHTHBIE HOHBI THTaHa, OOpa30OBaHHbIE B pe3yjbTaTe peakUH CHOBa
BOCCTAaHABJIMBAIOTCS] HA KATOJE /10 TPEXBAICHTHOTO COCTOSHHS B CBOIO OYEpE]b B MEXIJIEKTPOIHOM IIPOCTPAHCTBE
OHM CcHOBa B3ammojeiictBytor ¢ noHamu Mmeau (II), oOpasyst MenHble HOPOIIKM M 3TH HPOLECCHl IMKIMYHO
noBTopsitorcsl. [lokasaHo, YTO IPH IEKTPONIN3E MEXKAY DJIEKTPOAaMH CHadana o0pasyroTcsi KOJUIOMIHBIE MEIHBIE
TIOPOIIIKH, 3aT€M OHH COCTUHSIOTCS U OCEeaIOT.

KuroueBble cjI0Ba: HOHBI THTaHA, MEJIb, IIOPOIIKH, SJICKTPOJIH3, IEKTPOJIHT, BOCCTAHOBIICHHE.

Information about authors:

Bayeshov A. - Chief Researcher, Doctor of Chemical Sciences, Laboratory of electrochemical technology, JSC “D.V.
Sokolsky Institute of Fuel, Catalysis and Electrochemistry”, Almaty, Kazakhstan. Tel: +77017605635, e-mail: bayeshov(@mail.ru.
ORCID 0000-0003-0745-039X;

Myrzabekov B. - Senior Researcher, PhD, Laboratory of electrochemical technology, JSC “D.V. Sokolsky Institute of Fuel,
Catalysis and Electrochemistry”, Almaty, Kazakhstan. Tel:+77782170085, e-mail: myrzabekbegzat@mail.ru. ORCID0000-0001-
7321-2782;

Kolesnikov A. - Candidate of technical Sciences, D.Mendeleev University of Chemical Technology of Russia, Moscow,
Russia,Tel: 8 985 243 46 46, e-mail: artkoles@list.ru,orcid: 0000-0002-4586-6612

— 101 =——



Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

SERIES CHEMISTRY AND TECHNOLOGY
ISSN 2224-5286 https://doi.org/10.32014/2018.2518-1491.32
Volume 6, Number 432 (2018), 102 — 108

D.I. Chyrkunl, A.E. Leudanski', V.G. Golubev?, D. Sarsenbekulyz, S.A. Kumisbekov?

"Belorussian State Technological University, Minsk, Belarus;
M. Auezov South Kazakhstan State University, Shymkent, Kazakhstan
email: alex levdansky@mail.ru nii mm@mail.ru alex levdansky@mail.ru serik argin@mail.ru

ANALYSIS OF INDUSTRIAL DRUM MILLS’ OPERATION
AND WAYS OF THEIR IMPROVEMENT

Abstract. There has been done the analysis of existing industrial drum mills, which has permitted to reveal their
design imperfection. In order to increase the intensity of heterogeneous processes, it is proposed to aim at increasing
the surface of contacting phases, involved in the process. For this purpose, it is necessary to combine such processes
as grinding, activation, classification, mixing and chemical synthesis in the grinding device, which enables to
intensify the subsequent operations for processing of dispersed compositions.The efficiency of mill operation in a
closed cycle can be further improved, if to provide a highly efficient classification of ground products, removed from
the mill. It is proposed to divide the whole drum of the mill along its length by lattice partitions into a large number
of chambers, with a certain distance between the chambers of about 1,5+ 2 meters; to install two lattice partitions
between the chambers, with a distances of 0,25+ 0,4 meters between the partitions; to fix the blades to the drum
wall in the space between the partitions, similar to the drum dryer. It is recommended that in order to reduce energy
costs, there should be provided a rational organization of the grinding process with optimal process conditions for
industrial mills, applied in cement milling, with the air speed in the free drum space having to be within
0,7+1,4 m/sec.

Keywords: industrial drum mills, continuous classification of ground products, particles, process
intensification, material cooling energy, specific energy costs, designs.

Introduction. Improving production efficiency is an essential part of the economic strategy of the
country and, finally, is shown in increasing the output of high quality products at lowest costs. This is
achieved through technical re-equipment, wide introduction of advanced technologies and equipment.

To increase the intensity of heterogeneous processes, it is necessary to aim at increasing the surface of
contacting phases, involved in the process. Therefore, at present, many products for most industries are
obtained in a fine-disperse state, with the requirements for powder dispersity continuously growing.

The modern direction in the development of technological production equipment is a combination of
technological processes. The combination of such processes as grinding, activation, classification, mixing
and chemical synthesis in the grinding device enables to intensify the subsequent operations for processing
of dispersed compositions.

Grinding of various materials to the particles of less than a tenth of a millimeter is the most important
technological process in the production of cement, lime, ceramic products, ore dressing, etc. [1-4].

Methods of research. To carry out the research, there were used analytical and numerical methods
with the computers applied.

Results of research. As is known, the main drawback of the milling process is high energy intensity,
although directly on the material grinding there is spent a small part of the energy, consumed by the
machine.

In modern large-tonnage production there are mainly used drum mills for grinding. However, a very
low-efficiency coefficient of these mills forces the researchers to work on their improvement, as well as to
develop and apply mills of other designs. Such mills as medium-speed, impact, impact-centrifugal and
others are beginning to find more and more application in the processes of fine grinding [5,6].

— 102 ——



ISSN 2224-5286 Cepus xumuu u mexronoeuu. Ne 6. 2018

Drum mills are hollow rotating drums, in which there are grinding bodies (in most cases, steel balls),
and just here the material is fed for grinding. Grinding is carried out by impact, crushing and attrition.
These mills have been used in industry since the beginning of the twentieth century. The reason for such a
long life of this mill is in reliability and simplicity of its design, and due to these characteristics, being
very important for production, it is still out of competition in comparison with other designs. Therefore, it
is necessary to remember that the newly created designs of mills can move from the development phase to
the implementation phase only when they will be comparable by reliability to the drum ones. During the
long period of their application, the drum mills have undergone some design changes that have enabled
slightly to reduce energy losses, but they still remain very high.

In paper [7, p.17-18] there is given an approximate balance of power consumption items in the drum
ball mill:

1. Formation of new surfaces -0,6%
2. Losses in the transformation of electricity into the -12,3%
kinetic energy of ball lifting

3. Heating of the drum - 6,4%
4. Heating of the medium -31%
5. Heating of the material —47.6%
6. Other losses -2,1%

The balance shows that the main energy losses are related to heating of the material, the medium and
the drum itself. Heat in the mill is released as a result of friction between the particles, the friction of the
particles on the grinding bodies and the drum wall, as well as due to the volumetric and plastic
deformations. Often, high specific energy consumption in fine grinding is explained only by strength
change. The smaller the particles, the smaller the internal defects in the material, the stronger they are and,
therefore, their grinding requires more energy costs. This explanation is true, but far from being
exhaustive. In grinding, part of the particles, having reached the desired size, remaining in the whole mass
of the material, take over them the part of acting forces, dissipate them, are over-ground and slow down
sharply the process in the right direction. With increasing the dispersity of particles, the effect of
interaction of the particles between each other also increases. As a result, there is observed the formation
of very small particles’ coagulation structures, the destruction of which consumes a significant portion of
the energy, supplied to the particle.

The main ways of reducing the energy losses and improving the efficiency of grinding in a drum mill
are as follows. By grinding method, the drum mills can be dry and wet grinding. Wet grinding is used in
those cases, when the material to be ground is further processed in the form of suspensions, for example,
in mineral processing by flotation or extraction of certain components by chemical means.

The advantages of wet grinding, compared to dry grinding, are as follows:

1. less energy consumption per 1 ton of the material;

2. higher grinding capacity of the mill (approximately by 15%), absence of dust and, accordingly,
aspiration ventilation and air purification systems;

3. facilitation of transportation and distribution of the material: the hydraulic transport can be used;

4. wet classification is more effective than air classification

The energy consumption reduction in wet grinding and the growth of mill capacity are explained by
the fact that the liquid penetrates into cracks and causes tensile stresses that contribute to the destruction of
the material, in addition, the friction force between the particles of the ground material decreases.

However, if after grinding the material, the further technology requires its use in a dry form, the dry
grinding appears to be more feasible economically due to the large heat consumption for drying.

By operation principle, the drum mills are subdivided into batch and continuous. Batch mills are
working by wet method. These mills are not used for operation by dry method because of great
difficulties, arising in their discharge. A major drawback of batch mills is a large loss of energy to the mill
operation at the end of the grinding cycle, when a very small amount of underground material is left in it.
Batch mills are operated very much at the enterprises of the Republic and in order to reduce energy costs
they are to be replaced by continuous mills.

To improve the process and to reduce energy costs per unit of the ground material in long drum mills,
for example, tube ones, is possible by dividing them along the length into several chambers by installing
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lattice partitions.Since the size of the material to be crushed is decreasing while it is moving from the
charging spout to the discharge one, in accordance with this, each chamber should be charged with
grinding bodies, the size of which corresponds to the size of the material to be crushed. The largest bodies
will be in the first chamber and the smallest bodies - in the last one.

To increase the grinding capacity and to reduce the energy costs substantially when grinding in a
drum mill is possible by converting its operation from an open cycle to a closed one.

The open cycle operation circuit, when all the material to be crushed is passed through the drum once,
is simpler. In this operation circuit there are no devices, providing the finished product selection, and
therefore all the material is in the mill until it is completely crushed, as a result of which there will be
observed the finished product grinding heterogeneity, part of the material will be over-ground. Naturally,
in the open cycle operation there will be low grinding capacity and high specific energy consumption for
grinding. However, it should be noted that the mills, working by open method, are simple in design and
are not difficult to operate, which ensures their application up to the present time.

In a closed grinding cycle there is no aim to bring the whole material to the desired grinding fineness,
and at the exit of the mill it is sent for separation to the separator, when using a dry grinding method, and
to the screens or hydrocyclones, when using wet grinding. After separation, the fine fraction as a finished
product is removed from the circuit, and the coarse fraction is sent again to the mill for re-grinding. The
fresh and underground material is charged into the mill through the second hollow spout or the finished
product - through the hollow spout, while the underground material is charged through a special hole in
the middle part of the drum wall. Andreyev S. Ye. [8, p. 330-338] proved theoretically that grinding
capacity of the mill, working in a closed cycle with a classifier is proportional to the content of coarse size
grains in it. At the same time, it is easy to prove that the content of coarse size grains in the mill is directly
proportional to the frequency rate of the circulating load. However, the increasing frequency rate of
circulation results in the increased energy costs at the stage of classification and transportation of the
material under the scheme: mill — classifier — mill. The conditions are considered to be optimal, when
the material makes three to six passes through the mill [9, p. 94-95]. The mill’s grindin% capacitg here
increases, in comparison with the open cycle, by 20%, with a decrease in energy costs by 5+20% ; in
addition, the specific consumption of grinding bodies is reduced and the service life of the lining is
extended.

Taking into account the advantages of a closed grinding cycle, in most countries in cement production
and other large-tonnage industries the drum mills are converted to a closed cycle of operation, and only in
recent years, such reconstruction has begun to be carried out at some enterprises of our Republic.

The efficiency of closed cycle mills can be further improved, if to provide a highly efficient
classification of ground products, removed from the mill. Many researchers, on the basis of evaluation of
the existing industrial separators ([)10, $.130-135; 11, p.42-43], note that the applied designs have low
separation efficiency and about 40 +70% of the finished finely ground material, having not separated
in separators, return again to the mill. The use of screens and hydrocyclones in the wet grinding method
also does not provide a high-quality classification, since these devices can work well on low-concentrated
suspensions [10, p. 34-35].

Thus, the classification problems in grinding are very acute and need to be solved.

Practice [12, p. 3-6] and studies [13, p. 12-16; 14] show that the air blowing of a drum mill has a
positive effect on the grinding process by dry method. Moreover, it was found that with increasing
intensity of aspiration to a certain limit, the mill’s grinding capacity increases substantially. Thus,
monograph [7] gives the graphic dependence, obtained on the basis of the drum mill’s industrial testing,
which shows that due to active blowing it is possible to increase the mill’s grinding capacity by 25%.

The increase of the mill’s grinding capacity when blowing it with air can be explained by several
factors, the degree of influence of each of which on the process has not yet been determined. Some
researchers [13, p. 12- 16; 14; 15, p. 6-8] believe that the improvement of tube mills’ grinding capacity
with their intense aspiration occurs due to removal of the crushed material’s fine fraction from the
grinding area, which results in the increase of the coarse fraction portion and the increase of the relative
grinding velocity.
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It is also known that in fine grinding there are observed aggregation and sticking of small particles on
grinding bodies and lining, which has a negative influence on the process. Examination of industrial mills
in clinker grinding shgws that with increasing the intensity of aspiration, the temperature in the mill is
reducing by - , the aggregation and sticking of fines fractions of the material to the grinding
bodies and lining are reducing, and in milling a relatively cold clinker (60 +77 OC) there is no sticking
at all. The particle sticking occurs due to the action of electrostatic charges on the surface of particles.
Water vapors, contained in the air, washing the small particles of the material, form temporary "bridges",
which are a kind of conductors, through which the neutralization of electrostatic charges is carried
out.Thus, aggregation and sticking are eliminated and due to this the grinding process is intensified.

The grinding degree increase with increasing air speed in the mill is explained by some researchers
[16, p. 38-45] not only by the removal of fine fractions of the material from the grinding zone, but also by
the influence of the environment on the grinding process. Adsorption of water vapors, which in this case
are surface-active substances, from the air, passing through the mill, facilitates the deformation and
destruction of the solid body. The effect of adsorption strength reduction is determined primarily by the
fact that surface-active substances, reducing the material’s surface energy, contribute to the development
of various defects at lower stresses. To adsorption influence there are primarily exposed the surface
defects of structure — weak points that are always present in any solid body and even in the most well-
formed crystals. Into the defects of structure - the micro-cracks, being present in a solid body and
appearing in the process of its exposure to the grinding media, with air, there penetrate the water vapors,
covering the surface, available to them inside the deformed body, with a uniform adsorption layer. When
the liquid comes to the mouth of a micro-crack, its molecules are distributed on both surfaces of the
micro-crack up to the narrowest places, where their further penetration is prevented by the size of the
molecules themselves. The adsorption layer of water molecules prevents the closure of the micro-cracks
and thus reduces the hardness of the material to be ground.

Thus, the air purging of the drum mill chamber can have a positive effect on the grinding process for
the following reasons:

1. Due to continuous removal of a fine fraction from the grinding zone;

2. Due to removal of electrostatic charges from the surface of very fine particles and thus, reduction
of their aggregation and prevention of sticking to the grinding media and lining;

3. Due to adsorption effect of the air moisture on the particle defective structures and thus, reduction
of the material’s strength.

All these factors, undoubtedly, have a positive influence on the grinding process, and it is very
difficult to give preference to any of them. One thing is clear that the closer contact will be in the mill
between the air and the particles of the crushed material, the more effective will be the influence of these
factors on grinding.

If we consider the movement of flows in the drum mill in the cross section, we shall see that in the
operating state all the grinding bodies and the material occupy a little more than 50% of the section (the
bottom and side part along the way of the mill’s movement).

If we supply air to the mill, it will move in its free space without a sufficiently good contact with the
material. Of course, during the rise and fall of the grinding media and the material there will be their
intensive mixing and, naturally, a certain part of the fine-disperse material will be thrown into the free
space, where the fine particles will be picked up by the air flow and carried away to the separator.
However, there will be no good air purge of the whole mass of the material in the existing structural
design and therefore the bulk of the crushed material will be in the general flow.

When solving the problem of a close contact between the material and air in a drum mill, it is
necessary to take into account the recommendations of Andreyev S. Ye. and Sidenko P. M. [16, p.337; 16,
p.26-41], who repeatedly note that in a drum mill it is not advisable to conduct a process with a high
degree of grinding in one chamber. It is more economical to conduct it in several serially mounted
chambers with the necessary intermediate selection of fractions that do not need grinding in the next
chamber. It is also important that to the grinding chamber there came the material with a narrow size
range, and the frequency rate of destruction in it was minimal. So, Andreev S.Ye. notes that, from the
theoretical point of view, the perfect one there would be a method of grinding in a series of ball mills, each
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operating in a closed cycle with a classifier and so short that the material, passing through the mill, would
be subjected to a limited number of ball impacts and all the resulting finished product would be
immediately removed from the classification cycle.

On the basis of the above, we offer a more perfect version of the drum mill. The whole drum of the
mill along its length should be divided by lattice partitions into a large number of chambers, with a
distance between the chambers, being, for example, 1,5+ 2 meters; to set not one lattice partition

between the chambers, but two, with a distance of 0,25+ 0,4 meters between the partitions; to fix

blades to the drum wall in the space between the partitions, similar to the drum dryer, as shown in Fig. 1.

In this case, the material is crushed in the chamber, passes through the first lattice partition and,
falling on the blades, rises up and falls down from above. Since there are many blades, the falling particles
will fill almost the whole cross section of the mill. The air, moving in the longitudinal direction, will enter
the flow of falling particles, cool them and, depending on the speed, will pick up the particles of certain
sizes and carry them away with it. This separation process will be observed after each chamber. The air
velocity must be such that the near-mesh size particles, picked up by the air flow before they settle, could
fly over the whole length of the chamber.

UCXOOHBLI A—‘
Mamepuast

+8030)X

—

NHINS
T
T

UBMEITbYEHHBLI
Mamepuar
A +8030yX

Figure 1. The scheme of reconstruction of the drum mill
1 —the drum; 2 — the end covers; 3 — the spouts; 4 — the lattice partitions; 5 — the blades.

To calculate the air velocity in the chamber, it is necessary to calculate the settling velocity of near-
mesh size particles in the drum, using the Stokes formula. Knowing the particle settling velocity and the
mill diameter, we determine the particle settling time. During this time, the particle should manage to pass
the whole length of the chamber in the horizontal direction.Knowing the length of the chamber and the
settling time, we determine the air velocity in the chamber. According to our approximate calculations, for
industrial mills, used for cement milling, the air velocity in the free space of the drum should be within
0,7+1,4 m/sec. [16].

Conclusions. Thus, with the help of such reconstruction, there will be carried out continuously almost
complete removal of crushed particles from the mill, there will be intensified the processes of cooling the
material and the adsorption of moisture on its surface, which will significantly increase the grinding
capacity of the mill, with reducing its energy costs.

However, at the exit of the mill, the ground material must be subjected to a highly efficient
classification, so that the finished product could be almost completely removed from the system, and only
the underground particles returned back for re-grinding. It is known that there are used medium-speed
mills, having much lower energy consumption due to a highly organized grinding process, but having a
much more complicated design.
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OHEPKOCIIITIK BAPABAH/IbI JIMIPMEHIEP ) KYMbBICBIH CAPAIITAJIAY
7KOHE OJIAPJBI )KETIJIAIPY KOJIJAPBI

AnHotanusi. Onap/plH KOHCTPYKIHUSUIBIK XKETUAIPITMETeHIITH aHbIKTayFa MYMKIHIIK OepreH KOJIJaHbICTaFbl
OHEpKACINTIK OapabaHapl AMIPMEHICPIIH JKYMBICBIHA capanTama >KYpri3iuimi. ['eTeporeHmik MpoIeccTepaiy
KapKbIHBUIBIFBIH JKOFapbUIaTy MaKCaThIHAA IPOLECCKE KaThICAaThIH TYHICylli (aszanapablH OeTTepiH yiiFalTyra
YMTBUTY YCBIHBUIANbBL. bysl yIIiH [ucnepcTi KOMIO3W3WsUIApAbl OHJIEYy OOMbIHINA KeHiHri omneparusiapsl
KapKbIHIACTBIpyFa MYMKIHAIK O€peTiH ycakTay, akTHUBalMs, KIacCU(PUKalMs, >KbUDKBITY J>XOHE allaparTarbl
XUMUSUIBIK, CHHTE3 CHSIKTHI ITpoueccTepi OipikTipy KaxeT. Erep nuipMeHHEH IIbIFapbUIATBIH YCakTay OHIMJAEPiH
JKOFapbl THIMZI Ki1accM(UKaIMAAbl KaMTaMachl3 eTeTiH 0oJica TYHMBIK HUKJI OOWBIHIIA AMIPMEH >KYMBICHIHBIH
THIMALUTITIH TaFel KOOipeK JKoFapiaTyra 0omambl.

Huipmen OapabaHbIH y3bIHAa OOMBI TOPNBI KaJKalap MEH YJIKEH Kamepayapra Oenrim OipapaKamlbIKTHIKTA
KaMmepamap apacel maMmameH 1,5+2 merp Geny yceHBUIIBR. Kamepamap apacbiHa KajdKanap apachIHBIH KaIIbIKTHIFBI
0,25+0,4 M OonaThIH €Ki TOPJIBIK ajlKajgap OpPHATHUICHIH. Kajakanap apachlHIarkl KEHICTIKTe OapabaH KaOBIprachlHA
OapabaH/pl KenTiprimTerifeil Kypekiienepal OpHary. OHEeprusi IIbIFBIHIAPBIH TOMEHJAETY YUIIH [EeMEHTTI
YHTaKTay/la KOJJAHBUIATBIH OHEPKOCINTIK IUIPMEHJEp YIUiH IPOLeCC OTYiHIH OHTAMibl INapTTapbIMEH YCaKTay
NPOLECIH YTHIMIBI YHBIMIACTBIPYAbl KaMTaMachl3 €Ty YCBIHbUIa[bl, OapaOaHHBIH €pKiH KeHICTIriHzeri aya
KbUTIAMIBIFRI IiIaMameH 0,7+1,4 M/c 00Tybl KaKeT.
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Tyiiin ce3nep: OHepkocinTik OapabaHABI TUipMEHAEP, YCAKTAFBIII OHIMICPIIH Y3MIKCI3 KITaCCHUPHUKAIHIACH,
OeJeKTep, MPOLECTI KapKbIHAACTBIPY, MATEpPHAIABl CAIKBIHAATY DHEPTUsChl, MEHIUIKTI HEpPrus IUBIFBIHIAP,
KOHCTPYKUUSIIAp.

YK 621.926.4
JI. K. Yupkyn ', A. 3. Jlesnaunckuii ', B.I'. Toay6es 2, JI. Capcentexy.ni 2, C.A. Kymucéekos *

'Benopycckuii rocy1apCTBEHHBIN TEXHONOrHUECKHil yHHBepCHTeT, I.MuHcK, Benapych;
? FOsHo0-Kasaxcranckuii rocy1apcTBeH sl yauBepcuter uM. M. Aya3osa, r.11Ismvkent, Kasaxcran

AHAJIM3 PABOTbBI BAPABAHHBIX ITPOMBIIIIVIEHHBIX MEJIBHUIL
N IIYTHN UX YCOBEPHIEHCTBOBAHMUA

AHHoOTauus. BeimonHeH aHanm3 paboTHI CyHIECTBYIOIINX OapaOaHHBIX MPOMBINUICHHBIX MEIbHHI, KOTOPBIHA
MO3BOJIIJI OTIPEICUTh UX KOHCTPYKTUBHOE HecoBepmeHCTBO. C 1eNbi0 MOBBIMICHHS HHTEHCUBHOCTH TETEPOTCHHBIX
MPOIIECCOB TIPEAJIaraeTcs CTPEMHUTHCA K YBEIMYCHHIO MOBEPXHOCTH KOHTAKTHUPYIOIIMX (Da3, ydacTBYIOIIMX B
npouecce. J{i1s 3Toro Heo0OX0IMMO 00bEIMHEHUE TAKUX MIPOLIECCOB, KaK M3MENbYEHUE, aKTHBALMS, Kiaccudukarms,
CMEUIeHUEe M XMMHUYECKHH CHHTE3 B ammapare — W3MeJb4yHTelle, MO3BOJSIET MHTEHCU(HUIUPOBATH ITOCIEIYIONINE
orepany 1o oOpaboTKe IUCHEPCHBIX KOMITO3MLMH. D(P(eKTHBHOCTS pabOTHl MENBHUI] MO 3aMKHYTOMY IIMKILY
MOXHO e1ie 0oJiee MOBBICUTb, €CIH 00ecTIeunTh BHICOKOA(D(EKTHBHYIO KIacCH(PUKAIMIO MPOIYKTOB N3MENIbUCHHS,
BBIBOJJIMBIX U3 MEIIbHHIIEI.

IIpemnoxxeHo Bech OapabaH MENBPHUIBI 10 JUIMHE Pa3lelUTh PEIIeTYATHIMU IIEPErOpOIKaMU Ha OOJBIIOE
KOJIMYECTBO KaMmep, C OTpEeIeHHBIM PAacCTOSHHEM MEXKIy KaMmepamu, mopsnka 1,5+2 wmerpa. Mexmy kamepamu
YCTaHOBHUTDH [BE pEIIETYATHIC MEPErOPOAKH C PACCTOSHHAMHU MexOy meperopoakamu 0,25+0,4. B mpoctpaHCTBE
MEXAy I[eperopojkaMu K CTeHKe OapabaHa 3aKpenuTh JIONACTH, aHAJOTMYHO Kak B 0OapabaHHOW CYIIWIIKE.
PexomeH0BaHO, UTO 7SI CHIDKEHHS SHEPTo3aTpaT JOJDKHA 00ECIIeYMBAThCS palloHaIbHAs OpTaHU3aIMs Iporecca
M3MENBYCHHUS C ONTHMANBHBIMA YCIOBHAMHU MPOTEKAHUS IMpoIecca Ui MPOMBIIUICHHBIX MENBHUI], TPUMEHIEMBIX
JUTSL TOMOJIA IIEMEHTAa, CKOPOCTh BO3/lyXa B CBOOOTHOM MPOCTPAaHCTBe OapabaHa goynkHa ObITh B mipeaenax 0,7+1,4.

KaioueBble cioBa: OapabaHHBIE IMPOMBIIUICHHBIE MEJbHHUIIBI, HENpepbhIBHAS KIAcCU(PUKALMS IPOIYKTOB
U3MCJIbYCHUS, YaCTHIIbI, I/IHTCHCI/I(l)l/IKaLII/IH Impouecca, SHEPTUA OXJIAXKIACHUA MaT€puala, yACJIbHbIC SOHCPro3aTparhl,
KOHCTPYKIIHNH.
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INTERACTION OF THE Fe/y-ALO; CATALYTIC SYSTEM
WITH PROBE MOLECULES 1. RESEARCH OF THE y-AlL,O;
AND THE Fe/y-AlL,O; INITIAL SYSTEM

Abstract. The work is the first part of the studies devoted to the interaction of a heterogeneous catalytic system
with adsorbed molecules. It presents the results for the initial oxide y-Al,O; and Fe/y-Al,O; system with an iron
content of 0.5; 3; 13% by weight, obtained with a wide range of physicochemical methods. The Fe/y-Al,O3 system
was chosen as the object of the study, since it exhibits catalytic activity in many chemical processes and can later be
used as a model.

The performed work showed that during the preparation of the Fe/y-Al,O5 system by impregnation, the structure
of the support can be modified. The nature of the filling of the support surface with the iron-containing phase
depends substantially on its percentage and can be multilayered.

It is established that the Fe/y-AL,O; system contains iron in the form of Fe*". Depending on the iron content,
iron-containing aggregates of various sizes may be present in it, both in the paramagnetic and in the magnetically
ordered states.

Key words: heterogeneous catalysis, physicochemical methods of investigation.

Introduction

This work is the beginning of a series of studies devoted to the interaction of a heterogeneous
catalytic system with adsorbed molecules. This formulation of the problem is topical, since, in
heterogeneous catalysis, the most important stage is the adsorption stage [1, 2].

The iron-containing Fe/y-Al,O; (y-Al,Os-support) system was chosen as the object of research
because it exhibits catalytic activity in many chemical processes, such as the production of ammonia [3-5]
and carbon nanotubes [6, 7], in CO hydrogenation reactions (Fischer-Tropsch synthesis) [8, 9], in the
oxidation of hydrogen sulphide to elemental sulfur [1], deep processing of solid fossil and renewable
organic raw materials [10], in gasoline reforming reactions [11], and many other reactions [12] ]. Thus, the
catalytic system Fe/y-Al,O; being practically multifunctional, in the future, can be used as a model
system.

Experimental

The Fe/y-Al,O3 system with an iron content of 0.5; 3; 13 wt.% was prepared by impregnation [1, 13,
14] of the initial y-Al,O; oxide with an aqueous solution of iron acetate, followed by drying and
calcination in air.

A wide range of physicochemical methods during the research was used.

X-ray diffractometry. The X-ray diffractometer Dron-4-07 with cobalt anode tube was used.

Mode:

- speed 2 deg/min;

- working parameters of the tube: 30 kV, 20 mA.
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Transmission electron microscopy. Equipment - EM-125K, accelerating voltage of 75 kV.

Scanning electron microscopy. JSM 6610 LV, JEOL, Japan is a scanning low-vacuum electron
microscope. Accelerating voltage 20 kV.

BET method (low-temperature nitrogen adsorption). Equipment -AccuSorb, Micromeritics, USA. The
standard procedure. Calcination of the sample at 230-250° C for 3 hours with evacuation. The relative
error in determining the specific surface area is = 5%.

Mossbauer spectroscopy. Equipment - MS 1104Em, Russia. The source was cobalt 57 in a chromium
matrix with an activity of 100 uCi. The spectra were processed on a PC by the "least squares" method. The
isomeric shifts are given in terms of a-Fe. The temperature of the spectra is 23°C. The shooting mode is
"on the skylight". The error in determining the isomer shift (IS) is AIS = + 0.03 mm/s; quadrupole splitting
(QS) AQS = + 0.03 mm/s; relative content (S) AS =+ 2%.

Results and Discussion

The study of y-Al,O; oxide and Fe/y-Al,O; system was carried out.

X-ray diffractometry.

X-ray diffraction patterns (Fig. 1) of y-Al,O; oxide and Fe/y-Al,O; system with various iron contents
were obtained.

Following results were obtained:

- Initial y-Al,O;:

Reflexes at 4.5641; 2.7959; 2.3981; 2.2883; 1.9767; 1.5258; 1.3950 A - y-Al,O; phase (ASTM 10-
424);

- 0.5% Fe/y-Al,O; system:

Reflexes at 4.5641; 2.8032; 2.3815; 2.2891; 1.9781; 1.5210; 1.3994 A - y-AL,O; phase (ASTM 10-
424);

Reflexes at 4.8524; 4.3735; 4.3158; 3.3285; 2.4580; 2.3815; 1.8017; 1.7475 A - gibbsite phase of
Al(OH); (ASTM 33-18);

Reflexes at 4.1784; 2.6891; 2.4580 A - 0a-FeO(OH) (goethite) phase (ASTM 29 - 713);

- 3% Fe/y-Al,O5 system:

Reflexes at 4.5562; 2.8003; 2.3898; 2.2807; 1.9829; 1.5214; 1.3976 A - phase y-Al,O; (ASTM 10-
424);

Reflexes at 4.8579; 4.3698; 4.3230; 3.3264; 2.4580; 2.3898; 1.7978; 1.7501 A - gibbsite phase of
Al(OH); (ASTM 33-18);

Reflexes at 4.1784; 2.6904; 2.4580 A - 0-FeO(OH) (goethite) phase (ASTM 29 - 713)

- 13% Fe/y-Al,O; system:

Reflexes at 4.5681; 2.7974; 2.3908; 2.2853; 1.9733; 1.5217; 1.3994 A - y-Al,O; phase (ASTM 10-
424);

Reflexes at 4.8434; 4.3771; 4.3158; 3.3161; 2.4481; 2.3908 A - gibbsite phase of AI(OH); (ASTM
33-18);

Reflexes at 4.1817; 2.6837; 2.4481A - a-FeO(OH) (goethite) phase (ASTM 29-713).

The data obtained indicate that the original alumina is indeed y-Al,O;. Partial hydrolysis of aluminum
oxide occurs during the synthesis of the Fe/y-Al,O; system, resulting in the formation of aluminum
hydroxide in the form of gibbsite. It should be noted that the highest degree of hydrolysis is observed for
the Fe/y-Al,O5 system with the lowest iron content and it decreases monotonically with its growth (Fig. 1).
This is probably due to the fact that as the concentration of iron acetate increases, in the solution there is
an ever-decreasing amount of free water capable of causing hydrolysis of aluminum oxide [15].
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Figure 1 — Diffraction patterns of y-Al,0; oxide and Fe/y-Al,O; system
a - y-Al,03; b - 0.5% Fe/ y-Al,O3; ¢ - 3% Fe/ y-Al,O5; d - 13% Fe/y-Al,O4
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Transmission electron microscopy.

Microphotographs of the initial aluminum oxide y-Al,O; and the Fe/y-Al,O5 system with different
iron contents are shown in Fig. 2.

There are two kinds of particles in y-Al,O; sample. The first type is characterized by aggregates of
large, semitransparent, plate-like particles with a hexagonal facets (the (111) plane of a-Al,O; crystallites)
reaching almost micron sizes (400-800 nm) (Fig. 2a).

The second type of particles is small transparent plates of elongated rectangular shape (planes (001),
(111) of y-Al,O; crystallites) which in the width are 5-10nm (Fig. 2b). Microdiffraction was taken from
various parts of the sample. The pictures show reflexes that are located on the rings. They correspond to y-
AlL,O; (JCPDS, 10-425). A trace amount of 3-Al,O; (JCPDS, 16-394), AI(OH); gibbsite (JCPDS, 7-324)
and 0-Al,05 (JCPDS, 11-517) also were observed.

Micrograph of the 0.5%Fe/y-Al,O; system is shown in Fig. 2c. It has large particles with signs of
faceting ranging in size from 200 to 1000 nm. Microdiffraction produces symmetrical and individual
reflexes, which correspond to y-Al,O3; (JCPDS, 10-425). A large 200nm in size particle of a pointed shape
and small aggregates made up of particles of 10-40 nm in size are shown in Fig. 2d. Microdiffraction gives
a large number of symmetrical and individual reflexes, which can be attributed to a mixture of phases:
gibbsite (JCPDS, 7-324), B-AIO(OH) Diaspore (JCPDS, 5-355), y-AIOOH Boehmite (JCPDS, 21-1301 ),
with a significant predominance of the former.

Only phases of aluminum oxides and hydroxides in the sample were found. The low iron content in
the system did not allow the detection of iron-containing phases because of a small amount they did not
reach the field of view of the microscope.

The microphotographs of the 3% Fe/y-Al,O5 system have many dense aggregates; also large particles
of lamellar type of medium transparency are present in the sample, which is shown in Fig. 2e. A
conglomerate of transparent particles of lamellar type of micron size, surrounded by small aggregates of
small dense particles 5-10 nm in size is shown in Fig. 2e. Microdiffraction gives a large set of reflexes that
are located along a distorted hexagonal view, and individual reflexes, which can be attributed to a mixture
of the phases y-FeO(OH) - goethite (JCPDS, 29-713), FeOOH (JCPDS, 26-792), AI(OH); - gibbsite
(JCPDS, 29-41), y-ALL,O5 (JCPDS, 10-425).

There is an aggregate of transparent particles of lamellar type ~ 0.5 micron in size for a 13%Fe/y-
AlLO5 system in Fig. 2g. Microdiffraction gives reflexes located on a distorted hexagonal view, which can
be referred to 8-FeOOH (JCPDS, 13-87). In addition, this micrograph has round-shaped particles with
dimensions of 10-30nm. Microdiffraction gives reflexes (rings) related to FeOOH (JCPDS, 26-792). In
Fig. 2h, the particles are larger, for them microdiffraction shows a large set of reflections of the following
phases: Fe,O; (JCPDS, 32-469) and y-Al,O; (JCPDS, 10-425).

Scanning electron microscopy

Microphotographs of the initial aluminum oxide y-Al,O; and the Fe/y-Al,O; system with different
iron content are shown in Fig. 3.

From microphotographs it follows that aggregates of various sizes (Fig. 3a, b, ¢) are present on the
surface of the support y-Al,Os, from tens to micrometers. Porous structure of the support surface is clearly
visible when the magnification is large (Fig. 3c).

The relief of the support is "smoothed" when the acetate of iron is deposited on y-Al,O; (Figure 3),
and the effect is most pronounced at 13% iron content. It can be assumed that an iron-containing film
(crust) is formed on the surface of the support, and this, in fact, leads to a visible "smoothing" effect of the
relief. In the case of the Fe/y-Al,O; system with 0.5% iron content (Fig. 3d, e, f), the complete surface
coverage of the y-Al,O; support by the iron-containing component is not noticeable, apparently due to its
small amount. On the contrary, it can be assumed that for a system with 13% iron content (Fig. 3 j, k, 1),
the coating is multilayer.
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Figure 2 - Micrographs of the initial aluminum oxide y-Al,O5 and the Fe/y-Al,O5 system with an iron content of 0.5; 3 and 13%
a, b - initial y-Al,O; oxide; ¢, d — 0.5%Fe/y-Al,O; system; e, - 3%Fe/y-Al,O; system; g, h 13%Fe/y-Al,O; system.
Magnification: a, c, e, f — 24000 times; b, d, g, h — 50000 times
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BET method

Specific surface area and its texture (porosity) for y-Al,O; oxide and Fe/y-Al,O; system with different
iron content are determined. The results are shown in Table 1 and are shown in Fig. 4. The data for -
AlLOs in agreement with the results of [16].

Table 1 — The specific surface area of the y-Al,05 oxide and the Fe/y-Al,0; system

Sample Parameter
SW, m2/ g VADSmax.a mL/ g Vtrue: mL/ g

v-AlL0; 214 180 0,28
0.5%Fe/y-Al,04 211 196 0,31
3%Fe/y-Al,04 190 115 0,18
13%Fe/y-Al,O3 173 101 0,16
Note: SW - specific surface area, mz/g;
V apsmax - total pore volume with gas filling, mL/g;
Ve - total true pore volume, mL/g

From Table 1 it follows that when the iron is precipitated to the support, as the content thereof
increases, the value of the specific surface tends to decrease, indicating the filling of the surface.

Figure 3 - Microphotographs of aluminum y-Al,O; and Fe/y-Al,O; systems with different iron content
v-ALO;s - (a, b, ¢); 0.5%Fe/y-ALLOs (d, e, ); 3%Fe/y-AlLO; (g, h, 1); 13%Fe/y-AlLLOs (, k, 1).
Magnification: (a, d, g, j) — 1000 times; (e, h, k) — 3000 times; (b, f, i, 1) — 10000 times; (c) — 25000 times

At the same time, the pore volume has a maximum at the point for the system of 0.5%Fe/y-Al,O5. The
presence of an extremum can probably be explained by the hydrolysis of y-Al,O3 and the transition of a
part of aluminum oxide to the hydroxide, which was discussed above. In aluminum hydroxide, the total
pore volume is noticeably higher than that of y-Al,O5 [17]. Since the iron-containing component does not
completely cover the support surface in the 0.5%Fe/y-Al,O; system (Fig. 3d, e, f), therefore, at least some
of the pores of the hydroxide are accessible.
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Figure 4 - Pore size distribution in y-Al,O3 and in the Fe/y-Al,O5 system with different iron content
a-v-Al,03; b - 0.5%Fe/y-Al,O5; ¢ - 3% Fe/y-Al,Os; d - 13%Fe/y-Al,O4
R(A) is the pore radius in angstroms (A); dV/dVmax the ratio
of the pore volume of a given radius to the maximum volume

The combination of these factors may lead to an increase in the total pore volume for the 0.5%Fe/y-
AL O; system.

With an increase in the iron content the total pore volume decreases which on one side may indicate
their possible filling, and on the other hand, the difficulty of accessing the probe gas (nitrogen). The latter
can be indicated by scanning electron microscopy data (Figure 3), from which it follows that with a high
content of iron in the system, the support surface is almost completely closed.

In Fig. 4 - pore size distribution for y-Al,O; and Fe/y-AlL,Os. The pore size for y-Al,O; and the Fe/y-
Al,O; system fits within a narrow range of values and their radius does not exceed 65-70A (Fig. 4). When
the iron-containing component is applied to alumina, the pore size distribution in comparison with y-Al,O;
(Fig. 4a) varies, for 0.5%Fe/y-Al, O3, a "dip" is observed in the 40-45A region (Fig. 4b), it follows that in
the first place pores of this size are filled. For the 3%Fe/y-Al,O; system, this "gap" is retained, although
the shape of the distribution varies (Fig. 4c), which is apparently related to the filling of the surface with
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an iron-containing component. For a system of 13%Fe/y-Al,Os, due to the filling of the surface, the access
of the probe gas to the pores of small size is essentially limited and the pore size distribution shows the
presence of basically larger pores (Fig. 4d). All this occurs against the background of a decrease in the
total volume of pores (Table 1).
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Figure 5 - Mossbauer spectra of the Fe/y-Al,O5 system with different iron content
a— 0,5%Fe/y-AL)O3; b — 3%Fe/y-Al,O5; ¢ — 13%Fe/y-Al, 04

Mossbauer spectroscopy

Mossbauer spectra of the Fe/y-Al,O; system with different iron contents are shown in Figure 5. The
spectra showed that the system, based on the values of isomeric shifts, contains various forms of Fe’" both
in the paramagnetic state and in the magnetically ordered one.

The following iron forms are present in the system:

O.S%FG/Y-A1203

Fe,*" form - IS = 0.32 mmes™; QS = 0.95 mmes™; S = 62%
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Fe,” form - IS = 0.32 mmes™; QS = 1.59 mmes™; S = 38%

3%FC/’Y-AIQO3

Fe,*" form - IS = 0.31 mmes™; QS = 0.98 mmses™; S = 70%

Fe," form - IS = 0.32 mmes™; QS=1.62 mmes™; S = 30%

13%Fe/y-ALO;

Fe,*" form - IS = 0.32 mmes™; QS = 0.93 mmes™; S = 77%

Fe,” form- IS = 0.31 mmes™; QS = 1.59 mmes™; S = 3%

a-Fe,O; - IS =0.37 mm°s’1; QS =-0.21 mmos'l; H. =506 kOe; S =20%

(Hefr is the Zeeman hyperfine magnetic splitting)

The forms of Fe,*" and Fez3+, irrespective of the iron content in the Fe/y-Al,O3 system, have similar
parameters and are paramagnetic. At the same time, having almost identical IS, they differ significantly in
QS. The shape of Fe,”" with a large value of QS can be attributed to iron on the surface of the support, and
the form of Fe,”” with smaller QS - to a more deeply located [18, 19].

It should be noted that with an increase in the iron content in the system, a gradual increase in the
relative content of the more deeply located form of Fe,*" takes place, which agrees with the BET data.

There is also a magnetically ordered phase that corresponds to a-Fe,O; in the 13% Fe/y-Al,O; system,
in addition to the Fe,*" and Fe,”" forms [20]. A somewhat smaller value of Heg (should be 515-517 kOe)
indicates that the particles giving in the Mossbauer spectrum of the Zeeman hyperfine magnetic splitting
are of the order of 8-12 nm [21]. At such particle sizes, Hesr has a smaller value than for bulk samples.

Conclusion

The performed work has shown that during the preparation of the Fe/y-Al,O; system by impregnation,
the structure of the support can be modified. The nature of the filling of the support surface with the iron-
containing phase depends substantially on its percentage and can be multilayered.

It has been established that the Fe/y-Al,Os system contains iron in the form of Fe’". Depending on the
iron content, iron-containing aggregates of various sizes can be present in the system, both in the
paramagnetic and magnetically ordered states.
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«/1.B. Cokonbckuii ateiHnars! XKanapmaii, Karamms sxone anekrpoxumust mHCTUTYTE AK, Anmartsl, Kazakcran

MOJIEKYJIA 30H/IbI BAP Fe/y-AlL,O; KATAJIU3IIK )KYWEHIH ©3APA OPEKETTECTITT
I. y-ALO; JKOHE Fe/y-Al,O; BACTANIKbI ’KYHEHIH 3EPTTEJIYI

Byn >xyMmbIc ancopOIusiiaHFaH MOJICKyJaFa W€ TETepOreHMl KaTalu3[iK KYHEHIH e3apa OpeKeTTecTiriHe
apHanFaH 3epTTeyaiH OipiHmi Oemiri Goseim Tabbmagsl. OfaH Oactankel y-AlLOs ToTersl xoHe 0,5; 3; 13 Bec.%
temip memmepi 6ap Fe/y-Al,Os xylieci OOHBIHIIA KeH ayKbIMIBI (PH3HKA-XUMUSIIBIK 9ICTEP KUBIHTHIFBI KOMETiMEH
aJNBIHFaH HOTHKEIIep YCHIHBUIFaH. KenTereH XUMUSIIBIK TIpoIiecTepe KaTaTu3aiK OeNCeHIUTIK KOPCETill, KeJeIeKTe
MOJIENBIIK peTiHAe KoIgaHny MyMKiHmiri OomranmeikraH Fe/y-Al,O; xyiieci 3epTTey HBICAHBI OOJNBIN TaHAAIFaH
GomaThIH.

Kyprizinren xymsic ciHipy omicimeH Fe/y-Al,O; xyleciH maiblHIay MPOIECiHAE TACBHIFBII KYPBUTBIMBIHBIH
MOIUGUKAIMICEI MYMKIH eKeHIITiH KepcerTi. TemipkypaMmasl (a3aMeH TaCBIFBIII OCTiHIH TOJTHIPHUTY CHIATHI
alTapIbIKTall OHBIH MANBI3IBIK MOJIIEPiHE TOYEIIl XKoHe KO Ka0aTThl OOIYBl MYMKIH.

Fe/y-AlLO; xyiteci Fe’ bopMaibl TeMip KypalThIHIBIFE aHBIKTATbL. TeMip/iH Memepine GailaHbICTI OFaH
OPTYpIIi MIITHLETI, SIFHU TapaMarHATTI XKOHE MarHUT TOPTINTI KYHAET1 TeMipKypaMIsl arperartap KaTbICybl MyMKiH.

YK 539.19;541.128.13;544.14;544.46

A.P. Bpoxnckuid, B.IL. I'puropsesa, JI.B. Komamko, E.E. HypmakaHos,
N.C. Yanbimena, A.A.lllanopanos, L. A.lllibirnna, B.A.SIckeBuu

AO «MucTHTYT TOTUIMBA, KaTtanm3a u snekTpoxumun uM. I.B.Cokomnbckoro», Anmater, Kazaxcran
B3AVMMO/JIEMCTBUE KATAJIUTUYECKOW CUCTEMBI Fe/y-Al,O;

C MOJVIEKYJIAMU-30HJIAMU
I. ACCJIEJJOBAHME y-Al,0; 1 UCXO/THOM CUCTEMBI Fe/y-ALO3

Annoranus. Pabora sBisieTcst mepBOil 9acThIO UCCIICIOBAHUHN, TIOCBAMIEHHBIX B3aUMOICHCTBUIO TETEPOTCHHOM
KaTaIATHIECKON CHCTEMBI C aJcOpOMpOBAaHHBIMHA MOJICKYJIaMHU. B Hell mpeacTaBlIeHbl pe3yibTaThl M0 UCXOTHOMY
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okcuay v-AlLO; u cucreme Fe/y-AlL,O; ¢ comepxkanuem xenesa 0,5; 3; 13 Bec.%, MOJy4eHHbIE C TOMOIIBIO
HIMPOKOro Habopa (usmko-xumuueckux meromoB. Cucrema Fe/y-Al,O; Obuta BeIOpaHa OOBEKTOM HCCIICIOBAHMSA,
MOCKOJIbKY OHa MPOSIBISIET KaTaJUTHYECKYI0 aKTHBHOCTh BO MHOTMX XMMHYECKHX IpOlleccax M B JalbHeHIieM
MOXeT ObITh MCIIOJIb30BaHa KaK MOJICTIbHASI.

IIpoBeaénnas pabora Mmokasajia, 4ToO B IPOIECCE MPHUIOTOBICHHS cucTeMbl Fe/y-Al,O; METOZOM NpONMTKH
BO3MOXKHA MOJIU(UKALHS CTPYKTYPBI HOCUTENSI. XapaKkTep 3aloHeH s TOBEPXHOCTH HOCUTEIS XKeJIe30CoaepxKanien
(ha3oii CyIIECTBEHHO 3aBUCHT OT €€ MPOLIEHTHOTO CO/ICPIKAHUS U MOXKET ObITh MHOTOCIIOMHBIM.

VYcranosneHo, uto cucrema Fe/y-Al,O; comepxut xene3o B dopme Fe*'. B 3aBucuMoCTH OT ComepKaHHMs
’kKeJie3a, B Hell MOTYT MPHUCYTCTBOBATH JKEJIE30COAePIKaIIe arperaTbl pa3iiiuyHoOro pa3Mepa, Kak B apaMarHUTHOM,
TaK ¥ B MArHUTOYIOPSIIOYEHHOM COCTOSTHHSIX.

KaroueBble ci10Ba: rereporeHHbIN Kataiu3, GU3NKO-XUMHYECKUE METO/IbI HCCIICIOBAHUSI.
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INTERACTION OF THE CATALYTIC Fe/y-Al,O; SYSTEM WITH PROBE
MOLECULES II. STUDY OF y-Al,O; SUPPORT AND Fe/y-Al,O; SYSTEM
AFTER INTERACTION WITH HYDROGEN AND AMMONIA

Abstract. In this work, studies of the Fe/y-Al,O; system after its interaction with hydrogen and ammonia using
X-ray diffractometry, electron microscopy (transmission and scanning), BET on low-temperature nitrogen adsorption
and Mdssbauer spectroscopy were carried out. The obtained results showed that the Fe/y-Al,O5 system is multiphase.

It contains aluminum and iron oxide, hydroxide phases. In addition, the iron-containing components can be
partially reduced to Fe*" and be in two forms, differing in their location relative to the surface.

It was established that in the process of interaction with hydrogen and ammonia, there is a specific surface
excursion of the system and its texture. The nature of these changes depends on both the percentage iron phase, and
the reagent nature, hydrogen or ammonia.

Key words: heterogeneous catalysis, physicochemical research methods, adsorbed molecules.

Introduction

A unified theory of the selection of catalysts does not currently exist. Many abundantly used catalysts
are selected empirically. Theoretical ideas about the catalysis mechanism determine the principles of
creating catalysts suitable for individual types of reactions, both in homogeneous and heterogeneous
conditions, and / or associated with the type of catalyst (metallic; oxide; metals deposited on an oxide
substrate; metals associated with polymeric molecules and others).

The catalytic activity [1 - 6] is determined through various catalyst characteristics: the number of d-
electrons per cation orbital (for simple oxides); lattice parameter; electrical conductivity; ion charge and
radius; chemical bond energy; acidity; assembly effect (which is determined by the catalyst atoms number
which one molecule of the reactant interacts); for structures that can be regarded as periodic, by the energy
spectrum nature and the Fermi level position in it, as well as by the periodic localization of particles
chemisorbed on the surface and participating in the reaction, affecting the energy spectrum.

In heterogeneous catalysis, the most important stage is adsorption (chemisorption) [1, 4]. When
constructing the corresponding models, it is necessary to study the surface state — its structure, adsorption
complexes formed by active surface centers and reagent molecules. The active center can combine the
adsorption and catalytic centers, for heterogeneous catalysts, they, as a rule, coincide.

The catalyst may contain more than one type of active centers, which allows it to participate in
several chemical reactions in parallel. At the same time, a systematic study of various centers on the
crystal surfaces of metal-coated oxides, active in the adsorption of various probe molecules, was not
carried out.

From this, it follows the relevance of an experimental study of the gases interaction (adsorption) with
a heterogeneous catalytic system. This work is a continuation [7] of the Fe/y-Al,O; catalytic system study
with adsorbed molecules and is devoted to the study of the y-Al,O; support and the Fe/y-Al,O5 system
after interaction with hydrogen and ammonia.
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As noted in [7], the choice of the Fe/y-Al,O5 system as a model is due to its actual multifunctionality,
since it exhibits catalytic activity in many chemical processes [1, 3, 8 - 16].

Experimental

The Fe/y-AlO; system with different iron contents was prepared similarly to [7] by the impregnation
method [1, 6, 17] of the starting y-Al,O; oxide with an aqueous iron acetate solution, followed by drying
and calcination in air. The interaction of y-Al,O; oxide and the Fe/y-Al,O; system with hydrogen and
ammonia was carried out at 500 °C.

Due to the difficulty of detecting iron-containing phases in the system with 0.5 weight. %, iron (0.5%
Fe/y-AL,Os), due to its low content [7], studies were mainly conducted on systems 3%Fe/y-Al,O5 and
13%Fe/y-Al0s.

During the research, the same set of physicochemical methods was used as in [7].

X-ray diffractometry. The device X-ray diffractometer Dron-4-07. Cobalt anode tube.

Mode:

- speed 2 deg/min;

- working parameters of the tube: 30 kV, 20 mA

Transmission electron microscopy. The device is an EM 125K, accelerating voltage of 75 kV.

Scanning electron microscopy. Equipment is a scanning low-vacuum electron microscope JSM 6610
LV, JEOL, Japan. Accelerating voltage of 20 kV.

BET method (low-temperature nitrogen adsorption). Equipment is AccuSorb, Micromeritics, USA.
Standard technique. Calcination of the sample at 230 - 250 °C for 3 hours with vacuum. The relative error
in determining the specific surface area is + 5%.

Méssbauer spectroscopy. Equipment - MS 1104Em, Russia. The source was cobalt 57 in the
chromium matrix, with an activity of 100 mCi. The spectra were processed on a PC using the “least
squares” method. The isomeric shifts values are given relative to a-Fe. The spectra were taken in air at a
temperature of 23 °C. Shooting mode - "on the light." The error in determining the isomeric shift (IS)

AIS =+ 0,03 mm / s; quadrupole splitting (QS) AQS = + 0,03 mm/s; content ratio (S) AS =+ 2 %.

Results and Discussion

A study of y-Al,O; oxide and Fe/y-Al,O5 system after their interaction with hydrogen and ammonia
was carried out.

X-ray diffractometry

From the obtained results after the interaction of y-Al,O; with hydrogen and ammonia, it follows that
the oxide structure does not change and the obtained diffractograms coincide with the diffractogram of the
original y-Al,O;, which is given in [7].

In fig. 1 shows the diffraction patterns of the systems 3%Fe/y-Al,O;, 13%Fe/y-Al,O5 after their
interaction with hydrogen and ammonia.

Processing of diffractograms gave the following results:

3%Fe/y-Al,O; system

- after interaction with hydrogen

Reflexes 4.1817; 2.6971; 2.4503 A - phase O(OH) (goethite) (ASTM 29 - 713)

Reflexes 4.5681; 2.8046; 2.3856; 2.2863; 1.9781; 1.5261; 1.3985 A - y-Al,O; phase (ASTM 10-424);
Reflexes 4.8569; 4.3088; 2.4503; 2.3856; 1.9781 A - gibbsite phase AI(OH); (ASTM 33-18);
Reflexes 3.6768; 2.6971; 2.5154; 2.2863 A - a-Fe,O; phase (maghemite) (ASTM 33-664);

Reflexes; 2.5154; 2.4903; 2.1518; 1.5261 A - FeO phase (wustite) (ASTM 6-615)

- after interaction with ammonia

Reflexes 4.1750; 2.6997,4449 A - 0-FeO(OH) phase (ASTM 29 - 713)

Reflexes 4.5641; 2.8090; 2.3754; 2.2910; 1.9788; 1.5261; 1.3985 A - y-AL,O; phase (ASTM 10-424);
Reflexes 4.8569; 4.3158; 3.1854 2.4449; 2.3754; 1.9788 A - Al(OH); phase(ASTM 33-18);

Reflexes 3.6794; 2.6997; 2.5282; 2.2910 A - a-Fe,O; phase(ASTM 33-664);

Reflexes 2.4903; 2.1592; 1.5261 A - FeO phase(ASTM 6-615)
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13%Fe/y-Al;O;s system

- after interaction with hydrogen

Reflexes 4.1784; 2.7001; 2.4514 A - a-FeO(OH) phase(ASTM 29 - 713)

Reflexes 4.5602; 2.7988; 2.3754; 2.2986; 1.9863; 1.5280; 1.3982 A - y-AL,O3 phase(ASTM 10-424);
Reflexes 4.8569; 4.3265; 2.4514; 2.3754; 1.9863 A - AI(OH); phase(ASTM 33-18);

Reflexes 3.6615; 2.7001; 2.5178; 2.2986 A - a-Fe,O3 phase(ASTM 33-664);

reflexes: 2.5178; 2.1452; 1.5280 A - FeO (ASTM 6-615)
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Figure 1 - Diffraction patterns of systems 3%Fe/y-Al,O3 and 13%Fe/y-Al,O;
after their interaction with hydrogen and ammonia a, b - 3%Fe/y-Al,O; system; ¢, d 13%Fe/y-Al,O5 system;
a, ¢ - after interaction with hydrogen; b, d- after interaction with ammonia
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Processing of diffractograms gave the following results:

3%Fe/y-Al,O; system

- after interaction with ammonia

Reflexes 4.1750; 2.7001; 2.4514 A - phase a-FeO(OH) phase(ASTM 29 - 713)

Reflexes 4.5681; 2.8017; 2.2929; 1.9808; 1.5291; 1.3988 A —y-Al,O; phase(ASTM 10-424);

Reflexes 4.8569; 4.3230; 2.4449; 1.9808 A - Al(OH); phase(ASTM 33-18);

Reflexes 3.6896; 2.7101; 2.5178; 2.2929 A - a-Fe,0s phase(ASTM 33-664);

Reflexes: 2.5178; 2.4937; 2.0797; 1.5291; 1.5073; 1.4550 A — phase mixture

FeO (ASTM 6-615) and Fe( 950 (ASTM39-1088)/

The obtained data show the presence of Fe/y-Al,O; oxide y-Al,O;, AI(OH); hydroxide (gibbsite) and
several iron-containing phases, including iron, reduced to the state of Fe*" in the system.

Transmission electron microscopy

In fig. 2 shows micrographs of the Fe/y-Al,O5 system with different iron content after interaction with
hydrogen and ammonia, obtained using transmission electron microscopy.

3%Fe/Al,O; system
- after hydrogen interaction

In fig. 2a, (magnification of 24,000 times) aggregates of particles up to 10 nm in size, which are
located at the edges of large, dense particles of micron size. Microdiffraction gives a set of symmetric and
separate reflexes and can be attributed to y-Al,O; (JCPDS, 10-425).

In fig. 2b (magnification of 50,000 times) a large particle of the plate type is shown, on which seals
from 5 to 40 nm are observed. Microdiffraction shows a set of symmetric, separate intense and weak
reflections, which can be attributed to a mixture of phases of aluminum oxides with a predominance of y-
AlLLO; (JCPDS, 10-425) and iron hydroxides a-FeO (OH) - getit (JCPDS, 29-713) , Fe (OH), (JCPDS, 13-
89).

In fig. 2¢ (magnification of 50,000 times), the edges of the aggregates composed of their fine, dense
particles 5 to 10 nm in size. Microdiffraction gives a small set of weak diffuse rings, which can be
attributed to a mixture of phases Al (OH); - gibbsite (JCPDS, 7-324) and Fe,O; (JCPDS, 32-469).

- after ammonia interaction

In fig. 2d (magnification of 24,000 times) is an aggregate of translucent particles ranging in size from
150 to 300 nm. Microdiffraction gives symmetrical reflexes, which can be attributed to the phase of FeO -
wustite (JCPDS, 6-615).

In fig. 2e (magnification of 24,000 times), a dense aggregate is shown, with translucent particles
ranging in size from 150 to 200 nm along its edge. Microdiffraction shows symmetrical reflexes that can
respond to Fe,O; (JCPDS, 32-469).

In fig. 2f there is a small aggregate, on the edge of which there are semitransparent particles with a
size of 20-40 nm. Microdiffraction gives symmetric reflections, they can be attributed to a mixture of
phases y-Al,O; (JCPDS, 10-425), Al (OH); (JCPDS, 7-324).

13% Fe/Al,O; system

- after hydrogen interaction

In fig. 2g (magnification of 24,000 times) aggregate of large particles ranging in size from 70 to 200
nm. Microdiffraction shows a large set of reflections and can be attributed to the mixture of phases of
hydroxides Fe (OH), (JCPDS, 13-89) and a-FeO (OH) (JCPDS, 29-713).

In fig. 2h (magnification of 24,000 times) is an aggregate of large dense particles ranging in size from
70 to 500 nm and translucent rectangular crystals, reaching 150 to 200 nm in diameter. Microdiffraction
gives a large set of reflexes. They can be attributed to the mixture of phases FeOOH (JCPDS, 26-792), y-
FeO (OH) (JCPDS, 8-98), Fe 05 (JCPDS, 32-469), a-FeO (OH) (JCPDS, 29- 713).

- after ammonia interaction
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Figure 2 - Micrographs of the Fe/y-Al,O; system with different iron content after interaction with hydrogen and ammonia
(a, b, c,d, e, f)-3%Fe/ALLOs; (g, h, 1, j, k, 1) - 13%Fe/AlLO;;
(a, b, ¢, g, h, i) - after hydrogen interaction; (d, e, f, g, h, i) - after ammonia interaction

In fig. 2i (magnification of 50,000 times) a small aggregate of dense particles 40—60 nm in size is
shown. Microdiffraction gives a small set of reflexes that can be attributed to Fe,O; (JCPDS, 32-469).

In fig. 2j (an increase of 24,000 times) an aggregate of translucent particles of plate-like type with a
size of 100-200 nm and small aggregates with a size of up to 10 nm. Microdiffraction gives a large set of
reflections that can be attributed to a mixture of phases Fe(OH), (JCPDS, 13-89), 6 -FeOOH (JCPDS, 13-
87), AI(OH); (JCPDS, 29-41) and FeO (JCPDS, 6-615)

In fig. 2k aggregate of particles with a size of 70 - 100 nm. Microdiffraction shows a large set of
reflections that can be attributed to a mixture of Fe,O; (JCPDS, 32-469), y — FeO (OH) (JCPDS, 8-98), Al
(OH); (JCPDS, 7-324), y- Al,0; (JCPDS, 10-425).

Thus, the results obtained using transmission electron microscopy in diffraction mode show that the
system Fe/Al,Os, after interaction with hydrogen and ammonia, has a complex composition. It contains
oxide and hydroxide phases of aluminum, as well as iron, including phases containing Fe*". This result is
in good agreement with the X-ray diffractometry data.

Scanning electron microscopy

In fig. 3 shows micrographs of the Fe/y-Al,O; system with different iron contents after interaction
with hydrogen and ammonia, obtained using scanning electron microscopy.

A comparison of the microphotographs of the initial Fe/y-Al,Os system [7] with the microphotographs
in fig. 3 shows that after interaction with hydrogen and ammonia, the surface relief of the system becomes
smoother, with the most significant in the case of ammonia, which is especially noticeable for 3%Fe/y-
AlLOs. Perhaps this effect is associated with the formation of some surface compounds, with the result that
the iron-containing component is more evenly distributed over the support surface.
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Figure 3 - Microphotographs of the system Fe/y-Al,Os, obtained using scanning electron microscopy, with different iron
content after hydrogen and ammonia interaction (a, b, ¢, d, e, f, g, h) - 3% Fe/ALOs; (1, j, k, 1, m, n, o, p) - 13% Fe/Al,Os;
(a, b, c,d, 1, ], k, 1) - after hydrogen interaction; (d, f, g, h, m, n, o, p - after ammonia interaction;
magnification: (a, e, i, m) - 1000 times; (b, f, j, n) - 3000 times; (c, g, k, 0) - 10000 times; (d, h, 1, p) - 25000 times

BET method

The specific surface area and its texture (porosity) for the Fe/y-Al,O; system with different iron
content after interaction with hydrogen and ammonia are determined. The results are shown in table 1 and
shown in figure 4.
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Table 1 - The specific surface of the Fe/y-Al,05 system after hydrogen and ammonia interaction

Sample Parameter
SW: mZ/g VADSmax.s l’l’lL/g Vtrues l’l’lL/g
y-ALO;" 214 180 0,28
v-Al,O; - hydrogen interaction 168 236 0,37
y-Al,O; - ammonia interaction 171 249 0,39
0,5%Fe/y-Al, O3 211 196 0,31
0,5%Fe/y-Al,O;5 - hydrogen interaction 202 253 0,39
0,5%Fe/y-Al,O; - ammonia interaction 209 268 0,42
3%Fe/y-Al,O5" 190 115 0,18
3%Fe/y-Al, 05 - hydrogen interaction 186 225 0,35
3%Fe/y-Al,O; - ammonia interaction 188 233 0,36
13%Fely-AlL,O5" 173 101 0,16
13%Fe/y-Al,O;s - - hydrogen interaction 158 189 0,29
13%Fe/y-Al,O3 - ammonia interaction 139 194 0,39
Note: SW - specific surface area, m” / g;
V ADSmax - total pore volume with gas filling, mL / g;
Ve - total true pore volume, mL / g
" - data from work [7]
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Figure 4 - The distribution of pore sizes in y-Al,O5 and in Fe/y-Al,O; after hydrogen and ammonia
interaction (a’, b, ¢) - y-ALO;; (d', e, f) - 0,5%Fe/y-ALOx; (g°, h, i) - 3%Fe/y-ALOs; (', k, 1) - 13%Fe/y-
ALO;s; (a, b, g, j) — initial states; (b, e, g, k ) — after hydrogen interaction; (c, f, i, |) — after ammonia
interaction; * - data from work [7]; R(A) — pore radius in angstroms (A); dV/dVmax the ratio of the pore

volume of a given radius to the maximum volume
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From the results of table 1, it follows that the interaction of the y-Al,O; oxide, of the Fe/y-Al,Os
system with hydrogen and ammonia leads to a decrease in the specific surface area and an increase in the
total pore volume. It should be noted that it is possible there is a tendency for a larger increase in the value
of the total pore volume in the case of interaction with ammonia.

The data presented in fig. 4 shows that the interaction of y-Al,O5 oxide of the Fe/y-Al,O; system with
hydrogen and ammonia leads to a change in the size distribution of the pores. For oxide y-Al,Os, the
relative content of pores with a diameter of up to 25 A decreases (fig. 4 (a, b, c)).

In the case of a 00,5% Fe/y-Al,O;system, the relative content of pores with a diameter in the range of
27-40 A decreases and there is an extremum in the graphs in the range of 40-50 A (fig. 4 (d, e, ). The
situation is similar for 3% Fe/y-Al,O;, but with the formation of a “sharp” maximum at a distribution in
the region of ~ 45 A (fig. 4 (f, h, i). In the case of a system of 13% ALO; during its interaction with
hydrogen, a “sharp” maximum is also observed at ~ 45 A. When interacting with ammonia, the relative
intensity of this maximum decreases and the other two appear with a center of distribution at ~ 28-30 and
55 A (fig. 4 (k, 1, m).

Méssbauer spectroscopy

In fig. 5 shows the Mossbauer spectra of the 3%Fe/y-Al,O3 system after hydrogen and ammonia
interaction.
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Figure 5 - Mossbauer spectra of the system 3%Fe/y-Al,O; after interaction with hydrogen (a) and ammonia (b)

The processing of the spectra showed that the system, based on the values of the Mdssbauer
parameters, contains various forms of Fe*” and Fe*" in the paramagnetic state [18].

The following iron forms are present in the 3%Fe/y-Al,O; system:

- after interaction with hydrogen

Fe,*" form - IS = 0,33 mmes™; QS = 0,97 mmes™; S = 39%

Fe,”" form - IS = 0,32 mmes™; QS = 1,51 mmes™; S = 16%

Form

Fe,*" form - IS = 1,02 mmes™; QS =2,15 mmes™; S =28%

Fe,”" form - IS = 0,98 mmes™; QS = 1,40 mmes™; S = 17%

- after ammonia interaction

Fe,* form - IS = 0,32 mmes™; QS =0,96 mmes™; S =47%

Fe,*" form - IS = 1,02 mmes™; QS =2,15 mmes”; S =27%

Fe,” form - IS = 0,95 mmes™; QS = 1,46 mmes™; S = 26%

The forms Fe,”" and Fe, "after the interaction of the system with hydrogen have almost identical IS
values, at the same time, they differ significantly in QS. In [7], based on the data of [19-21], the form Fe,”"
with a large QS value was attributed to iron on the support surface, and the form Fe,*" with a smaller QS
to the more deeply located one. It should be noted that after interaction with ammonia, only one form of
Fe,’" is present in the system.
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The corresponding reduced forms of iron (Fe;”" and Fe,™), after interaction with hydrogen and
ammonia, have close Mossbauer parameters. It should be noted that in the case of ammonia, the total
relative content of the forms of Fe,”" in the system is noticeably higher, in addition, there is no form of
Fe,*", which, presumably, is located closer to the surface, and therefore must be restored first. Regarding
the forms Fe,”" and Fe,”", it can be assumed that each of them has a corresponding form of Fe’* as its
predecessor.

Conclusion

Studies of Fe/y-Al,O3 system after its hydrogen and ammonia interaction using X-ray diffractometry,
electron microscopy (transmission and scanning), BET on low-temperature nitrogen adsorption, and
Maossbauer spectroscopy were carried out. The results showed that the system Fe/y-Al,Os is multiphase. It
contains oxide, hydroxide phases of aluminum and iron. In addition, the iron-containing components can
be partially reduced to Fe*" and can be in two forms, differing by their location relative to the surface.

It was established that in the process of interaction with hydrogen and ammonia, there is a change in
the value of the specific surface of the system and its texture. The nature of these changes depends on both
the percentage of the iron-containing phase and the nature of the reagent, hydrogen or ammonia.
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MECHANISM OF FORMING NANODISPERSE COPPER SILICATE
POWDER DURING ANODIC POLZRIZATION OF COPPER
ELECTRODE IN POTASSIUM SILICATE SOLUTION

Abstract. The main advantage of the known electrochemical methods is the possibility of obtaining powders
with a smaller particle size, which eliminates the additional stage of its processing, i.e. regrinding. The works aimed
at obtaining nanodimensional powders of copper oxide compounds that are widely used in the production of
antibacterial materials, solar batteries, gas sensors, photovoltaic cells, in semiconductor technology, as well as a
catalyst for the oxygen electrode of a fuel cell with a solid electrolyte, are now of ever-greater interest.

In this paper by the method of voltammetry there has bee for the first time studied the mechanism of forming
copper silicate powder nanoparticles during anodic polarization of a copper electrode in a slightly alkaline solution of
potassium silicate. Based on the results obtained, using the method of mathematical planning of the experiment, there
has been studied the effect of the current density, the concentration of potassium silicate, the temperature of the
electrolyte, the duration of electrolysis on the current yield of the nanosized copper silicate powder. The optimal
parameters of electrolysis in galvanostatic conditions have been determined. The chemical analytical method has
established the compliance of the electrolysis-produced copper silicate with the formula CuSiO;°3,8H,0. There have
been performed the electronic microscopic studies of the synthesized copper silicate powder and the particle sizes
have been determined in the region of 50 nm.

Key words: nanoparticle, silicate copper powder, potassium silicate, voltammetry, electrolysis, electronic
microscopy.

Introduction. The unique properties of oxidized copper compounds due to the presence of a
developed surface are widely used in a lot of branches of engineering and production [1]. Of ever-greater
interest are the works aimed at obtaining powders of copper oxide compounds that are widely used in the
production of antibacterial materials, solar batteries, gas sensors, photovoltaic cells, semiconductor
technology, as well as a catalyst for the oxygen electrode of a fuel cell with a solid electrolyte.

There is no information of obtaining pure copper silicate in literature, only various reference data on
the chemical methods of synthesizing other silicate compounds are encountered. For example, the authors
of Ref. [2] describe the Cu/Si0O,-catalysts that contain slaty copper silicate, it has been shown that owing
to forming highly disperse copper phyllosilicates, these compounds are effective catalysts for converting
ethanol to ethyl acetate. Similarly to [2], the authors of [3] describe the good catalytic activity of the
Cu/Si0O,-catalyst due to the presence of finely dispersed copper slaty silicate. The difference between the
works [2] and [3] is that the Cu/SiO,-catalyst was obtained by the sol-gel method. However, in [4],
although the Cu/SiO,-catalyst is also obtained and its structural properties are studied, good catalytic
properties are attributed to the presence of copper nanoparticles in the silica gel.

— 130 ——



ISSN 2224-5286 Cepus xumuu u mexronoeuu. Ne 6. 2018

Electrode reactions, in particular anodic copper oxidation processes in silicic acid solutions, are
practically unexplored areas in electrochemistry of copper. Our research tasks include studying the anodic
behavior of copper in the solution of potassium silicate and identifying the possibility of synthesizing the
nanosized copper silicate powder.

Experiment methodology. Voltammetric studies have been carried out by the method of taking
polarization curves in the solution of potassium silicate. Polarization curves have been taken using a
clamping electrode of special design [5]. In contrast to the known electrodes, the advantage of the
clamping electrode design is the ability to polarize powders due to the direct contact with the
electroconductive surface of the electrode. The anode curves have been plotted using a copper electrode at
the temperatures of 20-800 °C, the potential sweep rate of 10 mV / s, and the electrolyte concentration of
0.6-7.5 g/l.

The electrolysis has been performed in a 300 ml thermostated electrolyzer, the electrodes have been
made of cathodic copper. To prepare the electrolyte, distilled water and potassium silicate reagent
(Ka,Si0;) have been used. The method of multifactorial mathematical planning of the experiment has
been used to study the possibility of obtaining a nanosized copper silicate powder by electrolysis in
galvanostatic conditions. The effect of the current density, the potassium silicic acid concentrations, the
electrolyte temperature and the duration of electrolysis has been studied. The duration of the experiments
has been 15-240 minutes. The precipitate formed by nanosized copper silicate formed during electrolysis
has been subjected to washing with distilled water, filtration and dried in a special chamber. The obtained
product has been studied by chemical and electronic microscopic methods of analyzing.

Discussing results. The electrode reactions, in particular anodic copper oxidation processes in silicic
acid solutions, are practically unexplored areas in electrochemistry of copper. The tasks of our researchers
have included studying the anodic behavior of copper in the solution of potassium silicate and revealing
the possibility of synthesizing the nanosized copper silicate powder.

It is known [6] that when dissolved in water, potassium silicate is hydrolyzed and its solution has an
alkaline reaction:

Ka,Si0; + H,0 — 2KaOH + SiO,. (1)

On the anodic polarization curve of the copper electrode (Figure 1) there are observed two waves.

L MA

2.4 +2,0 1.6 F1.2 +0.8 +0 .4

04 08 12 EB
> 0.2

-0.4

-0.6

1-0.5;2-1.0;3-2.5;4-5.0g/l,t=25°C

Figure 1 — Cyclic anodic-cathodic polarization curve of the copper electrode
in potassium silicate solutions
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The first weakly manifested wave corresponds to the process of forming cuprous copper oxide:

2Cu° + H,0 — Cu,0 + 2H + ¢ E’=+0,570, B )
The second wave corresponds to the process of the active transition of cuprous copper oxide into
copper hydroxide:

Cu,0 + 3H,0 — 2Cu(OH), + 2H +¢.  E"=+0,669, B 3)

Copper hydroxide formed [7] reacts with potassium silicate and forms a new phase, i.e. copper
silicate:

Cu(OH), + Ka,Si0; — CuSiO; + 2 KaOH. @)

On cathodic voltammetric curves there are observed three waves that probably correspond to the
following reactions:

Cu,0 + 2¢ + H,0 — 2Cu’+ 20H,, (5)
Cu(OH), + 2¢"— Cu”+ 20H, (6)
CuSiO;+ 2¢ + H,0O — Cu’ + SiO, + 20H.. (7)

Based on the above-mentioned electrochemical studies, the present work has shown for the first time
the possibility of obtaining a nanosized copper silicate powder by the electrolytic method [8].

In a sequential study of the factors, the effect of the current density, the concentration of potassium
silicate, the temperature and the duration of electrolysis on the current yield of the nanosized copper
silicate powder has been studied by the method of mathematical planning of the experiment [9]. Point
dependences have been constructed for the current yield of a nanosized copper silicate powder (Figure 2).
The approximating function has been selected taking into account the physical meaning of the dependence
being studied.

The adequacy of the private dependences for the current yield of a nanosized copper silicate powder
and pH changing in the solution has been determined from the correlation coefficient R and its relevance
tr.

The essence of the processes that occur during electrolysis is that when passing direct current through
the solution of potassium metasilicate (Ka,SiO;) on copper electrodes there take place the following
processes:

- on the cathode there released hydrogen:

2H,0 +2e " — H,+ 20H, (8)

- on the anode there is observed copper electrode dissolution according reactions (2, 3).

Copper hydroxide formed by reaction (3) reacts with the potassium silicate present in the solution and
forms by reaction (4) copper silicate of bright blue color.

From the experimental data (Figure 2) it is seen that with gradual increasing the current density in the
range of 20-120 A/m’, the current yield increases from 16.2 to 81.5 %, respectively.

Increasing the current density above 120 A/m” leads to significant decreasing the current yield of a
nanosized copper silicate powder [10].
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Figure 2 — the effect of preset factors on the current yield of the copper silicate nanosized powder

The initial concentration of potassium silicate has a significant effect on the current yield of the
synthesized product. The nanosized copper silicate powder is formed only at strict concentration limits
from 0 to 6 g/l. The maximum value of the current yield of 81.5 % is reached even at the concentration of
potassium silicate of 1.2 g/l (Figure 2, b) [12]. Increasing the concentration of the latter above 6 g/l leads
to a sharp cessation of copper silicate formation, the current yield in this case is reduced to zero.

With increasing the temperature in the range of 20-80 °C the current yield of the nanosized copper
silicate powder gradually decreases [13].

With increasing the duration of electrolysis (Figure 2, ¢) in the range of 15-60 minutes, the current
yield of the nanosized copper silicate powder reaches the maximum value of 81.5 %. Further increasing
the duration leads to decreasing the current yield [14].

Decreasing the current yield of the nanosized copper silicate powder with increasing the current
density, the concentration of potassium metasilicate, the temperature of the solution and the duration of
electrolysis is higher than their optimal values due to the simultaneous increasing the solution pH for the
above parameters (Figure 2,a).

Due to pH increasing in the solution, a competitive reaction occurs to form copper (II) oxide on the
surface of the copper anode, which leads to passivation of the electrode and contamination of the resulting
product [11]:
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Cu’+ H,0 — CuO + 2H" + 2e. )

It follows that in order to ensure purity and to achieve relatively high current yield results of the
nanosized copper silicate powder, the optimal pH of the potassium metasilicate solution in electrolysis
should correspond to 10-11.

The adequacy of the private dependences for the current yield of the nanosized copper silicate powder
has been determined from the correlation coefficient R and its relevance tg (Table 1).

Table 1 — Coefficient of correlation R, its value tg for private functions of the current yield of the nanosized copper cilicate
powder

Equation R Condition tg>2 Relevance
y= _0,00751'2 +1,6873i —17,253 0.9891 101.8>2 relevant
y=0,7124C* —8,5771C* +14,946C + 70,455 0.9944 199.1>2 relevant
y= -0 00141'2 +0.10577 +76.995 0.9795 54.07>2 relevant
y =-0,8629¢ +100,74 0.9316 14.10>2 relevant

The obtained equations for the current yield of the nanosized copper silicate powder taking into
account relevant functions are generalized by the dependence in the form of their product [15, 16]:

(- 0,0075:% +1,6873i —17,253)-(0,7124C* —8,5771C” +14,946C + 70,455)
79,2203°[[- 0,001472 +0,10577 + 76,995 ). (- 0.8629¢ + 100,74)] " (1¥

BT =

When comparing the results of the experiment and calculation, we find the values R = 0.97 and

t(r=4279>2, R =0.986 and tr=114,3>2, which confirms the adequacy of describing the experimental data

by equation (10), respectively. The confidence interval calculated through tR [17] is 1.89 %.
Electron-microscopic studies of particles of a nanosized copper silicate powder on a transmission
scanning electron microscope were performed. It is established that the particle size of the copper silicate
powder synthesized by us lies in the region of 50 nm (Fig. 3).
There have been carried out electronic microscopic studies of the nanosized copper silicate powder
particles on the transmission scanning electronic microscope. It has been established that the sized of the
powder synthesized lies in the region of 50 nm (Figure 3).

Figure 3 — Photomicrograph of copper silicate nanopowder on the transmission scanning electronic microscope
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The chemical analysis of synthesized nanodisperse copper silicate has been carried out for copper and
silica according to the well-known methods [18]. According to the results of the analysis, the copper
content in the precipitate is 44.81 %, and silicon 20.13 %; when converted to copper silicate CuSiOs;*nH,O
there has been established compliance with the formula CuSiO; ¢ 3,8H,0.

Conclusions. It has been established that two waves are observed on the anodic polarization curve of
the copper electrode in the solution of potassium silicate. The first weakly manifested wave is referred to
the process of forming cuprous copper oxide, the second wave corresponds to the process of active
transition of cuprous oxide to hydroxide that reacts with potassium silicate and forms a new phase, i.e.
copper silicate.

Based on the carried out electrochemical studies, it has been shown for the first time that it is possible
to obtain a nanosized copper silicate powder by electrolysis from the aqueous solution of potassium
silicate. Using the method of mathematical planning of the experiment, the effect of the current density,
the potassium silicate concentration, the solution temperature and the duration of electrolysis on the
current yield of the nanosized copper silicate powder has been studied. The highest values of the current
yield of the nanosized copper silicate powder have been achieved under the following conditions of
electrolysis: the current density 120A/m?, the duration of electrolysis 60 min., pH=11.0, =20 °C, the
potassium silicate concentration 1.2 g/l, above 6 g/l leads to a sharp cessation of forming the nanoscale
copper silicate powder.

The electronic microscopic method has been used to determine the particle sizes of the nanosized
copper silicate powder synthesized that lie in the region of 50 nm.
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KAJIMA METACUWJINKATBI EPTIHAITHIICIHIE MbIC AHOJIbIH HOJISAPU3ALIASJIAY KE3IHJIET'T
HAHOJUCIHEPCTI MbIC CUJIMKATbBI ¥YHTAFBIHBIH TY3LJIY MEXAHU3M

AnHOTanusi. bBenrini  3NeKTPOXMMUSAIBIK SIICTEpAIH HEri3ri apTHIKIIBUIBIFBI TOMEH OJIIeMJIi YHTaK
OeJIeKTepiH ary 00JIbIN TaObLIAaIbI, 0J1 KOCHIMILIA YHTAKTAY Ke3eHiH ykos/bpl. Ka3ipri ke3ne HaHOOJIeM T TOTHIKKAH
MBIC KOCHaJIapblH allyFa OaFbITTajfaH >KYMBICTap KbI3BIFYLIBUIBIK TYIbIPYZa, OHTKEHI ojlap >KapThUIail ©TKi3rill
TEXHUKAChIHAA, (OTOralbBaHUKAIBIK  YAIIBIKTAapAa, Ta3[blKk CEHcopiiapAa, KyH Oarapesiapia  JkoHe
aHTHOAKTePHSUIBIK MaTepUsUIap OHIIPICiHAEe KeH KOJIJIaHbIC TAlKaH.

Byt sxxyMbIcTa BOJIBTAMIIEPOMETPHSI 9IICIMEH aJIFalll PET TOMEH CLITLII KaJIuil METaCHIHUKAThI ePTIHIICIHIAE MbIC
aHOJIBIH TMOJIIPHU3ANMSIAY KE3IHIE MBIC CHJIMKATHl YHTArbl HAHOOOJIICKTEPIHIH TY3UIy MeXaHH3iMi 3epTTesi.
AJBIHFaH HOTIDKENep HEri3iHJe OKCIIEPUMEHTTI MaTUMaTHUKAJBIK JKOclapiay oiCiH IaijanaHa OTBIPBII
HAHOOJILIEMAlI MbIC CHWIMKAThl YHTArblHBIH INBIFBIMBIHA TOK  THIFBI3JBIFBIHBIH, KalWi  METaCHIMKAThI
KOHLICHTPALMSICHIHBIH,  3JEKTPOJIMT  TEMIIEPAaTYypPacChIHbIH,  O3JIEKTPOJU3  Y3aKTHIFBIHBIH ~ 9cepi  3epTTelii.
["anbpBaHOCTATHKAJIBIK JKaFAaliAarbl SJIEKTPOJIU3AIH THIM/AI apaMeTpliepi aHbIKTaIbl. XUMHSJIBIK aHAIN3 9/liCiIMEeH
QJIEKTPOJIM3 apPKbUIbI ajblHFaH MbIc cwiukaThiHbH CuSiO;03,8H,0 dopmynackiHa coiikecTeri JomenaeH .
CuHTEe3JIeNreH MBIC CHJIMKAThl YHTarblHAa JJIEKTPOHABI MUKPOCKOIMSIIBIK 3€pTTEYyJep JKYPri3iiai j>KoHEe OHBIH
OeJIeKTepiHiH OJIIeMi aHBIKTBUIBL, oap SOHM elieM aiMarbiH/a.

Tyiiin ce3nep: HaHOOOIILIEK, MBIC CHIIMKATBI YHTAFbI, KNI METACHIIMKATBI, BOJILTAMIIEPOMETPHS, 3JICKTPOJIU3,
AIIEKTPOHABIK MUKPOCKOIIHSI.
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MEXAHUN3M OBPA30BAHUA HAHOAUCITEPCHOI'O ITOPOIIKA CUJIMKATA ME/IM B
PACTBOPE METACHUJINKATA KAJIUA

AnHoTanusi. OCHOBHBIM IPEUMYIIECTBOM HM3BECTHBIX SJIEKTPOXMMUYECKUX METOJOB SIBIISETCS BO3MOXHOCTD
MOJIy4EHHs] TIOPOLIKOB C MEHBIIUM Pa3MEpOM YacTHUIl, YTO MCKJIFOYAET JIOMOJHUTEIbHYIO CTaIHI0 ero o0paboTKu —
JousMmenbueHre. Bce Oonpliuii MHTEpEC BBI3BIBAIOT PAa0OTHI HANpaBIEHHbIE Ha IOJYY€HHE HAHOpPa3MEPHBIX
MOPOILIKOB OKCHJHBIX COSIMHEHHH MeIH, KOTOpble HAaXOAAT IIUPOKOE IPUMEHEHHE B IMPOU3BOJICTBE aHTHOAKTeE-
pHAaIBHBIX MaTEPHUAJIOB, COJIHEYHBIX OaTapeil, ra30BbIX CEHCOPOB, (POTOraIbBaHUYECKUX SYEEK, a TAKIKE B TEXHUKE
[IOJIYIIPOBOJIHUKOB B KaueCTBE KaTajau3aTopa s KUCIOPOJHOIO 3JIEKTPOAA TOIUIMBHOIO 3JIEMEHTA C TBEPIbIM
JIIEKTPOJIATOM.

— 136 ——



ISSN 2224-5286 Cepus xumuu u mexronoeuu. Ne 6. 2018

B nanHOit paboTe METOIOM BOJIbTAMIEPOMETPHUHU BIIEPBbIE MCCICIOBAH MEXaHWU3M 00pa30BaHMs HAHOYACTHIL
MOPOILKA CWJIMKaTa MEIM IIPH AHOJHOW MOJSIPU3ALMK MEIHOrO JJIEKTpoJa B CJIA0OIIENIOYHOM pPAacTBOpE
MeTacuinkara kanus. Ha OCHOBaHMM MOJYyYEHHBIX Pe3YyJIbTATOB C HCIIOJNB30BAHHEM METOJda MaTeMaTH4eCcKOro
IUIAHUPOBAHUSI OJKCHEPHUMEHTa M3Y4YEHO BIIMSHHE IUIOTHOCTH TOKA, KOHIIGHTPALMM MeETacHiMKara Kajus,
TEMIIEPaTYPhbl AJIEKTPOJIUTA, MPOAOIDKATEIBHOCTH 3JIEKTPOJIM3a Ha BBIXOJA [0 TOKY HAHOPA3MEPHOrO MOPOILIKa
cunukara mead. OnpeseneHbl ONTUMAJbHbIE MapaMeTpbl JJIEKTPOJHM3a B TallbBAHOCTATUYECKUX YCIOBHUSX.
XUMHYECKUM METOJIOM aHajHM3a YCTAaHOBJIEHO COOTBETCTBHUE MOJIYYSHHOTO JIIEKTPOIM30M CHIMKaTa Meau (opmyrie
CuSi05¢3,8H,0. TIpoBeneHbl 3IIEKTPOHHO-MHKPOCKOIHUYECKUE KCCICIOBAHUS CHHTE3MPOBAHHOIO IOPOIIKA
CHITMKATa MEX 1 OIPEeesICHbI pa3Mephl €ro YacTHlIl, KOTOpbIE Jiexar B obnactu 50 HM.

KaroueBble cioBa: HaHOYACTHIA, MOPOLIOK CHJMKATA MEAM, METACHIIMKAT Kalus, BOJbTaMIIEPOMETpUS,
AIIEKTPOIIN3, JICKTPOHHAST MUKPOCKOIIHS.
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ANALYSIS OF INFLUENCE OF EMISSIONS OF HARMFUL
SUBSTANCES WITH EXHAUST GASES OF MARINE DUAL FUEL
INTERNAL COMBUSTION ENGINE ON THE ENVIRONMENT AND
HUMAN HEALTH

Abstract. Due to the low cost of gas and the expediency of its use for power generation, especially in the areas
of its production, as well as on ships-gas carriers, a number of engine companies began to upgrade their engines to
adapt them to work on gas fuel. Modernization goes on in two directions: on transfer of the diesel to work on Otto
cycle with use of carburetors and spark plugs similar to the carburettor gasoline engine and preservation of the diesel
cycle with injection of a small amount of diesel fuel for ignition of a mixture of gas and fuel. In the case of necessity
is not excluded by the operation of the engine only on diesel fuels — dual fuel engines. The purpose of the work is to
study the use of two-fuel internal combustion engines on ships and formed suspended particles during its
combustion. The relevance of the topic lies in the fact that most ships use as fuel oil, gasoline and diesel fuel, which
adversely affects human health and the environment, especially marine. Therefore, the solution to this situation was
the introduction of two-fuel internal combustion engines, which at times reduce emissions from ships to the marine
and air environment.

Key words: emissions of harmful substances, exhaust gases of marine internal combustion engines,
environment, public health, liquefied natural gas, atmospheric diffusion calculation models.

Introduction

The level of air pollution largely depends on the conditions of dispersion of impurities in atmosphere.
Under certain meteorological conditions, the concentration of impurities in air increases, and can reach
dangerous values. Prevention of such cases on the basis of their advance forecast is essential for
improving state of the air basin.

The main and auxiliary engines of power plants are the main source of marine pollution of
environmental pollution. The most common are diesel engines. Diesel engines have the highest fuel
economy (their efficiency exceeds 50%); Stable operate on various types of gaseous and liquid fuels,
including heavy with a viscosity of 700 cSt (the value of viscosity measurement) and sulfur content of 5%;
best suited to automation, ensuring unobstructed management and maintenance. They have a significant
resource and always ready for operation.

The exhaust gases (EG) of marine diesel engines are complex gas mixture. Their composition has
more than 200 components and largely depends on the type of used fuel, type of mixture formation, nature
of the combustion process, parameters of operating cycle. The components of complete combustion
(carbon dioxide CO, and water H,0), residual oxygen O, and nitrogen of air N, constitute 99-99.9% of the
volume of exhaust gases, are non-toxic. The remaining 0.1-1% of gases constitute harmful components,
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which determine the ecological level of internal combustion engine (ICE), i.e. its negative impact on the
environment and public health. The most toxic of these are nitrogen oxides NOj, carbon oxide CO, total
hydrocarbons CH, and sulfur oxides SO, (Table 1) [1-5].

Table 1 - The average composition of exhaust gases of marine diesel engines [1]

Component EG 0/Soncentratlon 11;/f1)§1aust ga;/(kw’h)
Nitrogen (N;) 74.0-78.0 - -
Oxygen (0,) 2.0-18.0 — -
Water vapor (H,0) 0.5-9.0 15-100 —
Carbon dioxide (CO,) 1.0-12 40-240 -
Nitric oxide (NO) 0.004-0.5 1.0-4.5 6-18
Nitrogen dioxide (NO,) 0.00013-0.0130 0.1-0.8 0.5-2.0
Carbon oxide (CO) 0.005-0.4 0.25-2.5 1.5-12.0
Hydrocarbons (CHy) 0.009-0.3 0.25-2.0 1.5-8.0
Sulphur dioxide (SO,) 0.0018-0.02 1.0-0.5 0.4-2.5
Carbon black (Soot)(C) - 0.05-0.5 0.25-0.5

In the Gothenburg Protocol until 2020 contain commitments to reduce emissions of finely dispersed
suspended particles (PM,s). In the new edition, black carbon or soot appears as an important component
of PM, 5. Black carbon is a pollutant that has a negative impact on human health and contributes to climate
change [2,4].

Currently considered, that negative impact on human health is due to the action of many PM
components associated with black carbon. So polycyclic aromatic hydrocarbons (PAHs) have their
carcinogenic and direct toxic effects on cells. The International Agency for Research on Cancer has
classified exhaust gases from diesel engines consisting of solid particles, as carcinogenic to humans.
According to the American expert M. Jacobson, 15-30% of global warming is due to the emission of soot
particles. In the air, soot absorbs solar energy and emits infrared (thermal) radiation, contributing to its
additional warming up of the Earth [3-5].

When burning raw materials in power-generating installations, tens of millions of tons of harmful
toxic components are formed, that are ejected annually into the environment.

Emissions of exhaust gases become the main global problems of ecology, i.e. lead to the formation of
"greenhouse effect", the degradation of ozone layer and formation of acid rain.

Emissions of harmful substances that included in the composition of exhaust gases of internal
combustion engines, the criteria for their normalization and hazard class are presented in Table 2.

As can be seen from the presented table, many harmful substances belong to the 1st class of danger.
So benzopyrene has a good penetrating ability in cells of living organisms. A person gets it through skin,
airways and with food. In the body, benzopyrene is oxidized to phenolic and quinone type having
mutagenic activity, and partially excreted from body in an unchanged form.

The average annual concentration of benzopyrene in atmospheric air is 0.001 pg/m’ (according to the
World Health Organization (WHO)), above which adverse on human health are observed, causing cancer.

The degree of danger of air pollution is determined by maximum permissible concentration of
pollutants (MPC).

The MPC does not take into account regional climatic conditions, does not reflect the toxicological
load on the ecosystem as whole, since it does not take into account the processes of substance
accumulation in biological objects [4-7].

To determine criteria for real hazard of harmful substances, standard GOST 12.1.007-76
"Classification and general safety requirements" is set, taking into account the following characteristics of
the hazard class definition (Table 3).
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Table 2 - Harmful substances emitted into atmosphere from internal combustion engines
and criteria for their normalization

Code Ingredient name Hazard Class MPC,,, MPC,,.
0110 di-vanadium pentoxide (Vanadium pentoxide) 1 — 0,0020
0183 Mercury (Mercury metal) 1 — 0,0003
0184 Lead and its inorganicl 6(;;)él)lpounds (in recount of 1 _ 0,0003
0185 Lead sulfite (Sulfur lead (in recount of lead)) 1 — 0,0017
0192 Tetracthyl lead 1 0,0001 0,00004
Chromium hexavalent
0203 (in recount of chromium trioxide) ! B 0,0015
0301 Nitrogen dioxide 3 0,20 0,04
0304 Nitrogen oxide 3 0,40 0,06
0326 Ozone 1 0,16 0,03
0328 Carbon (Soot) 3 0,15 0,05
0329 Selenium dioxide (in recount of selenium) 1 0,0001 0,00005
0330 Sulfur dioxide (Sulphurous anhydride) 3 0,50 0,05
0332 di sulfur dichloride (Sulfur chloride) - — -
0333 Dihydrogen sulfide (Hydrogen sulfide) 2 0,008 —
0334 Carbon disulphide 2 0,03 0,005
0337 Carbon oxide 4 5,0 3,0
0602 Benzene 2 0,3 0,1
0616 Dimethylbenzene (Xylene) 3 0,2 -
0621 Methylbenzene (Toluene) 3 0,6 -
0703 Benz (a) pyrene (3,4-Benzpyrene) 1 — 0,000001
1071 Hydroxybenzene (Phenol) 2 0,01 0,006
1325 Formaldehyde 2 0,05 0,01
Table 3 - Classification of the risk of air pollution [1]
Air pollution hazard category Signs of human exposure
Extremely dangerous Acute death defeats. Increase in specific mortality
Highly dangerous Toxic lesions of the respiratory system and other organs. Chronic
Dangerous Physiological changes outside the norm. Signs of the disease
Moderately dangerous Changes within the physiological norm
Safe (allowable) No change

Safe and permissible pollution is considered, which for any duration of exposure, have not directly or
indirectly affected the human body. Moderately hazardous are one-time concentrations exceeding 2-2.5
times the MPC, are able to subjectively deteriorate person's state due to odor and cause short-term changes
in the body within physiological norms without complications and diseases. Air pollution at the level of
more than 10 MPC has a more pronounced effect on the body. At such contamination, increase in the
number of visits to the doctor and general morbidity is observed. The main symptoms of the disease are
irritation of mucous membranes of eyes, nosepharynx, respiratory failure, reduction of working ability.
This level of pollution belongs to hazardous category. A higher level of air pollution, depending on type
and concentration of toxic agents, can increase mortality and morbidity of population. Such an effect on
humans refers to cases of extremely dangerous air pollution.

At determining the criteria for real danger of pollution, one of the main tasks is the establishment of
dependencies of adverse effects from amount of harmful substances. Based on these dependencies, the
level of environmental safety of ships is normalized.

The International Marine Organization (IMO) develops requirements for the environmental safety of
ships. These requirements in the form of IMO standards, applications and protocols of the MARPOL
73/78 convention regulate the technical, organizational and legal issues of environmental protection at sea.
The technical requirements determine the means and necessary equipment for cleaning harmful emissions,
specify the maximum levels of waste toxicity. Organizational requirements provide for periodic
certification of ships for their compliance with the provisions of the Convention MARPOL.
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In Russia, standards for the regulation of harmful emissions from exhaust gases of diesel engines
were introduced in 1980-1981. The introduction of these standards allowed to streamline the ecological
control over produced diesel engines. For 30 years, these standards have been repeatedly revised and
significantly changed. As rule, changes concerned list of controlled parameters, their values, test methods
and calculations. At present, the main national documents limiting harmful emissions of ship internal
combustion engines are:

—GOST R 51250-99. Diesel ships, diesel and industrial. Smoke of exhaust gases. Norms and methods
of measurement;

—GOST R 51249-99. Reciprocating internal combustion engines. Emissions of harmful substances
with exhaust gases. Norms and methods of measurement;

—GOST R 52408-2014. Reciprocating internal combustion engines. Emissions of harmful substances
with exhaust gases. Measurement in operating conditions.

The toxicity and smoke emissions of exhaust gases are largely regulated by the requirements of
Russian and international standards.

The toxicity and smokiness of the exhaust gases are assessed by analyzing sample of gas taken from
the exhaust manifold. In order to gas sample was representative, the gas sampler must be located in
exhaust gas flow. For cleaner experiment, samples are sometimes taken directly from the diesel cylinder
using stroboscopic umbrella. The following requirements are imposed on the gas sampling system:

—the identity of the gas composition in sample selection and in the combustion chamber of the diesel
engine;

—unchanged gas composition of gas sample during sampling and during storage until analysis;

—the sampling tube should be short to maintain the temperature of sample gas at 150-200 ° C and
thereby eliminate condensation of water vapor.

In order to fulfill the first requirement and obtain gas sample corresponding to this operating mode of
the engine, recommended taking gas after special mixer. Such mixer allows averaging the values of the
sample, since the harmful substances in composition of the exhaust gases of multi-cylinder diesel are
distributed unevenly. This is due to the uneven cyclic fuel flow through the cylinders and, as consequence,
the exhaust gases from each cylinder have different chemical composition.

Another feature of measurements is that gaseous toxic components have chemical selectivity, i.e. the
direction of action on one or other component, in this connection measurement results depend on the
selected chemical analysis. For this reason, in existing normative documents strictly specify the
components and methods for measuring them.

The aim of this work is to study the use of bi-fuel internal combustion engines on ships and formed
suspended particles during its combustion.

Objects and methods of research

In this paper, the following methods and techniques were taken into account in the calculation of the
characteristics of dual-fuel internal combustion engines:

1) Method for selecting the flow characteristic of the injector;

2) Method for selecting the static and dynamic fuel consumption of an electromagnetic injector;

3) Method for specifying the flow characteristic of an electromagnetic injector in the electronic
control unit of a two-fuel internal combustion engine;

4) Method for calculating the electromagnetic nozzle for a spark-ignited internal-combustion gas
engine;

5) The method of using the energy of the gas differential pressure at the injector to improve the filling
of the cylinders with the gas-air mixture;

6) Procedure for processing the parameters of electromagnetic nozzles after testing at a non-motorized
stand;

7) Method for controlling the start-up and warm-up of a dual-fuel gas-fueled internal combustion
engine;

8) The method of controlling the gas feed at stationary conditions;

9) The method of control of gas supply in transient modes;

10) The method of controlling the ignition timing for operation on one and two types of fuel;

11) Control methods for ignition misfires;
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12) Correction method for cyclic feed depending on pressure pulsations in the gas train of injectors;

13) Method of adaptation to various gas fuel compositions;

14) Methods of diagnostics of elements of gas-cylinder equipment during the operation of the vehicle;

15) Methods of diagnostics of measuring devices of gas-cylinder equipment;

16) Methods of diagnostics of executive devices of gas-cylinder equipment;

17) Methods for controlling the operation of a dual-fuel internal combustion engine on standby modes
in the event of failure of gas-cylinder equipment;

18) Methods of adapting the control system of a gas internal combustion engine;

19) Methods for reducing fuel consumption when working on gas fuel [6-10].

Results and discussion

The study of the mechanism of formation of normalized harmful components in combustion chamber
of diesel engine allows to purposefully look for ways and means to reduce them. This approach makes it
possible to justify the principles of influence on the processes of fuel mixture formation and combustion in
order to reduce the formation of toxic substances and soot. These methods do not lead to an increase in
fuel consumption.

In the combustion chamber of an internal combustion engine, the chemical reaction of oxidizing the
fuel by air oxygen occurs at variable rate depending on the physical processes of mixing the fuel by air,
formation of a fuel-air mixture, its heating, ignition and combustion. The main provisions of these
processes, formulated in 1927, by N.N. Semenov, made up the theory of chain oxidative reactions.
According to this theory, active molecules determine beginning of chain reaction. As they collide, thermal
energy is released, which is expended on heating the reacting substances and the formation of new active
molecules. Depending on the conditions in the combustion chamber, the reaction can be unbranched
(linear) or branched. In the first case, instead of one active molecule, one new molecule is formed, and
reaction proceeds until chain breaks. In the second case, several new molecules form from one active
molecule, as result of which the oxidation reaction self-disperses, accumulation of active molecules takes
place, in result a fuel ignition source appears. At branched chain reaction, the reaction rate can increase to
infinity, but this does not occur for two reasons. First, part of the branches in the reaction terminates,
reaching relatively cold walls of the combustion chamber, and, secondly, number of active molecules
decreases as reactants. Having reached the maximum value, the reaction rate will begin to decrease.

The considered theory of ignition and combustion due to chain reactions is valid for homogeneous
combustible mixtures, i.e. such mixtures, in which reactants of the reaction are in the same aggregate state
and pre-mixed together [1,5-9].

A special place in a row of marine engines is occupied by L32DF (Dual-Fuel) engine, which
represents the two-fuel version of the Wartsild L32 engine (Figure 1), which operates on a diesel cycle
using both diesel fuel and gaseous fuel with an effective efficiency of 44%. The transfer of engine from
one type of fuel to another is automatic and, practically, instantaneously, regardless of the mode in which
it operates.

Fig. 1 - Cross section of the engine of Wiértsild L32
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An important feature of the engine (Figure 2) is that it operates on poor gas mixtures, air in the
cylinder is roughly twice as large as required for complete combustion. Therefore, a large amount of heat
is expended on heating air, and this, contributes to significant reduction in the peak values of combustion
temperatures and sharp decrease in formation of NO.

L
EX lm

2 Pilot fuel

1 Gas fuel

Fig.2 - Supply of gas and fuels

The excessively large values of detonation (explosive combustion) lead to characteristic for gas
engines skip flares in cylinders. Therefore, for all loads and speed conditions, excess air ratio should lie in
relatively narrow range. Adjustment of “air-gas” ratio (Figure 3) is carried out automatically in all modes
by changing the turbocharger output, by bypassing exhaust gases, some of them are directed past the gas
turbine plant.
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Fig. 3 - Operating range of air-gas ratio
Before engine, the gas is filtered, compressed depending on the engine load to pressures (3.5 bar at

full load). The magnitude of the pressure depends on the engine condition. Then gas is directed to main
inlet valve, which installed on cover of each cylinder. Control impulses to valves are fed from the
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electronic control unit, which receives information from the load-sensing sensors, pressure and charge air
temperature and combustion control sensor in each cylinder.

The main gas valve opens and closes at specified times. Delivers the required amount of gas to the
inlet of the cylinder cover.

The gas enters cylinder during its filling by air. Feeding is carried out through main hydraulically
controlled valve, installed in inlet pipe of cylinder. The valve is opened by oil, compressed to 370 bar. The
opening and closing phases of the valve are determined by electronic control unit, which drops the current
to solenoid valve.

The ignition of lean air-gas mixture is initiated by flame that occurs at small amount fuel into the
combustion chamber is ignited at self-ignition. The supply of diesel fuel to the engine is carried out in two
ways. The fuel for pre-injection is compressed by a separate scaled pump to 1000 bar and sent to battery in
which constant pressure is maintained. From the accumulator fuel arrives to atomizers. Each nozzle has
two nozzles and two needles. A small needle is designed for preliminary fuel injection, and large - for the
main supply during engine operation marine diesel (MDO). The time for opening a small needle is
determined by opening and closing the solenoid-operated valve in nozzle. The current to the solenoid
comes from common electronic control unit. The large needle is controlled hydrodynamically, advance
angle and amount of fuel supplied are set by high-pressure fuel pump (HPFP) in its usual version for
diesel engines. The consumption of diesel fuel for pre-injection does not exceed 1 g/kW per hour.

The main advantage of dual-fuel engines is that they operate on cheap gas fuels and use them
rationally on gas carrier ships and onshore power plants in gas fields. In the event of interruptions in the
supply of gas, engine can continue to operate on marine diesel fuel (MDO) [5-8,11-15].

To model the processes of air pollution and build concentration fields at small and medium distances
from the source of emissions, there are two approaches - based on Gaussian dispersion, which involves
estimating the distribution of pollutant concentrations along the coordinate axes and based on the mass
transfer theory (the so-called "gradient" models or K-models, based on solution of turbulent diffusion
equations).

Various versions of Gaussian models are widely used abroad. Such models include the American
models HIWAY-2, CALINE-4 (California Line Source Model), GM (General Motors), GFLSM (General
Finite Line Source Model), the Finnish model - CAR-FMI (Contaninants in the Air from a road, By the
Finnish Meteorological Institute). In the HIWAY-2 and CALINE-4 models, concentrations are calculated
for a finite linear source with an arbitrary wind direction; in calculation process the source is divided into
series of elements from which concentrations are calculated, which are then summed. The GFLSM model
is based on formulas for an infinite linear source.

The basis for modeling distribution of pollutants on basis of statistical description of processes of
turbulence was laid down by works of Setton, Pasquill, Gifford. The models are constructed on
assumption that trail of suspended solids has a Gaussian distribution and concentration at given point
along wind direction can be calculated using the generalized Gauss equation. Such models are widely used
due to the simplicity and the obtaining of results consistent with experiment. Gaussian models are
officially recommended by European Economic Commission, meteorological services of several
countries.

The basic model for the case of constant wind speed and absence of chemical transformation is
represented by formula:

M y? (z — H)? (z + H)?
=g (2 (oo () e )

where: C - concentration of suspended substances, g/m?, M - emission power, g/s; u - wind speed at
height H, m/s; 0 y, 6 z - parameters of horizontal and vertical dispersion, m; y - distance from the center
line of plume, m; z - height above ground, m; k - reflection coefficient (0 < k < 1); H - final height of
plume, m.

Equation (1) is valid for concentrations averaged over time for several minutes, that for time interval
for which values of scattering parameters and wind speed are representative. The merits of model, thanks
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to which it found greatest application in calculating atmospheric pollution in most countries of the world,
is as follows:

—the field of concentration from one or several emission sources is described by algebraic
relationships, so the machine implementations of this model are characterized by high speed and do not
require large amounts of memory;

—the Gaussian scattering approximation allows to take into account a multitude of factors that
influence on levels of impurity concentrations in the near-Earth atmosphere. Among these factors are
meteorological conditions (wind speed and atmospheric stability), reflection of the impurity from the
underlying surface and raised inversions, removal of impurities from atmosphere by precipitation, due to
dry deposition and chemical transformation;

— the results of calculations for the model and numerous experimental observations carried out by
research teams, showed a good correspondence between themselves: the errors in calculations for the
model are estimated at several tens of percent. In some cases, the differences can reach 2-3 times.
Estimates of atmospheric pollution within these errors satisfy most practical problems.

The main causes leading to differences in the comparison of measured and calculated concentrations
are associated with inaccurate determination of emission of harmful substances from sources of pollution,
uncertainty in the choice of the category of atmospheric stability, measurement errors of meteorological
parameters.

The main disadvantage of the Gaussian model is that it treats the initial state of the atmosphere as
unperturbed, and the distribution of temperature, pressure, inversion, air humidity and other physical
parameters along the height leads to the correspondence with the model of the International Standard
Atmosphere, which in real conditions is never observed. As known from numerous studies, meteorological
conditions are one of the most important factors affecting the dispersion and distribution of concentrations
of harmful substances in the atmosphere. The model allows to predict the spatiotemporal picture of
atmospheric pollution without taking into account specifically to terrain and meteorological conditions of
the territory.

The Gaussian approach is empirical, which hinders the generalization of its results in number of
practically important cases. It does not take into account the dependence of diffusion coefficients on
height of source, therefore it allows to describe the surface field of impurity concentrations from source of
only fixed height.

Models based on the K-theory are based on equations of turbulent diffusion and are the most
elaborated theoretically. Russia occupies leading place in the world in these models. In Russia was
widespread model M.E. Berland.

In accordance with this approach, the degree of air pollution by emissions of harmful substances from
continuously operating sources is determined by the largest calculated value of the single surface
concentration (Cy), which is set at certain distance (xy) from the emission site under unfavorable
meteorological conditions, when wind speed reaches dangerous value (uy) and an intense turbulent
exchange occurs in surface layer.

According to this method, the process of transport of harmful substances is described by equations of
turbulent diffusion in atmosphere. Then applying averaging techniques from diffusion equations for
instantaneous concentrations go to equation of turbulent diffusion for mean values of the concentrations.

The approach of M.E. Berland is applicable only under the condition that dimension of the emission
cloud is greater than size of dominant turbulence. In general, all models constructed on the solution of the
turbulent diffusion equation are most applicable to describing vertical diffusion near the earth's surface for
distance of no more than 10 km from the source.

Models based on the equations of turbulent diffusion possible to solve a variety of practical problems
on unified basis and at the same time: take into account development, terrain, averaging time (one-time,
annual), photochemical reactions, meteorological conditions (normally unfavorable and anomalously
unfavorable). It is also possible to consider various types of sources: point, linear, area.

It can be concluded that the transfer process according to the model of M.E. Berland is applicable to
insufficiently powerful sources, since it is not designed for strong overheating of gases in source zone and
presence of powerful turbulent mixing as result of overheating. Theoretical patterns of distribution and
spatial-temporal distribution of contaminants in the atmosphere are determined by solving the equation of
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atmospheric diffusion. This partial differential equation (2), in fact, represents mathematical formalization
of fundamental physical law of the conservation of flow of matter and in this sense gives universal
description of the regularities of distribution of atmospheric impurities:

3 3
aq dq d dq
— —= Y —K;——6q, 2
6t+2ulaxi ;axi laxi 1 ( )

t=1

where: q - calculated impurity; x; - impurity coordinates, hereinafter denoted by x, y, z; w; K; -
components of the average velocity of impurity transfer and coefficient of exchange related to directions
of axis x; (i = 1, 2, 3); a - coefficient determining change of concentration due to atmospheric metabolism
(impurity transformation).

The use of this fundamental approach to mathematical modeling of turbulent diffusion, which often
called K-theory, together with justified simplifications and empirical refinements, has found expression in
the mathematical model (3) for emissions. This expression calculates the values of largest total
concentration of harmful impurity Cy (mg/m?®), which is set at certain distance (xy) from the place of
ejection from vessels as from sources close to each other in separate sections:

AMFm's
Cv =7 3)

where A - coefficient that depends on the temperature stratification of atmosphere; M - mass of suspended
substances emitted into atmosphere per unit time (g/s); F - dimensionless coefficient, taking into account
rate of gravitational settling of solid particles (dust) in atmospheric air on underlying surface,
recommended to take the values of parameter F = 1 when calculating the scattering in the atmosphere of
soot during the operation of ship engines; m' - dimensionless coefficient equal to 0.9; 1 - dimensionless
coefficient taking into account the influence of terrain, in case of flat or slightly intersected terrain with
height difference not exceeding 50 m per 1 km, n = 1; H - height, determined by the terrain.

Vessels of arbitrary geometric configuration and distribution of traffic intensity of ships are
represented as set of point, linear and area sources of harmful substances, by summation of which the total
air pollution is determined.

The use of such design scheme possible to take into account number of factors important for assessing
the impact of ships:

— degree of unfavorability of local climatic conditions for the stable dispersion of impurities in the air,
in particular, the inversion (stagnant) states of the atmosphere;

— influence of the terrain, the quality of underlying surface;

— photochemical metabolism of substances;

— possibility of operating with the database MPC, that is, in fact, have an extreme situational picture
of air pollution.

To obtain reliable results of computed monitoring of atmospheric air pollution, real, that is, very
specific (in terms of vessel's application) and, at the same time, complete (on the structure of vessels)
information on the emission capacity and its distribution across the terrain is required. Direct instrumental
monitoring of traffic intensities and structural distribution of vessels by characteristic groups and
ecological classes solve this task.

The use of numerical methods for calculating impact of vessels on the environment and public health
using direct observations of intensity and structure of flows will allow more balanced decision - making
and urgent measures to improve environmental situation [16-22].

Difficulties in reducing the toxicity of exhaust gases are due to the selectivity of effect on particular
harmful component. Therefore, to solve this problem, important to establish targeted priorities. The choice
of these priorities is limited to regulatory standards and regulatory documents, but ways to achieve them
can be very diverse. These difficulties are connected with search for rational solution that allows to meet
the requirements of the standard at minimum costs and without significantly degrading operating cycle
parameters of internal combustion engine.
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Measures to reduce the impact of air pollution on the environment and public health are regulatory
and legislative regulation (stricter air quality standards, maximum permissible emissions from various
sources); structural changes (for example, reduced energy consumption, especially energy produced by
burning fuel, changing modes of movement, land-use planning); and also changes in behavior at the
individual level, which are expressed, for example, in use of ecology clean ways of transportation or
household energy sources.

Conclusions

Thus, the main feature of the use of dual-fuel internal combustion engines on ships is that it operates
on poor gas mixtures in which air is approximately twice as large as required for complete combustion.
Consequently, a large amount of heat is expended on heating the air, and this contributes to a significant
reduction in high values of combustion temperatures and a sharp decrease in the formation of nitrogen
oxides, sulfur, and solid particles.

The use of bi-fuel internal combustion engines on ships carrying liquefied natural gas (LNG), possible
to reduce cost of operating vessel by approximately 50% in comparison with option of equipping vessel
with steam turbine power plant, completely eliminate SO, emissions, drastically reduce NO, emissions by
90% and significantly reduce CO, emissions by 30%.

The main advantage of dual-fuel internal combustion engines is that they operate on cheap gas fuel
and are rationally used on gas-carrier ships and onshore power plants in gas fields. In case of power
outage, the engine can continue to run on liquid fuel.

The main incentives for expanding scope of application of dual-fuel internal combustion engines will
be further tightening of environmental standards and rising prices for traditional types of marine fuel,
caused by gradual reduction of world oil reserves. As result, it will be economically more profitable for
shipowners to invest in construction of more expensive vessels when they are built, but cheaper to operate.
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OHJIIpY YIUIH, COHBIMEH KaTap Ia3 TachIMal/aylibl KeMelep/ie KOJIaHyAbIH MaiJanbuiblFbIHa OaliTaHbICThI OipKaTap
KO3FaJITKBILI yKacaylibl prpmManap e3/iepi MIbIFapaThiH KO3FAITKBIIITAPAbI Fa3 OTHIHBIMEH JKYMBIC jkacayra OeitiMzern
xeringipe Oactanpl. JKeTinaipy eki OarbiTTa JKYpeldi: KapOwopaTopiiblKk O€H3MH KO3FaITKBIITAPhIHA YKCAC
KapOIopaTopIapIbl )KOHE TYTaHABIPY OiiTeciH KoananyMeH OTTO MK OOMBIHILA U3EIb/Ii )KYMBICKA KOILIpY KoHE
ra3 JKOHE OThIH KOCIACBIH TYTAHJBIPY YIIIH JU3eNb/AIK OTHIHHBIH a3 MOJIIepiH MAllbIPaTyMEH AWU3ENbIIK [UKIIbI
cakTay. byn ke3ze KaxeTTirine Kapail KO3FalITKBIIITHIH T€K KaHa JWU3ENbIIK OThIH/IA — €Kl OTBIH/IbI KO3FAITKBIIITICH
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KYMBIC JKacaybl Ja MYMKiH. JKYMBICTBIH MakKcaTbl iIITEH >aHATHIH €Ki OTHIHJbI KO3FAITKBIIITAP/ABIH KeMeJe
KOJIIaHBUTYBIH JKOHE OJ1 JKaHFaH Ke3Ze KaJIKbIMajbl OOJIIeKTepIiH Ty3UlyiH 3epTTey. TakbIpBINTHIH ©3eKTLIIri
KOITereH KeMeJIepAiH OThIH pPeTiHAe Ma3yT, OCH3MH JKOHE JM3ENbIIK OTHIHIAPAbI KOJIAaHYbIMEH OalIaHbICThI, OYII
TYPFBIHAAP/IbIH JICHCAYJIbIFbIHA JKOHE KOpILIAaraH OpTa JKaraaiibliHa, ocipece TeHi3re kepi ocep ereni. COHIBIKTaH
MYH/Iail )KaFJai/[aH IbIFY YIIiH €Ki OTBIH/bI KO3FAITKBILITAP/IbI SHIIPY KOJNJaHbIIFaH, OYJI KeMellepAeH TeHI3 kKoHe
aya opTachlHa JIAKTHIPYJIap bl OipHelle ecere JeiiH a3aiTabl.

Tyiiin ce3mep: 3usiHIBI 3aTTap JIAKTHIPBIHIBUIAPHI, KEMEJEP/iH IIITeH aHy KO3FaITKbIIITAPbIHAH IIBIKKAH
razzap, KopilaraH OpTa, TYPFbIHIAp JCHCAYJIbIFbl, ChIFbUIFAH TaOWFu ra3, atMochepansik auddys3usHbl ecentey
yJIrici.

K.C. Hagupos ', I'.B. Uepkaes 2 E.A. YHXOHAACKHX °,
H.A. Makkageesa *, A.C. Cagsip6aesa °, I.J. OpbimGeroBa

150[0sm0-KasaxcraHckuii TocyIapeTBeH bl yHuBepenTeT nM. M. Aya308a, 160012,
Pecniy6iimka Kazaxcran, r.1lpmvkenT, npocnekT Tayke xaHa, 5;
2'4CaHKT-l'IeTep6ypr01<I/H71 rOCyapCTBEHHBIN MOPCKO# TexHu4Yeckuil yuupepcuret, r.Cankr-IletepOypr, Poccust

AHAJIN3 BJIMSIHUS BBIBPOCOB BPEJHBIX BEIHECTB C OTPABOTABIINMMU I'A3AMHU
CYJAOBBIX JIBYXTOINVIMBHBIX JIBC HA OKPYKAIOIIYIO CPEAY U 3JOPOBBE HACEJIEHUSA

AHHOTanusi. B CBsI3M ¢ HU3KOM CTOMMOCTBIO Ta3a U LIENeCO00Pa3HOCTBIO €r0 MCIOIb30BaHMUS Ul BRIPAOOTKU
AIIEKTPOIHEPTUH, OCOOEHHO B 30HAX €ro J00BIYH, a TAKIKE Ha CyJax-ra30B03ax, psll JBUIaTEIECTPOUTENbHBIX (rupm
CTaJM MOJIEPHH3MPOBATh BBIMyCKAEMbIe MMH JBUIATENH JUIS MPHCHIOCOOJIeHUST UX K paboTe Ha ra3oBOM TOIUIMBE.
MopepHu3zaiusi MIET 10 JBYM HalpaBlIeHUsIM: IO MEPEBOY Iu3els Ha paboTy mo uukiy OTTO ¢ UCIOJb30BaHHEM
KapOIOpaTopoB M CBeuel 3akWraHWs TMOAO0HO KapOIOpaTOPHBIM OCH3WHOBBIM JIBUTATEIEM U COXPAaHEHUIO
JIM3EIIbHOTO [UKIIA C BOPHICKOM HEOOJIBLIOr0 KOJIMYECTBA AM3EIBHOTO TOILIMBA JJIsi BOCIIAMEHEHHs CMECH rasa u
toruuBa. [Ipu 3TOM B ciydae HEOOXOIUMOCTH HE UCKIIIOYAeTCs padoTa JBUraTels TOJIbKO Ha JU3EJIbHOM TOILIMBE —
JIBYXTOIUIMBHBIE 1BUTaTesu. Llens paboThl 3aKiI04aeTcsi B UCCIeI0BAaHIH MPUMEHEHNUS! ABYXTOIUIMBHBIX JIBUTATENCH
BHYTPEHHEIr'0 CrOpaHUsl Ha CyJax M 00pa3yeMbIX B3BEIICHHBIX YaCTHIAX IPH €ro CrOpaHuu. AKTYalbHOCTb TEMbI
3aKJII0YaeTCsl B TOM, YTO OOJIBIIMHCTBO CY/IOB HCIIOJIB3YIOT B KadeCTBE TOIUIMBA Ma3yT, OCH3MH M AM3EIbHOE
TOIUIMBO, YTO HEraTHBHO CKAa3bIBAETCS Ha 3J0POBbE HACEJCHUS U COCTOSIHUE OKpYIXKarollel cpenbl, 0COOEHHO,
Mopckoit. [ToaTomMy BBIXOJIOM U3 TaKOrO MOJOXEHUsI TOCTY)KWJIO BHEAPCHHE [BYXTOIUIMBHBIX JIBUraTeiei
BHYTPEHHET'0 CrOpaHHsi, KOTOPbIE B Pa3bl YMEHBILAIOT BBIOPOCHI OT CYJJOB B MOPCKYIO M BO3YIIHYIO CPELy.

KaroueBble ciioBa: BbIOPOCHI BpPEAHBIX BEIECTB, OTPA0OTABILIME Tra3bl CyIOBBIX JBHUrarelieii BHYTPEHHEro
Cropanusi, OKpy»KaroIasi cpejia, 3/J0pOBbE HACEJICHUS, CHKIDKEHHBIN NPUPOIHBIA ra3, MOAEIN pacyera aTMoc(hepHOi

muddyzum.
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AERODYNAMIC MODELING OF EMISSIONS PASSAGE
IN THE NEUTRALIZATION PROCESS

Abstract. This paper discusses an approach to analyzing the aerodynamics of a catalytic converter body using
the Boltzmann lattice method and cellular automata. The LBM (Lattice Boltzmann Method) method is based on
discretization of the Boltzmann kinetic equation, which at the microscopic level corresponds to the diluted gas model
(particle model), and at the macroscopic level asymptotically goes to the Navier-Stokes equation for liquids and
gases. Numerical approximation is carried out on the basis of the standard Batnagar-Gross-Kruk model.

Key words: aerodynamics, lattice Boltzmann method, numerical simulation, neutralizer.

1. Introduction

Recently, the Boltzmann lattice method has begun to gain popularity among problems in the field of
fluid dynamics [1-3], as well as special cases in modeling multiphase, multicomponent and porous media
[4-6]. The main advantages of the method in comparison with standard algorithms for the numerical
solution of CFD problems based on solving the Navier — Stokes equations by finite volume/element
methods are the ease of implementation, good parallelization and high computation efficiency. Cellular
automaton provides the ability to set simple rules for mixtures and phases, a small interdependence of
calculations between the cells of the lattice, allowing unlimited scaling of the simulation area. The LBM
(Lattice Boltzmann Method) method was developed in 1986 [7] as a result of attempts to optimize
calculations for gas and liquids, it is relatively new. Modern models, able to operate stably at high speed
can solve applied problems for aerodynamics, laws of quantum mechanical systems and shock waves.

2. Mathematical model

Numerical simulation of the gas transfer process is based on the Boltzmann kinetic equation. The
main idea of Boltzmann is to represent the gas as interacting particles whose behavior can be described by
the laws of classical mechanics. However, due very large number of particles, in practice, it is not
possible. Boltzmann proposed a statistical formulation of the problem in which the state of the system

N
f( )(Xl’x2 "'XN’pl’p2""’pN’t)

under study can be described by some distribution function , where N is

a number of particles, Xi and P; are coordinates and momentum of the i-th particle respectively.
Consider the one-dimensional case. Let the probable number of molecules with coordinates in the interval

)
Xt dX and momentum in the interval P+ dp be defined as 1 (x,p,t)dxdp . Suppose that we have

added some external force F | which has a small magnitude in comparison with intermolecular forces. In
case of the absence of collisions between molecules, the new positions of the molecules traveling from X

X=X+vdt =x+(p/m)dt =x+dx

at time !+ dl will be equal to , and the new impulses will be

p=p +Fdt =p+ (dp/dy)dt=p +dp
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Therefore, if the positions and pulses at time ! are known, their increments allow us to determine the

(0]
value of f 1 attime It dt:
fY(x+dx,p+dp,t =dt)dxdp = ' (x,p,t)dxdp 0

Relation (1) describes the motion of particles without collisions. Collisions are taken into account by
using the BGK model (Bhatnagar — Gross — Krook) - a classic choice among problems of physics:

SO (x+dx,p+dp,t = diydxdp = £ (x,p,t)dxdp + | T laxdpat @

'O dxdpdt

Here, the value of is equal to the number of molecules that did not arrive at the expected

point of space with the coordinates X + dX and momentum P * dp due to collisions that occurred during

)
time 9! . The value of " dxdpdt is equal to the number of molecules that began to move from points
other than X+dX , but turned out to be in the region of space we are interested in due to collisions that

occurred during time dr

3. Boundary conditions

Usually during modeling the flow in channels or pipes using the LBM method, the channel walls are
treated as a rigid boundary, from which particles are reflected, while periodic boundary conditions are
applied to open channel sections [8].

In this case, the problem also has both types of boundary conditions. The computational domain (Fig.
1) consists of three boundaries - input, output and the rigid walls of the neutralizer. Reflection of particles
will occur in a collision with the walls of the housing and the honeycombs of catalyst.

Figure 1 — Computational domain of the problem, catalytic converter housing

4. Numerical method

The method of lattice Boltzmann equations represents as a simplified implementation of the original
Boltzmann idea through discretization of the equations. As a result, the number of particles, their possible
velocities and positions in space is reduced. A uniform spatial grid called the Boltzmann lattice is built.
Time is also discretized. Particles can be located only in the nodes of grid, the velocity of each particle can
take a limited number of values, enough to reach the neighboring node during one time. Fig. 2 shows the

lattice and directions of velocities €, B, where a = 0,8 is an index of the direction (at €, = 0 particles are
at rest).
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11 .

-1,0

=11

Figure 2 — Velocity components in D2Q9 model (2-dimensional with 9 velocity values)

The magnitude of the velocities e, ,...,e, is 1 lattice unit in 1 time step, i.e. /u-£s~' . The magnitude
of the velocities €s,...,€4 is \/5 lu-ts™". Such choice of velocities is very convenient, since all their x-
and y-components have values 0, 1 or -1 (Fig. 2). The value of f, determines the number of

particles in a given node moving in the €, direction. The macroscopic density of gas in a given node is

the sum of particles moving from a given node in all possible directions:
8
p=> 1,
a=0

In the simplest case the mass of all particles is the same and equal to one. The macroscopic velocity
uis the average of the microscopic velocities €, multiplied by the number of particles moving in a certain

direction f:

In the LBM representation, equation (2) will be:
f.(x+e At +A) = f, (x,1)+Q,(X,1)

The term €2, (X,#) describes the collision of particles. The authors of the model, Batnagar, Gross and

Crook, suggested that if particles move without collisions, the system is in equilibrium. Any collision
brings the system out of equilibrium. Then the iteration of the cellular automaton operating according to
the LBM method will look as follows:

Fx e, A+ A0 = £, (50—, (%0 - £ (kD)

Where f(X,?)is an equilibrium function given by the formula:

2 2
fi(x,0) =w,p(x) 1+3e“2u+2(ea 4“) _E“_z ,
C 2 C 2 c

Where weight w, for particle at rest (a = 0) is equal to 4/9, fora = 1,2,3,4 is 1/9 and for a =

5,6,7,8 w, is 1/36; ¢— the main velocity on lattice.
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The model will qualitatively describe the flow at small values of the Mach number, and the kinematic
viscosity depends on the relaxation time t: v= (1—0.5)c’dt.

5. Results

In order to calculate the numerical approximation, a software complex for the universal Windows
platform was developed. The program calculates aerodynamics, regime and design parameters of the
process of emissions passage through the catalytic converter. Basing on results, it builds the geometry of
the converter housing. The realization is done in Python, C #, Java languages.

Figures 2 - 4 present the results of the calculation of the aerodynamic characteristics of a single-

component single-phase flow in a neutralizer with an optimal configuration and composition [9] at
different incoming gas velocities.

Figure 3 — Calculation at V=100 m/s

Figure 4 — Calculation at V=10 m/s

Figure 5 — Calculation at V=1 m/s
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6. Conclusions

The developed software complex for modeling the passage of emissions in the neutralization process,
based on LMB method, has two key qualities - high speed of calculations, and the ability to model
problems with complex boundary conditions. In this case, the complexity of the geometry lies in the
structure of honeycomb catalyst, the main element of the catalytic converter. The lattice Boltzmann
method and cellular automata allow one to simulate the gas dynamics using simple arithmetic expressions.
The statistical approach to the numerical analysis of gas motion simplifies mathematical apparatus,
thereby reducing the amount of computational costs. This mathematical model allows making
modifications and subsequent additions, which will take into to account the chemical composition and
temperature [10-11] of waste gases in neutralizer.

The work was carried out with the financial support of the State Institution “Committee of Science of
the Ministry of Education and Science of the Republic of Kazakhstan” under project No. AR05131076
under agreement No. 173 of March 15, 2018
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VK 533.6:519.6
B.X. XycanH', K.K. Bm—mmcona', A.C. Cacc', K.C. PaXMeTOBa', H.P. Ken3un'

1,I[.B. CoKoNBCKHUI aTBIHAAFHI )KaHApMal, KaTalnn3 XKoHE IIEKTPOXUMUS HHCTHTYThI, AnMaTsl, KazakcTan

BEUTAPATITAHJIBIPY ITPOLIECTETT TAMJAJTAHBLIFAH
T'A3JAP HIBITYAbIH ADPOJUHAMUKAJIBIK MOJAEJBIAEY

AnHotanus. byn makanmaja KaTaIUTHUKAIBIK TYPJICHTIPTII KOPIYCHIHBIH a3pPOJAMHAMHUKACHIH BOJBIIMaHIIBIK
TOPJIBI SMIICTICH JKOHE YSUTHI aBTOMAT apKbUIEI Tajnay ofici Kapacteipeuiaasl. LBM (Lattice Boltzmann Method) amici
MHUKPOCKOTIHSIIBIK ICHTelIe CYHBUITBUIFAH Ta3 yiariiepine (OenmeKkTepaiH MOIeNi) coifkec KeTeTiH jKOHe CYUBIKTap
MeH raznapra apHanran HaBbe-CTokc Teneyine Oapa-6ap MakpOCKOMUSIIBIK AeHreie BonblMaHIbIK KHHETHKAIBIK

—— 154 ——



ISSN 2224-5286 Cepus xumuu u mexronoeuu. Ne 6. 2018

TEHACYAl TUCKpeTH3anmsiayra HerizgenreH. CaHIBIK JKakbHIAy craHmaptTel batmarap-I'pocc-Kpykx moneminig
HETi31H/e XYpri3inemi.
Tyiiin ce3aep: adpoanHamMuKa, BOIBIMaHIBIK TOPIEI 9IIiC, CAHIIBIK MOJIENBICY, HEHTPAIH3aTopP.

VJIK 533.6:519.6
B.X. Xycanﬂl, K.K. Bunnukosa', A.C. Cacc', K.C. PaxmeroBa', H.P. Ken3un'
'AO «HCcTuTyT TOIUIMBA, KaTainu3a u anekTpoxumun uM. J[.B.Cokonbsckoro», Anmarsl, Kazaxcran

APPOJIUHAMUYECKOE MOJEJTUPOBAHUE MPOXOK/IEHUS BHIBPOCOB
B IPOLIECCE HENTPAJIM3ALIUU

AnHoTanus. B nanHoii pabote paccMaTpuBaeTcs MOAXO0/ K aHATIH3Y a3POIUHAMUKH KOPITyca KaTAIUTHYECKOTO
HEHTpanu3aTopa ¢ IPUMEHEHHUEM PENIETOYHOTO MeTona bonbiiMana u kinetounbix aBTomatoB. Meton LBM (Lattice
Boltzmann Method) ocHoBaH Ha AMCKpeTH3alUM KHHETHYECKOrO ypaBHEHHMs bonbliMaHa, KoTopoe Ha
MHKPOCKOITMYECKOM YPOBHE COOTBETCTBYET MOJEIH Pa3peKEHHBIX ra30B (MOIENb YaCcTHUII), @ HA MAaKPOCKOIIUIECKOM
YpOBHE AaCHUMITOTHYECKH IepexoauT K ypaBHeHHIo HaBre-CTokca mmg XKuIkocTell M ra3oB. YucieHHoe
MPHUOJIMKEHUE OCYIIECTBISICTCS Ha OCHOBE CTaHIapTHOW Mojenu barHarapa-I'pocca-Kpyka.

KuioueBble cjioBa: a’poJlMHAMUKA, PEIIETOYHbI MeToln bonpimaHa, 4YHMCIEHHOE MOJEIUPOBAHUE,
HelTpanuzartop.
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LIPOSOLUBLE CONSTITUENTS
OF FRITILLARIA PALLIDIFLORA

Abstract: Chemical constituents of the roots of Fritillaria pallidiflora collected in Kazakhstan were
investigated for the first time. The quantitative and qualitative analysis of bioactive constituents of the medicinal
plant have been made. The liposoluble constituents of hexane extract were obtained from the root parts of
F.pallidiflora and analyzed by GC-MS method. More than thirty compounds were separated. Their relative contents
were determined by area normalization in which 30 liposolubles were identified. The major liposoluble constituents
of n-hexadecanoic acid (28.97%), linoelaidic acid (16.68%), oleic acid (11.30%), octadecanoic acid (6.95%),
silanamine, n-phenyl- (4.41%), trans,trans-Dibenzylideneacetone(3.85%), gamma.-sitosterol (3.51%), ethyl
9.cis.,11.trans.-octadecadienoate (2.91%), hexadecanoic acid, ethyl ester (2.45%).

Key words: Fritillaria pallidiflora, GC-MS, liposoluble constituents.

Introduction

Fritillaria— is a genus of perennial herbaceous plants of the family Liliaceae, which in Latin
translates into a glass for throwing out dice, in the shape of a corolla. One hundred and fifty species of
hazel grouse, wildly growing in the temperate climate of the Northern Hemisphere, are known. Some
species are found in the forests of East Asia, many in Western Asia. In the steppe zones, meadow places,
on the slopes of the alpine and subalpine belt of Kazakhstan, there are 5 different species of Fritillaria
growing[2]. Virtually all species of grouse contain alkaloids: peymin, verticin, peyminin, propymine,
peymidine, peymifin, peymizin, peymithidin. They also include glycosides: peyminoside and
zebaininoside. In addition, the bulbs contain organic acids, terpenoids, phytosterols and some vitamins. In
small doses, the alkaloids contained in the bulbs have a therapeutic effect. Thus, in Chinese medicine, on
the basis of the alkaloids contained in the bulbs, expectorants and soothing agents are made. In large doses
of hazelnut bulbs are dangerous to health [4]. According to traditional descriptions, Fritillaria is slightly
cold, and affects the lungs (to clear heat and moisten dryness, and used for hot-type bronchitis with dry
cough) and the heart (to calm heart fire). Fritillaria is also used for treating lumps beneath the skin, such
as scrofulous swellings and breast lumps. F.pallidiflora widely distributed in China and finds widespread
applications as antitussive, antiasthmatic and expectorant medicine. Base on references, the main chemical
constituents of F. pallidiflora be regarded as steroidal saponins and alkaloids [5].

In our continuously study of the plant, thirty liposoluble constituents in hexane part from medicinal
plant, F.pallidiflora have been identified by GC-MS methods which grown in Almaty region of
Kazakhstan for the first time.

Materials and Methods

Plant material. The root part of F.pallidiflora was collected in Almaty region of Kazakhstan, in May
2017 and identified by Dr. Alibek Ydyrys. Medicinal herbs were deposited in the Herbarium of
Laboratory Plant Biomorphology, Faculty of Biology and Biotechnology, Al-Farabi Kazakh National
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University, Almaty, Kazakhstan. The air dried roots of F.pallidiflora were cut into small pieces and stored
at room temperature.

Extraction and isolation. The air-dried roots of F. pallidiflora (100 g) were pulverised then extracted
with 70% ethyl alcohol (1:1) three times (seven days each time) at room temperature. After evaporation of
the solvent under reduced pressure, the residues were mixed and suspended in water and then successively
partitioned with hexane, EtOAc, and n- BuOH to afford the corresponding extracts. The obtained hexane
extract was analyzed by GC-MS method.

Experimental part. The liposoluble constituents of from hexane extract of the medicinal plant were
analyzed by using GC-MS method. GC-MS analysis: Electron Impact Ionization (EI) method on Agilent
7890A-5975C GC-MS (Gas Chromatograph coupled to Mass Spectrometer) fused silica capillary column
(30m x 2.5mm; 0.25 um film thickness), coated with HP-5MS were utilized. The carrier gas was helium
(99.999%). The column temperature was programmed from 50°C (held for 10min), at 10°C/min rate
program to increase temperature to 300°C. The latter temperature maintained for 40min (Acquisition
parameters full scan; scan range 30-1000 amu). The injector temperature was 310°C. Injection: with a lul:
detector ion source (EI-70eV). Samples were injected by splitting with the split ratio 5:1.

Identification of the compounds: identification of compounds was done by comparing the NIST and
Wiley library data of the peaks and mass spectra of the peaks with those reported in literature. Percentage
composition was computed from GC peak areas on HP-5MS column without applying correction factors.

Results and discussion

The liposoluble constituents of hexane extract from the root parts of F.pallidiflora were analyzed by
GC-MS. Thirty compounds were separated. Their relative contents were determined by area
normalization. Table 1 showed the liposolubles contents of the root parts of F.pallidiflora. The liposoluble
contents of F.pallidiflora have been identified in which the major constituents are n-hexadecanoic acid
(28.97%), linoelaidic acid (16.68%), oleic Acid (11.30%), octadecanoic acid (6.95%), silanamine, n-
phenyl- (4.41%), trans,trans-dibenzylideneacetone (3.85%), .gamma.-sitosterol (3.51%), ethyl
9.cis.,11.trans.-octadecadienoate (2.91%), hexadecanoic acid, ethyl ester (2.45%).
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Fig. 1 Total ionization chromatogram of liposoluble contents hexane part from roots of F.pallidiflora
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According to the report n-hexadecanoic acid (28.97%) is used in the production of stearin (a mixture

with stearic acid), napalm, detergents and cosmetics, lubricating oils and plasticizers. And second major
liposoluble constituents Linoelaidic acid (16.68%) showed rejuvenatingand anti-inflammatory activates.
Oleic Acid (11.30%) and its esters are used for the production of paint and varnish materials, as
plasticizers. It is used in soap making, oleic acid and its salts are widely used as emulsifiers. It is part of
cosmetic products [13].

Most of these constituents have been found to show interesting biological activity against certain

illnesses and pathogens. For instance, the anti-inflammatory, antioxidant, hypocholesterolemic [14],
antibacterial [15], activities reported for n-hexadecanoic acid (28.97%), may suggest the rationale for the
traditional use of the species. Linoelaidic acid (16.68%) showed anti-inflammatory activity,oleic Acid
(11.30%), and octadecanoic acid (6.95%) have antibacterial,antimicrobial activity [16], hexadecanoic acid,
ethyl ester (2.45%) possessantioxidant, hypocholesterolemic, nematicide, pesticide, antiandrogenic flavor,
and hemolytic activities [17].

Table 1 - The liposoluble constituents of root parts of F.pallidiflora

Peak Constituents tr Molecular Structure MW Conte
No. (min) Formula nt (%)
1 Tetradecanoicacid 15,244 C4H530, {H/m 228,209 0.43
2 9-Methyl-Z,Z-10,12- 16,051 C19H340, 294,256 0.69
hexadecadien-1-ol acetate
3 12-Bromododecanoic acid 16,28 C,Hp;Br 279,088 0.33
0,

4 Dibutylphthalate 17,062 Ci6Hp04 0 278,152 1.44

o/\/\cm

O\/\/CH3

0

5 n-Hexadecanoicacid 17,435 C6H3,0, 256,24 28.97
6 Hexadecanoicacid, ethylester 17,622 C,sH360, 284,272 2.45
7 n-Decanoicacid 18,259 C1oH00, 172,146 0.62
8 Styrene 18,752 CgHg 104,063 0.37
9 Linoelaidicacid 18,982 C,5H3,0, 0 280,24 16.68

OH

NN o

10 OleicAcid 19,05 C,5H3,0, 282,256 11.30
11 Ethyl 9.cis.,11.trans.-octadecadienoate 19,135 CyoH360, 308,272 2.91
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Ipooonscenue mabauywr 1

Peak Constituents tr Molecular Structure MW Conte
No. (min) Formula nt (%)

12 Octadecanoicacid 19,228 C5sH360, vav 284,272 6.95

13 Octadecanoicacid, ethylester 19,457 CyoH400, VWWV\/\/ 312,303 0.68

14 trans,trans-Dibenzylideneacetone 20,494 C7H, 40 234,104 3.85
15 11-(2-Cyclopenten-1-yl)undecanoicacid, (+)- | 20,698 | CsHx0, N 252,209 0.47
16 Eicosanoicacid 20,902 CyoHy00, 312,303 1.26

17 Ethyl 14-methyl-hexadecanoate 21,148 C,1Hy,05 N, M\ 298,287 0.25
N

18 Oxirane, 2,3-diphenyl- 21,318 Ci4sH,,0 © 196,089 0.35

19 1,2-Propanedione, 1-phenyl-, 2-oxime 21,42 CyHyNO, Q 163,063 0.62
N
/
OH

20 1,2-Propanedione, 1-phenyl-, 2-oxime 21,513 CyHyNO, 2 163,063 0.76
N
/
OH

21 Octadecylpropylether 22,074 C,HyO \N\/\AA/\/\/\/O\/\ 312,339 0.67

22 Phthalicacid, monodecylester 22,193 CsHy604 306,183 0.61

340,334 1.81

23 Docosanoicacid 22,49 CyHyyO,
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Oxonuanue mabauyot 1

Peak Constituents tr Molecular Structure MW Conte
No. (min) Formula nt (%)
24 Octadecanoic acid, 17-methyl-, methyl ester | 22,711 C10H,400, /CYV\NV\/\/\/\( 312,303 0.61
25 3,3,3-Trifluoroprop-1-en-1-yl fluorosulfate 23,28 C;H,F,05 ‘|3| 193,966 0.89
S F_T:O
F
o
\/\‘LF
F

26 2-Benzoyl-1,2,3,4-tetrahydro-isoquinoline-3- | 24,444 C7H 3N, N~ 281,105 0.47

carboxylic acid 0] w
27 Azete, 2,3-dihydro-4-phenyl- 27,349 CoHoN N 131,073 0.38

;\ ;

28 Acetamide,  N-[4-[[2-(6-chloro-3-cyano-4- | 28,038 CyoH4N, i 355,12 1.32

methyl-2-pyridinyl)-2- Os

ethylhydrazono]methyl]phenyl]-

o
A /O
29 Silanamine, N-phenyl- 28,148 CgHeNSI H\N/Si 123,05 441
30 Gamma.-Sitosterol 28,641 CyoH500 i 414,386 3.51
Conclusion

The liposoluble constituents were extracted by hexane from the root parts of F.pallidiflora which
analyzed by GC-MS method. More than thirty compounds were separated. Their relative contents were
determined by area normalization in which 30 liposolubles were identified. Active principles of hexane
extract of the medicinal plant (F.pallidiflora) which collected from Almaty region of Kazakhstan were
determined for the first time. While the major liposoluble constituents are n-hexadecanoic acid (28.97%),
linoelaidic acid (16.68%), and oleic acid (11.30%) that possessing antifungal, insecticidal, larvicidalanti —
inflammatory and analgesic activities separately.
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l8]1—Cl)ap2161/1 ateiaaarel Kaz¥V, Xumust xone Xumusiiblk TexHomnorus dakynpreti, Anmarsl, Kazakcras;
[biHKan (u3MKa )KOHE XUMHS TEXHUKAIBIK HHCTUTYThI, KbITAWFBUTBIMIAD aKaJICMUSCHI;
3[IboKay TaGuFH pecypcrap MeH TaOWFH OHIMIIEP XUMUSICHI 3epTXaHaChl, KpITaliFpuIbIMaap akageMusichl, Keirait

AKIBLICENKUITYJIOCIMIITTHIHMAMJIA EPUTIHKYPAMBIH3EPTTEY

AnHoTanusi: AnMaTel eHipiHeH xuHanraH Fritillaria pallidifloraeciMairi TaMBIPBIHBIH XUMUSUTBIK KYpaMbl
aiFam pet 3eprrengi. Jopinik eciMIiKTiH OHOMOTHSIIBIK OETICEH I KYPaMBIHBIH CAHIBIK JKOHE CaIajbIK TallAaylIaphl
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)acanasl. F.pallidifloraeciMairi TaMbIppIHAaHMAaKIa epril3aTTapIaHKypaM TalKaH TeKCaHIIPKCTPAKTI allbIHABDKOHE
GC-MS omicimen Tamgaansl. COHBIMEHICKCAaHIBl OOIKTEH OTBHI3KOCHUTBICCAapanTaiabl. OMapaplH CaIbICTRIPMAITBI
KypaMbl KaJIBIITHI aliMaK KOMETIMEH eCeITENill, HOTIKECIHIe TeKCAaHIBl OOIKTeri HeTi3ri KOCBUIBICTap:n-
reKcajieKaH KIIKbUTHI (28,97%), mnHomeiH KeImKeUIb (16,68%), onewmH Kbmkbuts! (11,30%), okTamekaH KpIIIKBLTBI
(6,95%), cunanamuH, n -penun- (4,41%), tpatc, Tpanc-IudensnnuaeHanetoH (3.85%), ramma-curocrepoi (3.51%),
stun9.ammc, 11. TpaHc-okTamekaaneHoaT (2.91%) xoHe rexcafeKkaH KBIIIKBUIABIH 3T 3dupi (2.45%) OGomsim
TaOBLIBL
Tyiiin ce3nep: Fritillaria pallidiflora, GC-MS, maiina eprim3arrap

UILA. Yrerenosa, 'A.K. HypJabi6exoBa, 2’3Xa>lmal<6ep Auca, "K. Kenic *

'DaKynbTeT XMMHUH M XMMHUUECKON TEXHOOrMH, Kazaxckuil HallMOHANBHbIH yHHBEpCHTET NM. Allb-Dapabuy,
Anmatel, Kazaxctan
*CUHBIBAHCKUATEX HUUECKHIMHCTHTY ThU3HKHHXUMIN, KuTaiickas akaieMus Hayk
3 JTa6oparopusCHHBI3AHPACTHTETLHBIXPECY PCOBHX UMHHUIPUPOIHBIXCOEIMHEHNMIT, KuTaiicKas akaaemus Hayk, Kurait

NCCJIEJOBAHUE )KUPOPACTBOPUMOI'O COCTABA PABYUKA BJIEJHOIBETKOI'O

AnHotanusi:Briepsele Obl1 MccienoBaH XUMHYECKUi coctaB kopHell Fritillaria pallidiflora, coOpaHHBIX B
AnmMaTtrHCKOHN oOsactu. CresaH KOJIMYEeCTBEHHBIN M KaUYeCTBEHHBIH aHaIn3 OMOJIOTHYECKH aKTHBHBIX KOMIIOHEHTOB
JIEKapCTBEHHOTO pacTeHus. JKupopacTBOopuMble KOMIIOHEHTbHI TeKCAHOBOT'O SKCTPAKTa OBUIH MOJy4YeHbl U3 KOPHEBOU
gactu F.pallidiflora wn mnpoanamusupoBanbsl MetogoM GC-MS. Bruto pasmeneHoTpuanaTth coenuHeHM. Mx
OTHOCHUTENIBHOE COJIEpXKAaHUE OBUIO OMPEJCICHO [0 HOPMANM3AlMU IUIOMIA[AH, CPEIH KOTOPBIXOCHOBHBIMHU
KOMIIOHEHTaMH SBILIIOTCSAN-TeKcagekanoBas kuciora (28,97%), nmuHomenHoBas kuciorta (16,68%), onmemHOBast
kuciora (11,30%), oxrtamexaHoBas kwucioTa (6,95%), cumanamun, n -penmn- (4,41%), TpaHc, TpaHc-
Jubensununenaneton (3,85%), ramma-curocrepon (3,51%), stun-9.ammc., 11.trans.-oxragexaaumeHoat (2,91%),
STUIIOBBIH AHpP rekcagekaHoBor KUCIOTHI (2,45%).

KaroueBsie cnoBa: Fritillaria pallidiflora, GC-MS, supopacTBOpHMbIe KOMIOHEHTHI.
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